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SUMMARY 

Performance assessment has been carried out for the near-field of a potential 
LL W ilL W repository in marl in Switzerland. 

The host rock is assulned to be characterised by a system with' small fractures' and 
one with 'large fractures', the hydraulic conductivity ranges from 4.10-10 - 4·10-9 
[In· s-1] and the hydraulic gradient is 1 [In· In-1]. 

In the repository, low- and intermediate-level waste from reactor operation, 
decotnmissioning, reprocessing and tnedicine, industry and research will be 
disposed. Waste in drulns and concrete containers will be placed in concrete-lined 
caverns which will be filled with a porous backfill tnaterial. One option is to 
include an additional engineered hydraulic barrier in the repository system. Its 
effects on repository perfonnance have been studied. 

The changes in physical and chetnical properties of the barriers have been included 
in the assessment by calculating the leaching of mainly calcium from the concrete 
barriers. The hydraulic conductivities of the engineered barriers are assumed to 
vary between 10-11 - 10~ [n1' s-1] after degradation. 

Radionuclide transport can be determined by both advection and diffusion, 
depending on the hydraulic conductivities in the near-field. The water flow rates 
within the barriers have been calculated. The results show that the water flow rates 
within the porous backfill may increase by tnore than one order of magnitude 
compared to the water flow rate in the undisturbed host rock. The water flow rate 
through the waste tnatrix is never significantly larger than that in the host rock 
because it has been assumed that the porous backfill always has higher hydraulic 
conductivity than the waste matrix. 

The water flow rates within the near-field have been used to calculate the fractional 
release rates of species with different sorption properties. Different modelling 
approaches have been used: (1) a sophisticated advection diffusion transport model 
using the Slline model dotnain as in the hydraulic modelling, (2) a plug-flow model, 
and (3) a tnixing-tank tnodel. 

The fractional release rates obtained with the advective-diffusive transport tnodel 
have been transformed into radionuclide release rates taking into account 
radioactive decay. The results show that sorption by barrier Inaterials will be the 
most important tnechanism for reducing the release of radionuclicles and will 
influence both the rate and the tune of maximutn release frotn the near-field. The 
rate of barrier degradation is of particular importance for the release of short-lived, 
weakly sorbed radionuclides. The quality of the barriers and the introduction of an 
additional high quality barrier will also be of unportance for the release of 
short-lived, weakly sorbed radionuclides. Physical containment by engineered 
barriers can only be guaranteed during a limited tune period. Therefore, the releases 
of long-lived radionuclides are only slightly influenced by the quality and rate of 
physical degradation of the barriers. 

Processes which could decrease radionuclide releases by orders of magnitude are 
slow corrosion of metal with embedded nuclides and limitation of solubility in the 
waste matrix. These processes can playa tnajor role for some specific radionuc1ides 
and waste types. For example, the release rate of Ni-59 from certain waste types 
decreases by one to four orders of tnagnitude when the release is restricted by 
corrosion of the waste or lunited by the low solubility, (10---5 kmol . tn-3). 
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ZUS~NFASSUNG 

Es wurde eine Sicherheitsanalyse durchgeführt für das Nahfeld eines potentiellen 
Endlagers inl Mergel für schwach- und lnittelaktive Abfalle. 

Es wird angenommen, dass das Wirtgestein durch zwei Kluftsysteme charakterisiert 
wird, eines lnit ''kleinen Klüften" und eines mit "grossen Klüften"; die Werte der 
hydraulischen Leitfahigkeiten reichen von 4· 10-10 bis 4· 10-9 [m· s-l] und der 
hydraulische Gradient beträgt 1 [ln . ln-I]. 

Im Endlager werden schwach- und lnittelaktive Abfalle aus deIn Betrieb und später 
der Stillegung von Kernkraftwerken, der Wiederaufbeitung von Kembrennstäben, 
sowie Abfalle aus Medizin, Industrie und Forschung eingelagert. Die in Fässern und 
Betoncontainern verfestigten Abfälle werden in betonverkleideten Kavernen 
eingelagert, die mit porösem Material verfüllt werden. Es besteht die Möglichkeit 
eine zusätzliche hydraulische Barriere im EncUagersysteln einzubauen. Die 
Auswirkungen einer solchen Barriere auf das Verhalten des Endlagersystetns 
wurden untersucht. 

Als Teil der Auswertung wurden die Aendenlngen der physikalischen und der 
chelnischen Eigenschaften der Sicherheitsbarrieren bestimInt, vor allem durch die 
Berechnung der Calcium-Auslaugung aus den Betonbarrieren. Es wird 
angenoInmen, dass die hydraulischen Leitfahigkeiten der technischen Barrieren 
nach Degradierung zwischen 10-11 - 10-8 [ln· s-l] variieren. 

Die mögliche Bandbreite der hydraulischen Leitfahigkeiten im Nahfeld verursacht, 
dass der Radionuklidtransport durch Advektion und Diffusion bestitrunt werden 
kann. Die Wasserfliessgeschwindigkeiten innerhalb den Barrieren wurden 
berechnet. Die Resultate zeigen, dass die Wasserfliessgeschwindigkeiten innerhalb 
dem porösen Verfüllmaterial sich etwa Uln eine Grössenordnung erhöhen können 
gegenüber den Geschwindigkeiten im ungestörten Wirtgestein. Die 
Wasserfliessgeschwindigkeit durch die Abfallmatrix wird nie bedeutend höher als 
im Wirtge ste in , weil angenommen wird, dass die poröse Verfüllung immer eine 
höhere hydraulische Leitfähigkeit besitzt als die Abfallmatrix. 

Die Wasserfliessgeschwindigkeiten im Nahfeld wurden benutzt, um die relativen 
Freisetzungsraten von Spezies mit verschiedenen Sotptionseigenschaften zu 
berechnen. Folgende Modell ans ätze wurden benutzt: (1) ein detailliertes 
Advektion/Diffusions-Transportlnodell, (2) ein "plug-flow" Modell und (3) ein 
Mischzellen-Modell. 

Die Init deIn Advektion/Diffusions-Modell berechneten relativen Freisetzungsraten 
wurden in Freisetzungsraten für Radionuklide ulngerechnet, unter Berücksichtigung 
des radioaktiven Zerfalls. Die Resultate zeigen, dass Sotption un Nahfeld der 
wichtigste MechanisInus zur Reduktion der Nuklidfreisetzung ist und sowohl die 
Freisetzungs rate als auch den Zeitpunkt der Freisetzung aus deIn Nahfeld 
beeinflusst. Die Degradierungsrate der Barrieren ist von besonderer Bedeutung für 
die Freisetzung der kurzlebigen, schwachsorbierenden Nuklide. Von grosser 
Bedeutung für die Freisetzung solcher Radionuklide ist ebenfalls der Einbau einer 
zusätzlichen hydraulischen Barriere und die Beschaffenheit der Barrieren. Die 
physikalische Rückhaltung der Nuklide durch die technischen Barrieren ist nur über 
einen beschränkten Zeitrauln garantiert. Deshalb wird die Freisetzung langlebiger 
Nuklide nur unbedeutend von Qualität und Degradierungsrate der Barrieren 
beeinflusst. 
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Die langsrune Korrosion metallischer AbHille und die Begrensung der Löslichkeit in 
der Abfallmatrix sind Prozesse, welche die Freisetzung von Radionukliden Uln 
Grössenordnungen reduzieren können. Solche Prozesse spielen eine wichtige Rolle 
für bestimtnte Radionuklide und Abfallsorten, so etwa für Ni-59, dessen 
Freisetzung um 1 bis 4 Grössenordnungen kleiner wird, wenn sie durch die 
Korrosion der metallischen Abfall matrix oder durch die Löslichkeit (10-5 kmol 
In-3) begrenzt wird. 
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RESUME 

On a procede a une evaluation des performances du champ proche d' un depot final 
potentiel dans une formation de mames pour dechets de faible et moyenne activite 
en Suisse. 

Cette roche d'accueil est caracterisee par un systeme de "fractures petites" et par un 
autre de "fractures importantes"; les conductivites hydrauliques sont situees entre 
4.10-10 et 4 ·1Q-9 [m· s-l] avec un gradient hydraulique de 1 [m· m-1]. 

Ce depot fmal est destine au stockage de dechets de faible et moyenne activite 
proventant de l' exploitation de centrales nuc1eaires et de leur demantelement, du 
retraitement du combustible ainsi que de la medecine, de l' industrie et de la 
recherche. Les dechets places dans des rots ou des conteneurs en beton sont empiles 
dans des cavemes revetues. de beton, les espaces vides etant combles avec un 
materiau de remplissage poreux. Une variante presente en outre une barriere 
hydraulique ouvragee supp16mentaire dont l' effet sur les performances du systeme a 
ete etudie. 

L' evaluation des performances tient compte des modifications physiques et 
chimiques affectant le comportement des barrieres par le calcul de la lixiviation des 
barrieres en beton, notamment de celle du calcium. On a estime que la conductivite 
hydraulique des barrieres ouvragees se situe entre 10-11 et 1 Q-8 [m . s-1] apres 
degradation. 

Le transport des radionuc1eides est determine tant par l' advection que par la 
diffusion en raison de la variation des conductivites hydrauliques dans le champ 
proche. On a calcule les debits d' eau dans les barrieres. Les resultats Inontrent que 
les debits d' eau dans le remplissage poreux peuvent etre superieurs de plus d'un 
ordre de grandeur par rapport a celui regnant dans la roche d' accueil intacte. Le 
debit d' eau dans la matrice de dechets n' est jamais superieur de facon significative 
a celui regnant dans la roche intacte, car on est parti de I'hypothese que le 
remplissage poreux presentait tou jours une conductivite hydraulique superieure a 
celle de la matrice. 

On a utilise les debits d' eau dans le champ proche pour calculer les taux de 
relachement fractionnes des diveres especes caracterisees par des proprietes de 
sotption differentes. Diverses approches ont ete utilisees pour modeliser le calcul 
des taux de relächement fractionnes: (1) un modele sophistique de transport par 
advection-diffusion utilisant le meme domaine modele que pour la modelisation 
hydraulique, (2) un modele de "plug-flow", et (3) un modele de bassin Inelangeur. 

Les taux de relachement fractionnes obtenus avec le modele de transport par 
advection-diffusion ont ete traduits en taux de relächement de radionucleides en 
tenant compte des processus de desintegration radioactive. Les resultats montrent 
que la sotption par les materiaux des barrieres represente le mecanisme le plus 
important pour reduire le relächement des radionuc1eides, influencant le taux 
comme le moment de leur relachement du chrunp proehe. La vitesse de degradation 
des barrieres est particulierement importante en ce qui conceme le relachement des 
radionuc1eides a vie courte peu sorbes. La qualite des barrieres ainsi que 
l' adj onct ion d'une barriere hydraulique de haute qualite supplementaire sont 
egalement d'importance en ce qui conceme le relachement des radionucleides a vie 
courte peu sorbes. Le confmement physique par les barrieres ouvragees ne peut etre 
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garanti que pour une periode limitee; il en resulte que le relachement des 
radionuc1eides a longue vie n' est que peu intluence par la qualite et le taux de 
degradation de ces barrieres. 

Les processus qui pourraient diminuer de plusieurs ordres de grandeur le 
relachement des radionuc1eides sont la corrosion lente des dechets Ineta1liques et la 
limitation de solubilite dans la lnatrice de dechets. Ces processus peuvent jouer un 
föle luajeur POUf certains radionucleides specifiques et types de dechets. Ainsi par 
exatnple le taux de relachelnent du Ni-59 de certains types de dechets diminue d'un 
a quatre ordres de grandeur lorsque le relachement est linüte par la corrosion du 
dechet, soit encore par la solubilite (10-5 kmol· m--3). 
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Figure 2.18 

Figure 2.19 

Figure 2.20 

Figure 2.21 

Figure 2.22 

Figure 2.23 

Figure 2.24 

Figure 2.25 

Figure 2.26 

Figure 2.27 

Figure 2.28 

Figure 3.1 

Figure 3.2 

Figure 3.3 

Figure 3.4 

Figure 3.5 

The hydraulic conductivities assumed in the different barriers as a 
function of time. 

The effective diffusivities assumed in the different barriers as a 
function of time. 

Distribution coefficients compiled for elements classified as 
strongly sorbed. 

Distribution coefficients compiled for elements classified as 
tnoderately sorbed. 

Distribution coefficients compiled for elements classified as 
weakly sorbed. 

Relative capacity of barriers for non-sorbed (Kd = 0 m3. kg-I) and 
sorbed (Kd = 0.001, 0.01 n13. kg-I) radionuclides. 

Logical scheme for the near-field modelling. The role of the waste 
inventory is indicated by the shaded area. 

The radionuclide inventory of activation and fission products as a 
function of time. 

The radionuclide inventory of actinides and daughters as a 
function of time. 

Waste group presentation. Relative disposal volume of the three 
waste groups. A possible allocation of waste categories is also 
indicated. 

The total activity content in the three waste groups as a function 
of time. 

Logical scheme for the near-field modelling. Topics related to the 
near-field hydraulics are indicated by shaded areas. 

Geometric simplifications in the two-dimensional model domain 
used for the reference case near-field hydraulic calculations. The 
assignment of boundary conditions in the sub-regional domain and 
the transfer of boundary conditions between the sub-regional and 
local scale domains in the near-field hydraulic calculations are 
indicated. Only one half-section has been modelled. 

Repository concept used for the analytical modelling. 

Repository concept used for the near-field hydraulic reference case 
calculations (detailed model domain). The number of nodal points 
in the element mesh is 3075. 

Isopotential lines [m] for the near-field hydraulic reference case 
shown for three different stages of barrier degradation. 
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Figure 3.6 

Figure 3.7 

Figure 3.8 

Figure 3.9 

Figure 3.10 

Figure 4.1 

Figure 4.2 

Figure 4.3 

Figure 4.4 

Figure 4.5 

Stream functions for the near-field hydraulic reference case shown 
for three different stages of barrier degradation. In the region 
between each of the plotted lines, the annual flow of water is 10 
litres (vertical flow). The numbers on the lines give the sum froln 
the left (symmetry line). 

Repository concept used for the near-field hydraulic calculations 
for the case variation showing the effect of an additional high 
quality hydraulic concrete hnrrier (detailed model domain). The 
number of nodal puiuts in the elelllentinesh is 3075. 

Isopotential lines [m] showing the pressure distribution for the 
near-field hydraulic case variatiun (Case 2~) with an additional 
high quality hydraulic barrier present. The results are given for 
three different stages of barrier degradation. 

Stream functions for the near-field hydraulic case variation (Case 
2~) with an additional high quality hydraulic barrier present. The 
results are shown for three different stages of barrier degradation. 
In the region between each of the plotted lines, the annual flow of 
water is 10 litres (vertical flow). The number on the lines give the 
sum from the left (synunetry line). 

Repository concept with less detailed description of the stack of 
waste drums used for sonle case variations of the near-field 
hydrology (simplified model domain). The number of nodal points 
is 1728. A variant of this element mesh including 20 metres of 
host rock has been used for the sub-regional scale calculations 
(sub-regional model domain) (cf. Figure 3.2). 

Logical scheme for the near-field modelling. In this Chapter only 
the shaded areas related to calculation of the fractional release 
rates are treated. 

Schematic representation of the transport mechanisms, pathways 
and engineered barriers considered in the calculation of 
advective-diffusive release from the near-field. 

Model domain used in the reference case calculation of near-field 
release. The initial and boundary conditions are shown. 

Fractional release rates for the advective-diffusive near-field 
reference case (FRl). The effects of different distribution 
coefficients are shown. 

Isoconcentration lines at three different times for the near-field 
release reference case for a distribution coefficient of [m3 . kg-i] 
FRl). Units for the isoconcentration lines are normalised to initial 
concentration in the waste matrix. (''MAX'' means the maximum 
concentration in the net at the present time is x% of the initial 
concentration at time zero). 
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Figure 4.6 

Figure 4.7 

Figure 4.8 

Figure 4.9 

Figure 4.10 

Figure 4.11 

Figure 4.12 

Figure 4.13 

Figure 4.14 

Figure 4.15 

Figure 4.16 

Figure 4.17 

Figure 4.18 

Distribution of solutes between different near-field barriers as a 
function of tilne for distribution coefficients of 0 and 0.01 
[In3 . kg-I] respectively (FR1). The amount of solutes released from 
the near-field to the surrounding rock is also indicated. 

Fractional release rates for the advective-diffusive near-field case 
variation showing the effect of an additional hydraulic concrete 
barrier (FR2). The fractional release rates for the reference case 
are also indicated for comparison purposes. 

Distribution of solutes between different near-field barriers as a 
function of time for distribution coefficients of 0 and 0.01 
[m3 . kg-l] respectively (FR2 showing the effect of a high quality 
barrier). The amount of solutes released from the near-field to the 
surrounding rock is also indicated. 

Hydraulic conductivities in the different barriers as a function of 
tUne, assuming early degradation (FR3). 

Effective diffusivities in the different barriers as a function of 
tUne, assuming early degradation (FR3). 

Fractional release rates for the advective-diffusive near-field case 
variation showing the effect of earlier degradation of the concrete 
barriers (FR3). The fractional release rates for the reference case 
are also indicated for comparison purposes. 

Hydraulic conductivities in the different barriers as a function of 
tUne, assuming delayed degradation (FR4). 

Effective diffusivities in the different barriers as a function of 
time, assulning delayed degradation (FR4). 

Fractional release rates for the advective-diffusive near-field case 
variation showing the effect of delayed degradation of the concrete 
barriers (FR4). The fractional release rates for the reference case 
are also indicated for comparison purposes. 

Schematic representation of the model for diffusive release from 
the near-field. 

Fractional release rates for the diffusive near-field case variation 
(FR5). The fractional release rates for the reference case are also 
indicated for comparison purposes. 

Distribution of solutes between different near-field barriers as a 
function of tilne for non-sorbed solutes (Kd = 0 m3 . kg-I) (FR5). 
The runount of solutes released from the near-field to the 
surrounding rock is also indicated. 

Schematic representation of the model for release by plug-flow 
from the near-field. 
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Figure 4.19 

Figure 4.20 

Figure 4.21 

Figure 4.22 

Figure 5.1 

Figure 5.2 

Figure 5.3 

Figure 5.4 

Figure 5.5 

Figure 5.6 

Figure 5.7 

Figure 5.8 

Figure 5.9 

Fractional release rates for the plug-flow case vanatlons 
(FR6-1,FR6-2,FR6-3) for distribution coefficients of 0 and 0.001 
[ln3 . kg-I]. 

Schematic representation of the model for the mixing-tank release 
from the near-field. 

Maximum fractional release rates from the near-field as a function 
of time calculated with the mixing-tank model (FR7-1). The 
fractional release rates for the reference case are indicated for 
comparison pwposes. 

Distribution of non-sorbed solutes between repository barriers and 
surrounding rock as a function of time. 

Logical scheme for the near-field modelling. In this Chapter only 
the shaded areas, i.e. the calculation of the radionuclide release 
rates, are described. 

Radionuclide decay chains /KARLSSON, HOGLUND, PERS 
1986/. 

The release rates of strongly sorbed radionuclides for the reference 
case. The results are presented for the minimum and maximum 
values of the range of distribution coefficients. 

The release rates of moderately sorbed radionuclides for the 
reference case. The results are presented for the minimum and 
maximum values of the range of distribution coefficients. 

The release rates of weakly sorbed radionuclides for the reference 
case. The results are presented for the minimwn and maximum 
values of the range of distribution coefficients. 

The release rates of strongly sorbed radionuclides for the case 
variation showing the effect of an additional high quality hydraulic 
barrier. The results are presented for the minimum and maximum 
values of the range of distribution coefficients. 

The release rates of moderately sorbed radionuclides for the case 
variation showing the effect of an additional high quality hydraulic 
barrier. The results are presented for the minimum and maximum 
values of the range of distribution coefficients. 

The release rates of weakly sorbed radionuclides for the case 
variation showing the effect of an additional high quality hydraulic 
barrier. The results are presented for the minimum and maximuln 
values of the range of distribution coefficients. 

The release rates of moderately sorbed radionuclides for the case 
variation showing the effect of delayed degradation of the concrete 
barriers (RR3). 
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Figure 5.10 

Figure 5.11 

Figure 6.1 

Figure 6.2 

Figure 6.3 

Figure 6.4 

Figure 6.5 

Figure 6.6 

Figure 6.7 

Figure 6.8 

The release rates of weakly sorbed radionuclides for the case 
variation showing the effect of delayed degradation of the concrete 
barriers (RR3). The results are presented for the minimum and 
maximum values of the range of distribution coefficients. 

Total radionuclide release rate and the release rate of Cs-137 from 
an altered waste allocation scenario as compared with the 
reference case. The minimum value for the distribution coefficient 
has been assumed. 
Curve 1, total release rate for the reference case (RR1) 
Curve 2, total release rate for the altered allocation scenario (RR4) 
Curve 3, release rate of Cs-137 for the reference case (RRl) 
Curve 4, release rate of Cs-137 for the altered allocation scenario 
(RR4) 

Logical scheme for the near-field modelling. In this Chapter only 
the shaded areas are treated. 

Total solubility and concentration of different aqueous nickel 
complexes as a function of pH. The three reference concrete 
pore-waters (see Table 2.4) are indicated in the figure. Solid phase 
is Ni3S2(S). Reducing conditions, P H

2
(g) = 1 bar, pe = -pH. 

Speciation of nickel as a function of pH. The three reference 
concrete pore-waters (see Table 2.4) are indicated in the figure. 
Solid phase is NiO(s). Oxidising conditions, P 02(g) = 0.21 bar, pe 

= 13.6 -pH. 

Total nickel solubility as a function of pH assuming different 
solubility-controlling solid phases. The three reference concrete 
pore-waters (see Table 2.4) are indicated in the figure. 

Speciation of technetium as a function of pH. The three reference 
concrete pore-waters (see Table 2.4) are indicated in the figure. 
Solid phase is Tc(s). Reducing conditions, P

H2
(g) = 1 bar, pe = 

-pH. 

Saturation index for different technetium minerals as a function of 
pe for the OLD reference concrete pore-water (see Table 2.4). 

Speciation of tm as a function of pH. The three reference concrete 
pore-waters (see Table 2.4) are indicated in the figure. Solid phase 
i~ Sn02(S). Reducing conditions, P H

2
(g) = 1 bar. pe = -pH. 

Speciation of tin as a function of pH. The three reference concrete 
pore-waters (see Table 2.4) are indicated in the figure. Solid phase 
is Sn02(S). Oxidising conditions, P 02(g) = 0.21 bar, pe = 13.6 

-pH. 
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Figure 6.9 

Figure 6.10 

Figure 6.11 

The sequence of nickel equilibrium dissolution from waste type 
WA-4 by 1000 pore-water exchange cycles. The solid line 
considers only radioactive nickel isotopes while the dotted line 
includes inactive nickel. 

Mesh geometry used in the one-dimensional calculations. 

Fractional release rates as a function of time for different source 
tenn assumptions in the one-dimensional calculations (decay is not 
considered). 
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1. INTRODUCITON 

Four potential sites have been selected for a final repository for Swiss low- and 
intermediate-level radioactive waste. The host rocks being considered are marl (two 
sites), anhydrite and a gneiss-type crystalline. 

The studies in this report have been based on field investigations and other 
compiled data, as well as on assumptions made for marl (at Oberbauenstock and 
Wellenberg) and crystalline (at Piz Pian Grand). Anhydrite has not been considered 
because the processes leading to release of activity could be very different in this 
case /NAGRA 1988a/. 

Different options exist for the design of the repository. The major difference 
between the designs considered in this study is an optional high quality hydraulic 
barrier inside the mechanical support lining of the cavern. The high quality 
hydraulic barrier could consist of a concrete construction with low permeability and 
low diffusivity. The importance of this barrier for the release of different 
radionuclides has been studied. The studies for 'Project Gewiihr 1985' showed that 
gas produced by corrosion of metals, microbial degradation of organics and 
radiolysis cannot be disregarded and could have important consequences for the 
performance of the engineered barriers and for the release rates of radionuclides. A 
cavern backfilled with porous concrete, permeable to gas, has therefore been 
considered. 

The waste categories considered for disposal in a LL W /lL W repository in this study 
were: 

- Waste from reactor operation (operational waste, BA) 
- Decommissioning waste (SA) 
- Reprocessing waste (WA) 
- Waste from medicine, industry and research (MIF). 

In this study the hulls and end-pieces from reprocessing are assumed to be stored in 
the LL W /lL W repository, which was not the case in ' Project Gewiihr 1985'. The 
basis for the waste inventory in this study was a 4 GWe energy production over 40 
years, to be compared with the 6 GWe scenario assumed for 'Project Gewahr 
1985'. In this study, concrete storage containers are foreseen only for the 
decommissioning waste. 

The hydraulic properties of the host rock and the engineered barriers considered in 
Project Gewahr 1985 permitted the assumption that diffusion determines 
radionuclide transport in the near-field. In 'Project Gewiihr 1985', advective 
radio nuclide transport was considered only ~. scenario calculations 
/NAGRA 1985a/, /NAGRA 1985b/, (KARLSSON, HOGLUND, PERS 1986/, 
/HOGLUND 1987/. For the present study, however, the results from field 
investigations and the different assumptions for the properties of engineered barriers 
lead to an increased probability of advective release. 

This report deals with the near-field release for situations where groundwater flow 
significantly influences radionuclide transport. 
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The release of radionuclides from the repository has been described using different 
modelling approaches. In the reference case, radionuclide release was modelled as 
release by advection-diffusion. Release has also been modelled by assuming 
plug-flow transport and as release from a mixing-tank.. 

Approximately 10-20% of the repository area can be expected to be intercepted by 
zones with increased hydraulic conductivity. This has been taken into account in 
separate calculations. 

Specific topics and assulnptions that could have a major influence on radionuclide 
release have been dealt with separately; 

sorption 
solubility-limited radionuclides 
dissolution rate controlled source, i.e. activated steel 
degradation of barriers. 

The above studies were performed to show effects but also to be able to draw 
conclusions as to which topics and assumptions have to be taken into account in the 
radionuclide transport modelling of a repository. 

In Figure 1.1, the logical scheme for the near-field modelling is presented. 

For the near-field modelling, substantial amounts of information and basic data are 
required; these are presented in Chapter 2. 

The near-field modelling comprises three main domains: 

near-field hydraulics (Chapter 3) 
- near-field chemistry (Chapter 6) and barrier degradation (Chapter 2) 
- near-field radionuclide transport (Chapters 4 and 5) 

The radionuclide release rates resulting from the near-field solute transport 
calculations are presented in Chapter 5. 

Improvements in assessment methods 

Following 'Project Gewahr 1985', advective transport in the near-field acquired 
greater significance and water transport through the different barrier components of 
the near-field has therefore been calculated (Chapter 3). 

Different approaches for radionuclide transport calculations have been applied to 
situations where the relative importance of diffusive and advective transport differs 
(Chapter 4). 

In 'Project Gewahr 1985' the effects of solubility limits were only briefly discussed. 
Chapter 6 discusses thermodynamic lllodelling for three selected elements and also 
gives examples of the effects of solubility limits and other chemical phenomena 
such as limitation of release rates by the corrosion rate of activated metals. 
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·---------1 
I Extended I 
I Near-Field 
I hydraulics 

I 
I 
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I 

Figure 1.1 Logical scheme for the near-field modelling. 



NAGRA NTB 88-42 -4-

2. DESCRIPTION OF THE REPOSITORY SYSTEM 

In this Chapter basic assumptions and infonnation on the repository system which 
have been used in the near-field modelling are presented. The infonnation on the 
repository systeln has been separated into the following areas: 

Repository location and host rock properties 
Repository design 
Properties of barriers 
Waste inventory. 

Infonnation on the hydraulic and geochemical situation at the reference site is 
presented in section 2.1. A description of the repository design and the near-field 
barriers is presented in section 2.2. The chemical and physical properties of the 
near-field barriers which detennine radionuclide transport are presented in section 
2.3. The activity inventory in the repository and infonnation on the waste essential 
for the evaluation of the source tenn are presented in section 2.4. 

2.1 Repository location and host rock properties 

The near-field of the Oberbauenstock site has been selected as the reference site for 
the modelling. The repository location detennines the hydraulic situation, which is 
characterised by the predominant water flow systems and the geochemistry in the 
host rock. This infonnation, together with infonnation on repository design, is 
essential for estimating barrier degradation and radionuclide release. 

The shaded areas in the overview picture of the near-field model (Figure 2.1) show 
the interaction between parameters determined by the repository location, host rock 
properties and groundwater chemistry as well as interaction with other areas 
involved in near-field modelling of a repository. 
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·---------1 
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Figure 2.1 Logical scheme for the near-field modelling. Topics related to the 
repository location and the host rock properties are indicated by 
shaded areas. 

2.1.1 Potential repository sites 

The four potential sites for a LL WIlL W repository are shown on the map in Figure 
2.2. The Oberbauenstock and Wellenberg sites are in marl formations, Piz Pian 
Grand in crystalline and Bois de la Glaive in anhydrite. 

This study is based mainly on site specific information available for the marl site at 
Oberbauenstock, but Piz Pian Grand in crystalline is also considered for some 
parameter variations. This study tnay be relevant for the marl site at Wellenberg, 
but the site at Bois de la Glaive (anhydrite) would have to be treated differently and 
is therefore not discussed here. 

Oberbauenstock 

The Oberbauenstock reference site is located in a Valanginian marl fonnation 
surrounded by limestone layers and shales. The repository entrance tunnels start in 
the vicinity of lake Uri and enter at the rear of the repository area. This is to reduce 
the risk of direct radionuclide release from the repository through the tunnels to the 
lake. A cross-section of the host rock fonnation indicating the repository area and a 
schematic representation of the repository design with the entrance tunnels are 
given in Figures 2.3 - 2.4. 
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Wellenberg 

The Wellenberg site is situated in alpine terrain. The host rock is the same marl 
fonnation as found at Oberbauenstock. The hydraulic data for Oberbauenstock may 
also apply to the site at Wellenberg. The repository location in the host rock 
fonnation and an artist's impression of the currently proposed repository design are 
presented in Figures 2.5 - 2.6. 

Ph Pian Grand 

The Piz Pian Grand site is situated in a crystalline fonnation. The potential host 
rock fonnation indicating the repository location and the repository design are 
presented in Figures 2.7 - 2.8. 

OBERBAUENSTOCK 

WELLEN8ERG
A 4) 

80lS DE 
T LA GLAIVE 

T ANHYDRITE • GRANITE, GNEISS A MARL 

Figure 2.2 Location of the four potential sites. 
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Figure 2.3 

Figure 2.4 
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The host rock fonnation at the Oberbauenstock site indicating the 
repository location. 

Perspective view of the repository at Oberbauenstock. 
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Figure 2.5 site indicating the 

Figure 2.6 
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Figure 2.7 

Figure 2.8 

The host rock fonnation at the Piz Pian Grand site indicating the 
repository location. 

Perspective view of the repository at Piz Pian Grand. 
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2.1.2 Hydraulic conditions in the host rock 

The hydraulic properties have, where possible, been based upon field measurements 
/NAGRA 1988b/, /NAGRA 1988c/, otherwise best-estimate data have been used. 
These data may be subject to substantial changes in the future. The conclusions and 
implications of results obtained here may likewise be subject to change and should 
not be regarded as a complete and fmal description of the hydraulic situation, either 
at Oberbauenstock or at the other sites. The results of the near-field hydraulic 
calculations are, however, representative for these sites as conditions corresponding 
to the present assumptions. 

Hydraulic conditions at Oberbauenstock 

The repository is situated in a Valanginian marl formation and occupies an area of 
approximately 500 by 500 metres. The rock overburden is between 200 and 1000 
metres. 

Intetpretation of field data from Oberbauenstock has indicated that two different 
hydraulic systems may exist in the repository zone /NAGRA 1988b/, namely a 
'small fractures' system (area A) which has an average hydraulic conductivity of 
about 4.10-10 [m· s-1] and a 'fracture zone' system (area B) that covers about 20 
percent of the repository area and has an average hydraulic conductivity of about 
4 ·1Q-9 [m· s-1]; see Figure 2.9. The overall hydraulic gradient is assumed to be 1 
[m· m-1] in both systems . 

Figure 2.9 

E 
o 
o 
1.0 

..... c:------ 500 m ------l.~ 

® 

Schematic illustration of the different flow systems at the 
Oberbauenstock site. The properties of the different systems are 
based on field measurements. 
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Hydraulic conditions at Wellenberg 

The repository is situated in a Valanginiall marl formation with a rock overburden 
of approxiInately 300 metres. The overburden consists mainly of marl. The 
repository occupies an area of approxiInately 500 by 500 metres. 

At present there is no infonnation which would indicate that the hydraulic 
conditions at Wellenberg will be significantly different from those at 
Oberbauenstock. 

Hydraulic conditions at Piz Pian Grand 

The repository is situated in a crystalline host rock formation. The rock overburden 
is approximately 1000 metres. The repository occupies an area of approxiInately 
500 by 500 metres. 

For the site at Piz Pian Grand, the interpretation of field data has also indicated that 
two different hydraulic systems may be present in the repository area 
/NAGRA 1988c/. The first system ('small fractures'), has an overall hydraulic 
conductivity of 1.10-11 [m· s-1]. The second system ('fracture zone'), covers 10% of 
the repository area and has an overall hydraulic conductivity of 1· lQ-8 [m· s-I]; see 
Figure 2.10. The overall hydraulic gradient is approxiInately 0.7 [In'ln-1] in both 
systems. 

.. 

SOm 

Figure 2.10 

SOOm 

.. 

/ 

100m 

f 
7-

Average rock properties 
"Small Fracturesll 

.. SOm .. .. 

Major fault 
IIDisturbed Zonell 

.. 

Schematic ill ustration of the different flow systems determined by 
field measurements at the Piz Pian Grand site. 
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2.1.3 Data used in the near-field hydrology modelling 

The hydraulic properties of the host rock are of primary interest for the near-field 
analysis. The water flow in the repository will be detennined by the flow regime in 
the host rock as well as by the hydraulic properties of the engineered barriers. The 
hydraulic and transport properties used in the calculations for the host rock at 
Oberbauenstock and Piz Pian Grand are presented in Table 2.1. 

Table 2.1 Parameter values used in this study for the hydraulic and transport 
properties of the host rock at Oberbauenstock and Piz Pian Grand. 

Parameter Value 

Oberbauenstock 

Hydraulic conductivity 
'small fractures' 4· 10-10 

'fracture zone' 4· 1 (}-9 
(lnax. 20% of the repository area) 

Hydraulic gradient 
'small fractures' 1 
'fracture zone' 1 

Water flow rate 
'small fractures' 4.10-10 

'fracture zone' 4·1(}-9 

Effective 3.10-11 

diffusivity 

Porosity (E) 0.03 

Piz Pian Grand 

Hydraulic conductivity 
'small fractures' 1 . 10-11 

'fracture zone' 1· lQ--8 
(max 10% of the repository area) 

Hydraulic gradient 
'small fractures' 0.7 
'fracture zone' 0.7 

Water flow rate 
'small fractures' 7.10-12 

'fracture zone' 7 ·1Q-9 

Effective 1.10-11 

diffusivity 

Porosity (E) 0.01 

Unit 

[m· s-l] 
[m· s-l] 

[m·m-1] 

[m·m-1] 

[m3 . m~· s-1] 
[m3 . m~ . s-1] 

[m2 . s-l] 

[m3 ·m-3] 

[m· s-1] 
[m· s-1] 

[m·m-1] 
[m·m-1] 

[m3 . m~· s-l] 
[m3 'ln~' s-1] 

[m2 • s-l] 

[m3 . m-3] 

Remark 

Field data from 
Oberbauenstock 
/NAGRA 1988b/ 

/NAGRA 1988b/ 
Same as for 'small 
fractures' assumed 

Calculated for average 
rock properties 

Assumed (Dw ate r' E) 

Laboratory 
measurements 
/NAGRA 1985b/ 

Field data from 
Piz Pian Grand 
/NAGRA 1988c/ 

/NAGRA 1988c/ 
/NAGRA 1988c/ 

Calculated for average 
rock properties 

Assumed (Dw ater' E) 

Estimated 
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2.1.4 Groundwater in the host rock 

The geochemical system in the host rock has been assumed to resemble the system 
identified for Oberbauenstock. This system can be characterised as a hydrogen 
carbonate-rich groundwater with a low sodium chloride content. The redox 
conditions are very difficult to detennine experimentally in the field but can be 
expected to be buffered by pyrite, resulting in reducing groundwater. In Table 2.2 
an interpretation of the measured groundwater composition is presented. In the 
defmition of this groundwater, the redox potential is assigned a flXed value. The 
Ininerals expected to be in equilibrium with the groundwater are also indicated. The 
possible degradation of concrete barriers .!,y aggressive species in the groundwater 
has not been studied in this report. In /HOGLUND 1987/ it was concluded that the 
aggressive species are of minor importance for concrete degradation compared with 
the leaching of concrete constituents. 

Table 2.2 

Species 

Na+ 
Mg2+ 
Ca2+ 
Sr2+ 
[C03]tot 
S042-
CI-

pH 

Temperature 

Ionic strength 

Redox, pe 

Minerals 
Calcite 

PC02(g) 

Interpretation of measured groundwater composition at 
Oberbauenstock /Nagra internal communication!. 

Concentration [tnM] 

127.5 
0.662 
2.715 
0.092 
5.723 

26.40 
76.20 

7.44 

250C 

0.15 

0.0 

Saturated 
l~bar 

Remark 

Charge balancing 
From measurements 
Calcu1ated 
From measurements 
Calculated 

From measurements 
Charge balancing 

Calcu1ated 

Assumed 

Assumed 
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2.2 Repository design 

This section describes the overall design of a repository and the function of the 
engineered near-field barriers. The role of the individual barriers is discussed and 
the material properties of the barriers are presented. Finally, the change in barrier 
properties with time due to different degradation mechanisms is estimated. 
Repository design and barrier properties are discussed in connection with the topics 
indicated by shaded areas in Figure 2.11. 

Figure 2.11 

11'""7'""'7-r-7""""T"T~"7'""'?'"'1 

I 
I 
I~~'-t--'-~"-J 

1 

·---------1 
1 Extended I 
I Near-Field 
I hydraulics 

I 
1 
I 
: Near-Field 

I~--~--~~--*---~ 

1 
1 chemistry 

1_-

Logical scheme for the near-field modelling. Topics related to 
repository design and barrier properties are indicated by shaded 
areas. 

The repository consists of five parallel rock caverns, each about 500 metres long 
and with a distance of about 100 metres between the caverns. The different caverns 
are interconnected by transport tunnels. The repository is accessed through two 
entrance tunnels which enter at the rear of the repository in the anticipated direction 
of groundwater flow, see Figures 2.4, 2.6 and 2.8. 

Two different repository designs have been assumed in this study namely a 
reference design intended for the major part of waste to be disposed of and an 
optional design including an additional high quality hydraulic barrier for the most 
toxic waste. 
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2.2.1 Potential cavern lay-outs 

Cavern barriers 

The repository consists of a system of multiple engineered barriers. The outennost 
cavern barrier consists of a 0.8 tnetre thick tnechanical support concrete lining. One 
option in repository design is to introduce an additional hydraulic barrier inside the 
mechanical support lining of the cavern. In the present study, the effect of an 
additional 0.3 metre layer of high quality concrete has been studied in different 
case variation calculations. The material properties of this additional barrier may be 
selected so as to reduce the water flow rate and to offer a high resistance to 
diffusive transport of species dissolved in the pore-water. The general idea behind 
the high quality barrier is to introduce a cOlnponent which, for a restricted time, 
offers a high resistance to radionuclide transport. 

The waste containers are stacked in the cavern and the space between the 
containers is injected with a porous concrete. This backfill can be designed to have 
high porosity and high conductivity for gases. This would ensure that gases formed 
in the repository can escape from the system of engineered barriers without 
excessive pressure build-up. As a consequence of this high porosity and high gas 
conductivity, the hydraulic conductivity and the diffusion coefficients would also be 
high. 

The reference repository design is presented in Figure 2.12 /NAGRA 1988b/. An 
optional design including an additional high quality hydraulic barrier is shown in 
Figure 2.13. There are other optional features besides the additional high quality 
barrier, such as gas release devices pene~ating the repository liners (to allow gases 
fonned in the repository /WffiORGH, HOGLUND, PERS 1986/ to escape without 
excessive pressure build-up), a drainage zone, a buffer zone for mechanical 
deformation and plastic sheets. 

1 Drums 
2 Porous backfill 
3 Mechanical barrier 

12.0 

Figure 2.12 Reference design for barriers in the repository. 
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1 Drums 
2 Porous backfill 
3 High quality barrier 
4 Mechanical barrier 
5 Buffers zone (optional) 
6 Gas release devices (optional) 

Figure 2.13 Optional design for barriers in the assumed repository showing the 
location of an additional high quality hydraulic barrier. 

Waste package and waste matrix 

The waste is contained either in steel drums or in concrete containers. Some of the 
steel drums are equipped with an inner concrete lining which could act as a barrier 
to radionuclide release. This is also the case for the concrete container walls. The 
concrete lining inside the steel drums and the concrete container walls are hereafter 
denoted waste packages. From the point of view of ensuring long-tenn safety, it 
could be difficult to prove that the steel drums are sufficiently tightly sealed. 
Further, it is recognised that corrosion may destroy the drums. The steel drums 
have therefore been disregarded as barriers in the calculations. TIlls is in 
accordance with the Swiss safety ~~udy , Project Gewahr 1985' /NAGRA 1985a/, 
NAGRA 1985b/, /KARLSSON, HOGLUND, PERS 1986/ and the Swedish final 
safety study for SFR /WIBORGH et.al. 1987 a/. 

Concrete is used for conditioning the major proportion of the waste. Some 
reprocessing waste (WA-2) and operational waste (BA-2) are conditioned with 
bitumen and small amounts of operational waste (BA-l) are conditioned with 
plastic (for further information about the waste, see section 2.4). The waste plus the 
conditioning material is termed the waste matrix. Unless otherwise indicated in this 
report, all waste has been treated as being conditioned with concrete. 

The storage pattern for concrete containers is not identical to that for steel drums. 
The differences have, however, been judged to be minimal. It is clear from Table 
2.3 that the ratio between the waste matrix volume and the external volume of the 
waste packages does not differ significantly for the different waste types, even for 
deconunissioning waste (SA) stored in large concrete containers. 
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Table 2.3 The relationship between the volume of the waste matrix and the 
external volume of waste containers/drums. 

Waste type 

Reprocessing waste 
WA-2 
WA-3 
WA-4 
WA-5 
WA-6 

Operational waste 
BA-l 
BA-2 
BA-3 
BA-4 
BA-5 
BA-6 
BA-7 
BA-8 
BA-9 

volume ratio!) 
matrix/package 

0.7 
0.3 
0.7 
0.3 
0.3 

0.4-0.7 
0.7 
0.082) -0.7 
0.3 
0.3-0.7 
0.4 
0.7-0.8 
0.7-0.8 
0.02 

Medical, industrial and research waste 
MUP-l 0.6 
MUF-2 0.6 
MUF-3 0.6 
MUF-4 0.6 
MUP-5 0.6 

Decommissioning waste in concrete containers 
SA-l 0.063) -0.7 
SA-2 0.7 
SA-3 0.7 
SA-4 0.7 
SA-5 0.7 
SA-6 0.7 
SA-7 0.7 
SA-8 0.5-0.7 

Remark 

Bituminised waste 
Conditioned with concrete 
Conditioned with concrete 
Conditioned with concrete 
Conditioned with concrete 

Partly in plastic and bitumen 
Partly in bitumen 
Conditioned with concrete 
Conditioned with concrete 
Conditioned with concrete 
Conditioned with concrete 
Conditioned with concrete 
Conditioned with concrete 
Conditioned with concrete 

Conditioned with concrete 
Conditioned with concrete 
Conditioned with concrete 
Conditioned with concrete 
Conditioned with concrete 

Backfilled with concrete 
Backfilled with concrete 
Backfilled with concrete 
Backfilled with concrete 
Backfilled with concrete 
Backfilled with concrete 
Backfilled with concrete 
Backfilled with concrete 

1) ratio between the waste matrix volume and the external volume of the waste 
containers/drums [m3 . m-3] 

2) refers to a limited number of steel drums 
3) refers to a limited number of concrete containers 
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2.2.2 Conceptual cavern lay-out used in the reference calculations 

The conceptual repository design used in the calculations is shown schematically in 
Figure 2.14. The barriers considered are: 

- concrete lining 
- porous backfill 
- waste package 
- waste matrix. 

In the numerical modelling the repository is represented by a rectangle 10.2 ·13.4 
metres. The outennost concrete structure is the lining with a thickness of 0.8 metre. 
The storage pattern of d.rwns and containers is described in the model as twelve 
sections of waste matrices surrounded by a 0.3 metre thick waste package. Porous 
concrete is injected into the voids left in the cavern and into the spaces between the 
waste packages. 

Figure 2.14 

package 
5.2m 
*1.08m 

matrix 
4.65m 
.0.403m 

I symmetry line 

, 
O.8m mechanical r-------' 

borrier I I 

5.1m 2.3m 
•• • 

2.3m rock 

13.4m 
repository 

2.3m rock 

Conceptual cavern lay-out used in the reference case calculations. 
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2.3 Barriers properties 

The properties of the concrete barriers will influence radionuclide release from the 
repository. The presence of the near-field barriers may also cause local changes in 
the hydraulic situation in the host rock. Concrete barriers will, under certain 
conditions: 

- restrict the water flow through the repository 
restrict the diffusion of radionuclides 
restrict the radionuc1ide concentration in the pore-water by means of low 
solubility and sorption 
reduce the consequences of gas formation in the repository. 

Changes in the physical barrier properties, i.e. the hydraulic conductivity and 
effective diffusivity of the concrete, are detennined by the initial physical 
properties, the amount of solid material leached and precipitated and by the 
mechanical disintegration of the barriers. 

In this report, the degree of barrier degradation has been def'med according to an 
assumed correlation between chemical and physical characteristics of the concrete. 
In particular, the pH of the pore-water has been assumed to be an indicator for both 
chemical and physical changes in the concrete. 

Since changes in chemical and physical properties are largely interrelated, it has 
been assumed that they occur simultaneously. 

It is recognised that sorption depends on the chemical properties of the concrete. 
However, throughout this report it has been assumed that sorption is independent of 
degradation and chemical properties. The range of sorption values considered is 
expected to cover all possible changes in sorption characteristics caused by the 
degradation. 

The development of Eh with time in the near-field is not covered in this report. 
Reducing conditions are assumed in the near-field at all times. However, the effect 
of altered redox conditions has been studied as part of the chemical calculations 
presented in Chapter 6. 

2.3.1 Definition of the stages of barrier degradation 

When concrete is placed in a rock cavern it is not in thermodynrunic equilibrium 
with its environment. The concrete has a number of constituents which are easily 
dissolved and transported away by the groundwater. In addition, dissolved species 
in the groundwater can influence the chelnical stability of the concrete. 

Of particular interest are leaching of alkali metal hydroxides and calcium 
hydroxide, which are important constituents of the concrete. 

The leaching of alkali and calcium from the concrete will be determined by the 
water flow through the repository, as well as by diffusion. 
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The evolution of the concrete properties with time is defmed in three different 
stages: 

FRESH 
OLD 
DEGRADED. 

The FRESH concrete is defined as an unleached concrete having a pore-water with 
a high alkali content, pH 12.5-13.5. The alkali hydroxides are easily dissolved and 
transported away by the groundwater. The duration of the FRESH period is 
therefore expected to be short. 

When the alkali have been leached out of the concrete, the pore-water chemistry 
will be detennined by the calcium hydroxide solubility, pH approximately 12.5. 
This partly leached concrete is denoted OLD concrete. Only a nOOor part of the 
calcium hydroxide is dissolved, the majority being present as a solid mineral. The 
leaching of calcium hydroxide will continue until all the calcium hydroxide has 
been dissolved and carried away by the groundwater. The expected duration of the 
OLD period is fairly long. 

As leaching continues, calcium dissolves and eventually the composition of the 
concrete pore-water will be detennined by the solubility of the silica-rich calcium 
silicate lninerals, pH 10-12.5. At this stage the concrete has lost part of its 
mechanical strength /LEA 1970/. This extensively leached concrete is termed 
DEGRADED concrete. The calcium silicate minerals have low solubilities and the 
calcium silicates constitute a substantial part of the concrete mass. It is therefore 
expected that the duration of the DEGRADED period will be very long. 

2.3.2 Chemical composition of concrete and concrete pore-waters 

The geochemical system in the repository is essentially determined by the presence 
of large amounts of concrete. The pore-water in the concrete barriers will, however, 
change with time. Species in the concrete will diffuse out of the barriers and 
species in the groundwater will diffuse into and through the barriers. The water 
flowing through the barriers will also leach out components in the concrete. Three 
pore-waters valid for different degrees of leaching of standard concrete have been 
defmed /BERNER, JACOBSEN, McKINLEY 1987/, /BERNER 1988/. These 
waters represent concretes of the three different ages described above. The 
corresponding pore-water compositions are presented in Table 2.4. 

The redox conditions have arbitrarily been assumed to correspond to equilibrium 
with either: 

1 bar hydrogen pressure (possibly due to hydrogen evolving from corrosion of 
steel) 
0.2 bar oxygen pressure (equilibrium with air) 
10-10 bar oxygen pressure. 

Equilibrium with hydrogen represents low redox potentials, while, equilibrium with 
0.2 bar oxygen represents the theoretical maximum redox potential for an aerated 
pore-water system. Equilibriwn with 10-10 bar oxygen represent a slightly oxidising 
pore-water system with traces of oxygen. 
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Chemical equilibrium calculations have been performed in section 6.4 to check the 
sensitivity of radionuclide speciation to changes in the concrete pore-water 
composition. This was done to investigate whether significant changes in 
radionuclide solubilities can be expected as a result of long-term changes in the 
concrete barriers. 

Table 2.4 Assumed concrete pore-water compositions /BERNER 1988/. 

Species Concentration [mM] Remark 

FRESH OLD DEGRADED 

Na+ 40.0 0.0 6.0 Assumed 
K+ 60.0 0.0 0.0 Assumed 
Ca2+ 5.19 23.70 0.58 Saturation 
Mg2+ 4.8 10-5 1.34 10-4 1.2 Saturation 

OH- 104.32 41.37 0.12 Counter-ion 
S02-

4 3.0 3.0 3.0 Assumed 
C02-

3 0.0211 7.57 10-3 0.071 Saturation 

H Si02-2 4 0.01 0.01 5.294 Assumed/Satur. 

Solid Ca(OH)z Ca(OHh CaC03 
phases Mg(OH)z Mg(OH)z Mg(OH)z 

CaC03 CaC03 MgC03 
Si02(amorphous) 

pH 12.9 12.47 10.03 
Ionic 0.113 0.0588 0.0131 
strength 
Temperature 25.0oC 25.0oC 25.0oC 

The concrete is assumed to be based on an ordinary Portland cement (OPC) with the 
following components and characteristics: 

Hydrated cement paste per cubic metre 
of concrete 
Bulk density of cement paste 
Porosity of cement paste 
Portlandite (Ca(OH)z) in hydrated 
paste 
Portlandite in concrete 
Volume fraction of hydrated 
paste in concrete 
Volume fraction of ballast in concrete 

450 [kg] 
1940 [kg·m-3] 

0.275 [tn3 . m-3] 

0.2-0.25 [kg· kg-I] 
1.2-1.5 [kmol· In-3] 

0.23 [m3 . m-3] 

0.77 [m3 . m-3] 
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2.3.3 Estimation of the chemica1lifetime of concrete in the repository 

This section will be divided into four main parts: 

an introduction presenting the different calculations and major assumptions 
leaching of alkali hydroxides using different calculation methods 
leaching of free calcium hydroxide using different calculation methods 
results and interpretation. 

The gradual degradation of the concrete barrier materials implies both chemical 
alterations and changes in physical properties. Since the rate of chemical alteration 
is affected by the change in physical properties, the fonner cannot be detennined 
independently. Therefore, assumptions as to probable changes in the physical 
properties have to be made in order to estimate the rate of chemical change. The 
chemical alteration rates thus obtained can then be compared with the original 
assumptions regarding the changes in the physical properties with time to judge 
whether the correlation between calculated chemical alterations and assumed 
physical properties is reasonable and as expected. 

The time taken for chemical alterations in the concrete has been calculated using a 
number of different methods. In this way, a range of estimates of the chemical 
lifetimes has been obtained. Firstly, the leaching of alkali hydroxides was 
calculated by: 

two-dimensional numerical analysis of advective-diffusive transport assuming 
the alkali hydroxides to be instantaneously and completely dissolved in the 
pore-water 

leaching of alkali hydroxides by pure diffusive transport assuming the alkali 
hydroxides to be instantaneously and completely dissolved in the pore-water 

repeated equilibrium pore-water exchange cycles /BERNER, JACOBSEN, 
McKINLEY 1987/ assmning 1-10% of the alkali hydroxides to be dissolved in 
each cycle. 

Secondly, the leaching of free calcium hydroxide (Portlandite) has been evaluated 
by: 

two-dimensional numerical analysis of advective-diffusive transport. The 
calcium hydroxide has a restricted solubility 

analytical pseudo-steady-state analysis assuming restricted solubility of the 
calcium hydroxide 

leaching of calcium hydroxide by pure diffusive transport assuming restricted 
solubility of the calcium hydroxide 

repeated equilibrium pore-water exchange cycles /BERNER, JACOBSEN, 
McKINLEY 1987/ assuming restricted solubility of the calcium hydroxide. 
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Major assumptions 

To be able to estimate the chemical lifetime of the concrete, several assumptions 
and simplifications have been made and are presented below. 

The amount of water flowing through the repository is estimated in Chapter 5 by 
two-dimensional numerical analysis using the computer program TRUST. The flow 
of water changes with time due to progressive barrier degradation. The results from 
the near-field hydraulic calculations are presented in detail in Chapter 3 but the 
overall water flow through the repository when an additional high quality hydraulic 
barrier is summarised below for convenience. 

FRESH period 
OLD period 
DEGRADED period 

4.7 ·1~ [m3 . a-I. m-1 repository] 
1.8· 10-1 [m3 . a-I. m-1 repository] 
2.9.10-1 [m3 ·a-1·m-1 repository] 

The assumed repository design is presented in section 2.2. 

The hydraulic properties have been assumed to resemble those presented in Table 
2.1 for the Oberbauenstock host rock and in Table 2.6 for the near-field barriers. 

The different calculations are presented below. At the end of this section the results 
are commented on and possible interpretations are given. 

Leaching of alkali from the concrete 

The advective-diffusive leaching of alkali hydroxides from the concrete has been 
calculated using material data for the reference case presented in Table 2.6. The 
alkali hydroxides have been assumed to be instantaneously and completely 
dissolved in the pore-water. The results are presented below in Figures 2.15 and 
2.16. Figure 2.15 shows the distribution of the alkali content between different 
barrier materials as a function of time. Figure 2.16 shows the isoconcentration lines 
at three different times. The results show that more than 90% of the alkali content 
can be expected to be leached after about 350 years. For advective-diffusive 
transport, the average porosity is about 0.3 [m3 . m-3] and roughly one pore-water 
volume will be exchanged during the 350 years of leaching. 

The leaching of alkali by diffusion was studied in /HOGLUND 1987/ and the 
results showed that 80% of the alkali content could be expected to be leached after 
about 1700 years. This is valid for an effective diffusivity of 4· 10-11 [m2 . s-I]. 

When applying the repeated equilibrium pore-water exchange cycles method 
/BERNER, JACOBSEN, McKINLEY 1987/, only a certain proportion of the alkali 
hydroxides was assumed to be dissolved in the pore-water. The soluble fraction is 
assumed to be in the range 0.01-0.1. This is equivalent to complete leaching of 
alkali by 30 pore-water exchange cycles /BERNER, JACOBSEN, McKINLEY 
1987/. The assumption that only a proportion of the alkali is available in the 
pore-water itnplies either physical inclusion of alkali not readily available for 
leaching, some kind of sorption mechanism or the existence of solubility-limited 
alkali-containing mineral phases. Reliable data supporting the existence of such 
mechanisms are sparse. 
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The porosity considered refers only to the hydrated cement paste. The overall 
porosity of the fully hydrated concrete could be as low as 0.0675 [ln3 . m-3] if the 
ballast material used does not contribute to the overall porosity. The low porosity 
assumed for the pore-water exchange calculation does of course influence the 
amount of alkali being leached in each pore-water cycle, but it also influences the 
rate of pore-water exchange for a given water flow rate. The two effects will cancel 
one another out. 

Depending on the assumed water flow rate in the repository, the leaching time can 
be estimated according to Table 2.5. 

Table 2.5 Estimated time for 30 pore-water cycles. 

Water flow rate 
[m3 . a-I. m-1 repository] 

4.7·1~ 
1.8· 10-1 

2.9.10-1 

Leaching time, 
30 pore-water cycles [a] 

6 100 
1600 
1 000 

The agreement between the advective-diffusive approach, the diffusive approach 
and the pore-water exchange approach is reasonably good, taking into consideration 
the significant differences in the transport mechanisms and porosities assumed in 
the different approaches. The same total water flow in the barrier system has been 
assumed in the different calculations, except in the diffusive calculations where 
flow has been disregarded. 

)be calculations assulning diffusive and advective-diffusive transport are not fully 
comparable due to the use of different diffusivities. A uniform diffusivity which is 
constant with time was used in the diffusion case, whereas different time dependent 
diffusivities were used in the advective-diffusive case. 
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Fractional total alkali content 
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Distribution of alkali between different concrete materials in the 
repository as a function -of time (advective-diffusive model). 
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Leaching of calcium from the concrete 

The time for leaching was calculated with a two-dimensional numerical model for 
advective-diffusive transport using the same material data as for the near-field 
release calculations, see Chapter 4 (case variation FR2). The content of free 
calcium hydroxide in the concrete is assumed to be 1.2 [kmol· m-3]. The solubility 
in the pore-water is assumed to be 2·1()-2 [kmol· m--3]. The time for complete 
leaching has been calculated to be slightly more than 30 000 years. The fractional 
content of free calcium hydroxide (Portlandite) in the different barriers as a 
function of time is presented in Figure 2.17. 

Fractional total content 
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Content of free calcium hydroxide (Portlandite) in different 
barriers as a function of time (advective-diffusive model). 

As an additional check, one calculation was performed using a pseudo-steady-state 
approach, assuming diffusion and advection to be processes working in parallel. 
The material data asswned are similar to those used for the near-field release 
calculations, see Chapter 4 (case variation FR2). The content of free calcium 
hydroxide in the concrete is assumed to be 1.2 [lanol· m-3]. The solubility in the 
pore-water is assumed to be 2· 1 ~ [kmol· m-3]. The time estimated for complete 
leaching is roughly 20 000 years. 

The time for leaching of calcium hydroxide by diffusion was estimated in 
/HOGLUND 1987/ to be in the range of 39 000-45 000 years for an effective 
diffusivity of 4.10-11 [m2 . s-1]. In these calculations, however, the content of 
leachable calcium was conservatively assumed to be only 0.1 [kmol·m--3] concrete. 
It may also be argued that the diffusivity is somewhat low for the calcium-depleted 
concrete. 
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When applying the repeated equilibriutn pore-water exchange cycle method, 
complete leaching of free calcium hydroxide by 1 000 pore-water cycles has been 
assumed on the basis of /BERNER, JACOBSEN, McKINLEY 1987/. 

The time required for 1 000 pore-water cycles can be estimated as 53 000 years and 
33 000 years for water flow rates corresponding to OLD and DEGRADED concrete 
properties respectively. 

Comparison of the four different calculations reveals that the leaching times 
estimated by the different methods are reasonably close. As expected, the simplified 
pseudo-steady-state model tends to overestimate the leach rate, while the purely 
diffusive method may underestimate the rate. The results for the advective-diffusive 
model and the pore-water exchange cycle model show reasonable agreement. 

Results and Interpretation 

It has been assumed for this report that significant alterations in the concrete 
chemistry are accompanied by changes in the transport properties. Already at an 
early stage of the modelling the change of the physical transport parameters were 
postulated. The coupling between the physical properties of concrete and its 
chemical state is widely recognised, but the understanding of the involved 
tnechanisms are far from complete. Therefore, it must be understood that the 
changes of the physical parameters have not been determined by modelling. The 
transport parameters were assumed to change with time according to a postulated 
schedule for degradation, the transport parameters were applied in a series of 
leaching calculations for the major cement components. The results of the leaching 
calculations have then been compared to the postulated schedule for the 
degradation. In this way a synthetic correlation was obtained between chemical 
leaching of the concrete and changes of the physical transport parameters. The 
results show that the postulated schedule of the physical degradation corresponds 
well with different expected stages of chetnical leaching of the cementitious barrier 
tnaterials. 

The first significant chemical change is expected to be the alkali depletion. 
According to the detailed advective-diffusive calculations, about 50% of the alkali 
hydroxides remain after 190 years. Mer 500 years, complete leaching has 
occurred, see Figure 2.15. 

The second significant chemical change is assumed to be the depletion of free 
calcium hydroxide (Portlandite). The calculations show that 50% of the calcium 
hydroxide remains after about 17 000 years. Depletion is completed after about 
30 000 years. The results also show that significant leaching of the lining and the 
high quality hydraulic barrier will have occurred after 5 000 years. This is shown in 
Figure 2.17 by the attack on the repository backfill after 5 000 years, indicating that 
the protection offered by the surrounding barriers has been unpaired. After 
approximately 10 000 years, the waste matrix concrete will also be affected by 
calcium leaching. 

As a consequence of this leaching, it has been decided to describe the concrete 
properties in tenns of three different degrees of degradation, namely FRESH, OLD 
and DEGRADED. The same nomenclature has also been used for the three concrete 
reference pore-waters, see section 2.3.2. 
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The initial period has been assumed to last for about 50-100 years and is referred to 
as the FRESH period. The OLD period ranges from 50 up to 5 000 years after 
which the DEGRADED period has been assumed to prevail. 

For the hydraulic conductivity, a step-wise change has been assumed to occur at 
100 years. It may be argued that the change in the hydraulic conductivity reflects 
expected mechanical degradation, e.g. fracture formation, rather than chemical 
alteration of the concrete. 

The modelling of calcium leaching shows that large amounts of calcium hydroxide 
will remain over long time periods. For the whole repository construction, 50% will 
remain after about 17 000 years. However, the calculations also show that the outer 
barriers will be leached sigriificantly within 5 000 years. This Ineans that, after 
5 000 years, the interior of the repository will be more exposed to the action of the 
groundwater. The assumptions for the physical transport parameters are that the 
diffusivity gradually alters between 300 years and 10 000 years from OLD data to 
DEGRADED data, while the hydraulic conductivity changes in one step after 5 000 
years. Both these assumptions seem to be reasonably well supported by the 
calculated chemical alterations . 

. In conclusion, the assumed change from FRESH to OLD concrete data correlates 
reasonably with the calculated depletion of alkali hydroxides in the concrete, while 
the change from OLD to DEGRADED concrete data correlates well with the 
calculated leaching of calcium hydroxide from the concrete barriers. It should be 
noted that, when selecting data for the calculations, consideration has been given 
not only to chemical degradation but also to mechanical degradation and possible 
fracturing. Therefore, the time schedule selected for the changes in the transport 
properties differ somewhat from the calculated rate of chemical alteration. 

2.3.4 Physical properties of the barriers 

General material properties 

The major barrier material in the repository is concrete. A vast number of different 
concrete qualities are available. The development of concrete is usually focussed on 
increasing its mechanical strength but, in the disposal of radioactive waste, the 
properties of primary interest are the hydraulic conductivity, the diffusion 
coefficients and the sorption capacity for certain problematic radionuclides, i.e. the 
properties that determine the ability of the concrete to contain and retard the 
transport of radionuclides in the repository. In general, concrete has a low hydraulic 
conductivity, low diffusion coefficients and a high sorption capacity for some 
radionuclides, which makes it suitable as a barrier material. In addition, the 
pore-water chemistry of concrete is characterised by a high pH at which many 
radionuc1ides have a low solubility. This could reduce the release rate of sOlne 
radionuc1ides. 

Appendix A presents a compilation of different literature data for relevant 
properties of concrete. The data selected for the calculations are given in Table 2.6. 
It should be noted that, when selecting data for the calculations, consideration has 
been given to possible mechanical disruption and also to long-term chemical effects 
such as ageing and degradation. Consequently, the data selected may differ from 
the data found in literature. 
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Bitumen will also occur in the repository as a conditioning material for some waste 
types. Bitumen is a petroleum residue, its characteristic property being 
hydrophobicity which reduces water uptake and subsequent dissolution of the 
conditioned radionuclides. Different plastic materials may also occur in the 
repository as conditioning and barrier material. Barrier properties of bitumen and 
plastic are not discussed in this report. 

Mechanical support lining and high quality barrier 

Since the purpose of the mechanical support lining is primarily to withstand the 
pressure of the host rock during a limited initial period of time, the radionuclide 
transport properties assumed are those of a low-quality construction concrete with 
rapid degradation. The effect of fracture fonnation has been estimated in a 
parameter variation. 

The high quality hydraulic barrier is designed to restrict water flow through the 
inner components of the repository barrier system and to limit the diffusive 
transport of radionuclides during a limited period of time. It has further been 
assumed that the high quality barrier is mechanically decoupled from rock 
movements during the FRESH period. Based on these assumptions, the high quality 
hydraulic barrier has been assigned radionuc1ide transport properties corresponding 
to a construction concrete of good quality during the FRESH period. After this, 
different degradation mechanisms will gradually alter the properties to those of an 
average to low quality concrete. 

The radionuclide transport properties assumed for the mechanical support lining 
and the high quality hydraulic barrier are presented in Table 2.6. The changes in 
the hydraulic conductivity and the effective diffusivity with time are presented in 
Figures 2.18-2.19. 

Porous backfill material 

The backfill must have an open interconnected porosity with fairly low capillary 
pressure and an overall penneability which is high enough to release gases 
produced in the repository at low overpressure. As a consequence, the barrier 
properties of the porous backfill will be poor with respect to radionuclide retention. 
The sorption data used for this material are the same as for the other concrete 
barriers, see section 2.3.6. It has further been assumed that the radionuc1ide 
transport properties of the porous backfill do not change with time. Any possible 
changes have been accounted for by assuming pessimistic but reasonable 
radionuclide transport properties from the beginning. The hydraulic and 
radionuc1ide transport properties are presented in Table 2.6. 

Waste matrix, waste package and waste drums 

All waste is assumed to be solidified in a concrete matrix. Even waste known to be 
incorporated in bitumen (WA-2) and in plastics (BA-l) has been treated in the 
same way as waste conditioned with concrete. This approach may require to be 
changed in the future. 

The possible effects of swelling of waste and conditioning materials have not been 
considered in the calculations. 
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Both waste matrix and waste package have been assumed to remain essentially 
intact and have only minor fractures. The effect of extensive fracturing has not 
been treated. 

The hydraulic and diffusive properties of the waste matrix and waste package are 
presented in Table 2.6. The properties of the waste package are expected to 
resemble those of an ordinary construction concrete, while the waste matrix 
properties are selected as typical for a low to average quality construction concrete. 
The waste steel drums have been disregarded in the calculations. Figures 2.18-2.19 
present the change in the hydraulic conductivity and the effective diffusivity with 
time. 

The chemical environment in the waste matrix is assumed to be detennined by the 
large amounts of concrete. The pore-water composition in Table 2.4 has been 
considered in waste type-specific calculations and the chemical effects of the waste 
constituents have been considered in example calculations. 

2.3.5 Summary of data used in the calculations 

The selection of material properties for the calculations is based on reported data 
for concrete given in Appendix A. The assumed changes in the data reflect the 
changes expected with tune due to chetnical and mechanical degradation of the 
barrier materials. The time required for changes in the transport properties has been 
compared with estimates for the chemical lifetime and reasonable correlations have 
been found. The effects of mechanical degradation are reflected by the magnitude 
of change in the parameter values. 

The hydraulic and diffusive properties for the different near-field barriers are 
presented in Table 2.6. To illustrate the time-dependent changes in the material 
properties, the hydraulic conductivities and the diffusivities in the different 
near-field barriers are plotted in Figures 2.18 and 2.19. 
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Table 2.6 Radionuclide transport properties assumed for the engineered 
barriers. 

Parameter 

Waste matrix 

Hydraulic conductivity 
Effective diffusivity2) 

Porosity 
Bulk density (wet) 

Waste package1) 

Hydraulic conductivity 
Effective diffusivity2) 

Porosity 
Bulk density (wet) 

Porous backfill 

Hydraulic conductivity 
Effective diffusivity2) 

Porosity 
Bulk density (wet) 

Mechanical support lining 

Hydraulic conductivity 
Effective diffusivity2) 

Porosity 
Bulk density (wet) 

High quality barrier 

Hydraulic conductivity 
Effective diffusivity2) 

Porosity 
Bulk density (wet) 

FRESH 

4.10-11 

3.10-11 

0.3 
2150 

4.10-11 

2.10-11 

0.2 
2320 

4.10-11 

4.10-11 

0.2 
2320 

4.10-12 

3.10-12 

0.15 
2400 

Value 

OLD 

4.10-10 

1.10-10 

0.3 
2150 

2.10-10 

5.10-11 

0.2 
2320 

1 . lQ-8 
6.10-10 

0.6 
1660 

2.10-10 

1· 10-10 

0.2 
2320 

4.10-11 

1.5.10-11 

0.15 
2400 

DEGRADED 

1· 1()-9 
3.10-10 

0.3 
2150 

1· 1()-9 
2.10-10 

0.2 
2320 

1· 1()-9 
2.10-10 

0.2 
2320 

4.10-10 

1.5.10-10 

0.15 
2400 

Unit 

m·s-1 

m2 ·s-1 

m3 ·m-3 
kg·m-3 

m·s-1 

m2 . s-1 
m3 ·m-3 
kg·m-3 

m·s-l 
m2 . s-1 
m 3 ·m-3 

kg·m-3 

m·s-1 

m2 . s-1 
m 3 ·m-3 

kg·m-3 

m·s-1 

m2 . s-1 
m 3 ·m-3 

kg·m-3 

1) Concrete lining inside steel drums and concrete container walls are denoted 
waste packages. 

2) Effective diffusivity = Diffusivity in water . Porosity 
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2.3.6 Sorption data for the concrete barriers 

Radionuclide transport from the repository is influenced to a large extent by 
sorption in the concrete barriers. The effect of sorption in the barriers is to reduce 
and delayed release of the radionuclides. 

Sorption is dependent on many different parameters such as concrete composition, 
cement type, redox conditions, the age of the concrete, the pH etc. and the values 
reported in the literature for sorption of different elements vary accordingly. 
Sorption could also be influenced by the presence of complexing agents. 

In this study, no effort has been made to evaluate sorption data for different 
elements in a concrete environment. The sorption data used are based on safety 
studies from Finland, Sweden and Great Britain. The elements have been roughly 
divided into three groups: 

strongly sorbed elements 
- moderately sorbed elements 
- weakly sorbed elements. 

A range of distribution coefficients (Kd-values) has been dermed for each group. 

By way of comparison, in the 'Project Gewiihr' safety analysis the elements were 
divided into two groups, non-sorbed (Kd = 0 m3 . kg-I) and sorbed 
(Kd = 0.1 m3 . kg-I); this division was derived from a compilation of literature data 
given in /ALLARD, PERSSON, TORSTENFELT 1985/. 

In the near-field modelling, the same distribution coefficients have been assumed 
for waste matrix, waste package, porous backfill, high quality barrier and 
mechanical support lining. In the calculations sorption has been assumed to be 
independent of barrier degradation. 

Three sets of distribution coefficients were compiled for the Swedish SFR-study 
/ALLARD, ANDERSSON 1987/: 

best-estimate values 
lowest measured values found in the literature (suggested for concrete where no 
detailed composition is known) 
values corresponding to quartz at pH 10-10.5 (representative for the lowest 
values that can be assumed for a completely degraded concrete). 

In the Finnish preliminary safety analysis reports for low and intermediate level 
waste repositories at Loviisa and Olkiluoto, sorption data for concrete and 
cemented waste were given. The data presented were based on site and material 
specific studies /VlENO, NORDMAN 1987/, NIENO et.al. 1986/. 

In the British CASCADE exercise (phase 1), sorption data for concrete were given 
as minimum, maxnnum and best-estiInate values lEW ART et.al. 1988/. 

The reported data from these three studies are summarised in Figures 2.20-2.22. 
The full list of distribution coefficients is given in Appendix B. 
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Strongly sorbed elements 

The actinides have been reported as having distribution coefficients exclusively 
above 0.01 [m3 . kg-I] and generally above 1 [m3 . kg-I]. The actinides thorium, 
protactinium, uranium, neptunium, plutonium, americium and curium have been 
assigned to the group of strongly sorbed elements. In the present calculations the 
strongly sorbed elements have been assigned distribution coefficients ranging from 
0.01 [m3 . kg-I] to 1 [m3 . kg-I]. In the calculations, the two limiting values for the 
range of distribution coefficients have been used. 

Moderately sorbed elements-

Inorganic carbon has a reported distribution coefficient of around 1 [m3 . kg-I], 
except on degraded and cOlnpletely leached concrete which is represented by values 
for quartz /ALLARD, ANDERSSON 1987/. 

The metals iron, cobalt, nickel and zirconium and the alkaline-earth metal radium 
all have reported distribution coefficients ranging from 0.001 [m3 . kg-I] up to 1 
[m3 . kg-I]. Palladium and tin have reported distribution coefficients of around 0.01 
[m3 . kg-I]. 

Technetium has reported distribution coefficients ranging from lQ-4 [m3 . kg-I] up to 
1 [m3 . kg-I]. The sorption of technetiUln is very sensitive to redox conditions; 
reducing conditions have been assumed in this study. Under oxidising conditions, 
technetium forms anionic complexes and can be expected to be poorly sorbed. It 
has therefore been assumed that the lowest reported values can be disregarded for 
the conditions assumed in this study. ' 

In the present calculations, the moderately sorbed elements have been assigned 
distribution coefficients ranging froln 0.001 [m3 . kg-I] to 0.01 [m3 . kg-I]. In the 
calculations, the two limiting values of the range of distribution coefficients have 
been used. 

Weakly sorbed elements 

The elements strontium and caesium have been reported as having distribution 
coefficients of around 10-3 [ln3 . kg-I]. Selenium, the halogens, chlorine and iodine 
will usually form anionic species in solution under the assumed conditions. Anionic 
species are poorly sorbed in a concrete envirorunent, which is supported by the 
reported distribution coefficients which range from 0 to approximately 0.01 
[m3 . kg-I]. 

These elements, as well as organic carbon, are all expected to be non-sorbed or 
possibly poorly sorbed and have been assigned to the group of weakly sorbed 
elements. 

In the present calculations, the weakly sorbed elements have been assigned 
distribution coefficients ranging from 0 [m3 . kg-I] to 0.001 [m3 . kg-I]. In the 
calculations it has been assumed that the effects of barrier degradation are 
accounted for by the selected range of distribution coefficients. 
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Figure 2.22 Distribution coefficients compiled for elements classified as 
weakly sorbed. 

2.3.7 Total capacity of different near-field barriers 

The ability of a concrete barrier to contain radionuclides by means of porosity and 
sorption can be tenned the barrier capacity. The barrier capacity has the effect of 
retarding radionuclide transport. The barrier capacity, given here as an equivalent 
volume, is the sum of the pore-water volume and the sorption capacity of the solid 
material. The mathematical fonnulation of the equivalent volume (Veq) is given in 
section 4.1. The capacities of the different concrete barriers, assuming unifonn 
sorption in the repository, are presented in Table 2.7. The relative contribution from 
the different barriers to the total capacity is shown in Figure 2.23. The barrier 
capacity of the waste matrix and package is 35%-49%, while the backfill accounts 
for 13%-44% of the total capacity in the repository, depending on the asswned 
Kd-value. 
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Table 2.7 

Barriers 

Waste tnatrix 

Waste package 

Porous backfill 

The total capacity of the barriers is presented for different 
distribution coefficients (K~. The capacity is expressed as an 
equivalent volume (Veq) per metre length of repository cavern 
(Veq is defmed in Chapter 4.1). 

Volume Porosity Total c~acity 
[tn3] [m3·m~] [m3·m ] 

Distribution coefficient [m3. kg-I] 
0 0.001 0.01 0.1 1.0 

22.5 0.3 6.8 48 420 4200 42000 

45.0 0.2 9.0 100 960 9500 95000 

34.0 0.6 20.4 56 380 3600 36000 
---------------------------------------------
Sub-total 101.5 36.2 204 1 760 17300 173000 
---------------------------------------------
High quality barrier 12.6 0.15 1.9 30 

Mech. support lining 37.1 0.2 7.4 86 

Total 151.2 45.5 320 

Kd=O 

20 % 

15 % 

45 % 16 % 

4% 

Relative total capacity= 1 
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34 % 
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13~~, 
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Figure 2.23 Relative capacity of barriers for non-sorbed (Kd = 0 m3. kg-I) and 
sorbed (Kd = 0.001, 0.01 m3 . kg-I) radionuclides. 
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2.4 ~aste 

Infonnation on the waste inventory is essential for defmition of the source tenn in 
the near-field radionuclide transport calculations and for estimation and calculation 
of the near-field chemistry. 

The activity inventory and waste volumes to be disposed of in a LL WilL W 
repository are detennined by the relevant energy scenario and the strategy with 
respect to spent fuel, which is assumed to be reprocessed. 

Assumptions made as to different waste types and different waste categories which 
have a major influence on the initial activity content in the reference waste 
inventory are summarised. 

A general waste type description is given as a background for waste type specific 
considerations which have to be made in the near-field modelling. 

The individual waste types have been divided into three waste groups with respect 
to content and concentration of critical radionuclides in the waste. The division 
presented here is a first iteration and should not be seen as fmal. The possibility 
exists of allocating different waste groups to: 

different repositories 
different sections of the same repository which may have a different quality of 
geological barrier 
different sections of the same repository with a different quality of engineered 
barriers. 

The interaction between topics related to the waste inventory (the shaded area) and 
other areas in the near-field model is presented in Figure 2.24. 

Figure 2.24 
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Logical scheme for the near-field modelling. The role of the waste 
inventory is indicated by the shaded area. 
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2.4.1 Waste inventory 

The waste inventory is based on a 4 OWe energy scenario, as compared with the of 
6 OWe energy scenario assumed for 'Project Oewahr 1985' /NAORA 1984/. This 
scenario assumes an operational lifetime of 40 years for the six power units 
presented in Table 2.8. 

Table 2.8 Power units included in the 4 OWe energy scenario 

Power unit 

Beznau I 
Beznau II 
Mtihleberg 
Oosgen 
Leibstadt 
Kaiseraugst 

Power (MWe) 

350MWe 
350 MWe 
306 MWe 
920MWe 
940MWe 
925 MWe 

Reactor type 

PWR 
PWR 
BWR 
PWR 
BWR 
BWR 

The following waste categories are assumed to be disposed of in the repository: 

operational waste (BA) 
deconunissioning waste (SA) 
reprocessing waste (W A) 
medical, industrial and research waste (WF). 

Compared to the waste inventory used in 'Project Oewahr 1985' /NAORA 1984/, 
the amount of reprocessing waste has been reduced to 2/3 of the original inventory, 
which included eight power units. On the other hand~ waste type WA-4 (hulls and 
end-pieces) has been included. Although part of the fuel will be reprocessed by 
BNFL, the Cogema specifications form the basis for the waste inventory. The 
operational and decommissioning wastes come from the power units listed in 
Table 2.8. The radioactive waste originating frOln research, industry and medical 
activity has been assumed to be the same as in 'Project Gewahr'. The required 
disposal volume for the different waste categories is presented in Table 2.9. The 
disposal volume is defined as the sum of the external volume of all waste drums 
and concrete containers foreseen for disposal. 

Table 2.9 The disposal volume of the waste categories i.e. the total external 
volume of the waste containers/drums. 

Waste category 

Operational waste 
Decommissioning waste 
Reprocessing waste 
MIF-waste 

Total 

Disposal volume 
[m3] 

31 100 
58600 
36 100 
9 100 

134900 

Percentage of total 
disposal volume [m3 . m-3] 

23% 
43% 
27% 

7% 
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The assumed radionuc1ide contents essentially are based on the estimated mean 
values in the original radionuclide spectra presented by Electrowatt /NAGRA 
1984/. There are also maximum and minimum values for the radionuclide 
concentrations but these have not been taken into account in the near-field analysis. 
In this report, the unit Ci will be used (1 Ci=3.7· 1010 Bq). 

The chlorine-36 contents in the waste has been adjusted in accordance with recent 
estimates / ALDER 1987/. 

Carbon in the waste can exist in both organic and inorganic form. As no data exist 
on the activity distribution between organic and inorganic carbon in the waste, the 
assumption made for SFR has been adopted, i.e. that 10 % of carbon-14 in all waste 
types is organic /WIBORGH, LINDGREN 1987/. Organic carbon-14 has been 
assumed to be poorly sorbed in the concrete barriers. It should be noted that for 
reprocessing waste (W A) and decommissioning waste (SA), the carbon is probably 
a constituent of the steel waste and assuming 10 % organic carbon is likely to be an 
overestimation. Even for the organic wastes, the assumption of 10% organic 
carbon-14 may be overly pessimistic because most of the organic material consists 
of ion-exchange resins in which the major part of the organic carbon is strongly 
bound to the resin and does not exchange with the inorganic carbon originally in 
the solution. 

The total activity inventories in the LL W ilL W are presented in Table 2.10 for the 
different waste categories. The contributions from the individual radionuclides to 
the total activity in the repository at different times are given in Figures 2.25-2.26 
assuming radioactive decay and total containment. 
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Figure 2.25 The radionuclide inventory of activation and fission products as a 
function of time. 
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Figure 2.26 The radionuclide inventory of actinides and daughters as a 
function of time. 

2.4.2 General waste type description 

This section presents some features of particular waste types to be considered in the 
safety assessment. Important assumptions are discussed and, fmally, an overview of 
general chemical and physical data for the waste is given. 

In this study, the characterisation of the Cogema waste fonns the basis for the 
inventory of reprocessing waste, although it is recognised that some fuel 
reprocessing will take place at BNFL. 

Because of the heat production from the hulls and end-pieces (WA-4), intennediate 
storage for 30 years may be necessary. Possible effects such as thermally driven 
diffusion or thermal convection have not been studied in this report. 

The amount of organic materi¥ has been assumed to be the same as in 'Project 
Gewahr 1985' /WIBORGH, HOGLUND, PERS 1986/. Thus, it is assumed that the 
cellulose has not been incinerated. The content of organic complexing agents in the 
waste has not been accounted for in detail in the calculations but the effects of 
complexing agents have been demonstrated in example calculations; c.f. section 
6.6. 

A general chemical and physical description of the waste is presented in Table 
2.11. 
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Table 2.10 Initial activity [Ci] of radionuclides in the waste categories in the 
repository (at the end of the fIrst year after disposal). 

Nuclide SA WA BA :rvnF Total 

C-14 3.06E+03 3.69E+03 2.97E+02 2.46E+02 7.29E+03 
C-140rg1 3.06E+02 3.69E+02 2.97E+Ol 2.46E+Ol 7.29E+02 
CI-36 1.54E-Ol 1.16E+Ol 3.80E+00 2) 1.55E+Ol 
Fe-55 2.78E+07 3.99E+07 1.71E+05 6.79E+07 
Ni-59 3.16E+04 4.08E+04 3.55E+02 2. 62E--O1 7.28E+04 
Co-60 1.16E+07 2.51E+07 2.55E+05 1.76E+03 3.70E+07 
Ni-63 4.06E+06 5.32E+06 3.73E+04 3.50E+Ol 9.41E+06 
Se-79 2) 1.84E+OO 2) 2) 1.84E+OO 
Sr-90 8.01E+OO 3.83E+05 7.44E+Ol 2.61E+03 3.86E+05 
Zr-93 1.06E+03 2.20E+02 1.28E+03 
Tc-99 3.96E+00 7.75E+Ol 6.80E+OO 3.1SE--Ol 8.86E+Ol 
Pd-107 5.09E-21 3.01E+OO 1.41E-05 3.01E+OO 
Sn-126 1. 1 OE+O 1 7.03E-03 1. 1 OE+O 1 
I -129 1. 87E-O 1 4. 23E--03 7. 67E--04 1.92E-Ol 
Cs-134 1.08E+OO 3.15E+05 8.46E+03 1. 67E+03 3.2SE+05 
Cs-13S 2.26E+OO 4. 23E--02 1.71E-02 2.32E+OO 
Cs-137 8.04E+Ol 5.87E+OS 1.4 1 E+04 4.27E+03 6.06E+OS 
Ra-226 1.19E-06 1.8SE-14 6.SSE+Ol 6.S5E+Ol 
Ra-228 1.99E-IO 5.45E-16 1. 99E-l0 
Th-228 6.12E-02 2.01E--07 6.12E--02 
Th-229 1. 1 3E-06 1.31E-IO 1.13E-06 
Th-230 8.40E-04 1. 82E-09 8.40E-04 
Th-232 8.67E-I0 1.82E-15 8.67E-IO 
U -232 9.65E-02 4.64E-07 9.65E-02 
U -233 2.68E-04 9.73E--09 2.68E--04 
U -234 1. 74E+O1 1.77E-06 1.74E+Ol 
U -235 3.01E-Ol 6.49E-07 2.59E--OS 3.01E--Ol 
U -236 3.86E+OO 1.35E--OS 3.86E+00 
U -238 4.S2E+OO 3.02E-OS 3.94E--04 4.S2E+00 
Np-237 4.83E-04 2.81E+OO 1. 22E--04 8.86E--04 2.81E+OO 
Pu-238 1.13E+OO 3.34E+04 6.98E--Ol 5.96E+Ol 3.35E+04 
Pu-239 4.83E-Ol 4.17E+03 2.11E-02 1.34E+Ol 4. 1 8E+03 
Pu-240 6.S0E-Ol 5.07E+03 7.28E--02 6.22E+OO S.08E+03 
Pu-241 1.14E+02 1.79E+06 7.28E+Ol 3.21E+02 1.79E+06 
Pu-242 2.00E-03 2.67E+Ol 5.20E-05 2.05E--03 2.67E+Ol 
Pa-231 2.08E-04 1.04E-I0 2.08E-04 
Am-241 1. 13E+00 8.S0E+03 6. 92E--O1 4.92E+02 9.00E+03 
Am-2421n - 7.38E+Ol 5.70E-04 7.38E+Ol 
Am-243 9.01E-03 1.53E+02 4.53E-02 2.41E-02 1.53E+02 
Cm-244 4.83E+OO 1.30E+04 1. 64E+OO 1. 89E+OO 1.30E+04 
Cm-245 1.05E+OO 1.05E+OO 
Cm-246 2.00E-Ol 2.00E-Ol 

1) 10 % of the C-14 has been assumed to be present as organic carbon 
/WIBORGH, LINDGREN 1987/. 

2) not considered 
negligible 
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Waste container Waste specification (kg per untt) 
Waste Category Quantity 

Type Void' Inner vol. 
CondHionlng Material 

sleel zinc and salts and ion-exch. ash cellulose concrete plasUc other (kg perunh) 
(m3

) (m1 aluminum conc. resins solids 

00 
0 I 

~ n tv 5 
~ e. 

OPERATIONAL WASTE ~ 
lon-exchange resins 80397 steel drum 0-0.01 0.16-0.20 concrete 21 (}-280 30-50 

4217 0 0.05 plastic 20 20 
'< 
rIl ..... 
(') 

Concentrates and sludges 2610 steel drum 0 0.20 concrete 320 20 e. 
2751 0 0.20 bitumen 120 9(}-100 

Solids 22150 steel drum 0-0.01 0.20 concrete 150-320 1(}-200 0-20 (}-100 8. 
Ash 1840 steel drum 0.005 0.15 concrete 140 70 

REPROCESSING WASTE 

lon-exchange resins 524 concrete container 0.02 0.4 concrete 550 90 

Concentrates and sludges 13100 steel drum 0.03 0.2 bHumen 160 100 

Hulls and endpieces 2620 steel drum 0.08 0.14 concrete 1900 6401) 

I g. 
~ n w e. I (') 

e. 
~ 
rIl 

Solids 35108 concrete container 0 0.2-0A 40(}-600 1(}-15 100 10-15 

DECOMMISSIONING WASTE 

Adivated steel 1926 concrete container 0 14.6 concrete 26000-35000 100(}-20000 0-500 

(') 

::2. 
~ ..... 
g 

Adivated concrete 427 concrete container 0 14.6 concrete 17000-30000 (}-1700 4000-23000 0 
I-+) 

Concentrates 337 concrete container 0 14.6 concrete 500(}-15OOO 15000 e-n 
Solids 227 concrete container 0 14.6 concrete 1300(}-23ooo (}-45OO (}-1800 4000-10000 380(}-7ooo 

~ 
MIF·WASTE 35000 steel drum 0.005 0.20 concrete 200 100 ~ 

1) Zircaloy 
(i' 
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2.4.3 Waste grouping 

In this section, a first iteration of waste type division into three groups is made. 
These three groups could either be allocated to different repositories or to different 
sections of the same repository. 

The division of waste types into the three waste groups is based on the contents and 
concentrations of critical radionuclides. The selection of the critical radionuclides 
was performed in several steps. In the first step, the radionuclides found to be 
dose-dominant for 'Project Gewahr 1985' /NAGRA 1985b/ were included in a list; 
to this list have been added several radionuclides which have been identified as 
critical in different scenario calculations. The scenarios comprise groundwater 
release scenarios for Oberbauenstock, Piz Pian Grand and Wellenberg and an 
erosion scenario for Oberbauenstock. The nuclides identified as critical are 
inorganic C-14, organic C-14, CI-36, Ni-59, Se-79, Tc-99, Pd-107, Sn-126, 1-129, 
Cs-135, Ra-226, U-234, U-235, U-238, Np-237, Pu-239, Pu-241 and Am-241. The 
distribution of waste categories between the waste groups is shown in Figure 2.27. 
In Appendix C, the waste types that go into the three waste groups are presented, 
together with a more detailed summary of the criteria for division into different 
groups. 

The disposal volume, i.e. the external volume of the drums and containers 
multiplied by the number of containers is presented for the three waste groups in 
Table 2.12. As can be seen in the Table, 33% of the waste is allocated to Waste 
Group 1,24% to Waste Group IT and about 43% to Waste Group m. 

Waste Group I, consisting mainly of reprocessing waste, contributes more than 99% 
of the total activity inventory of all critical radionuclides, except for technetium 
where it contributes 97%. Waste Group IT, mainly operational waste, contributes 
less than 3% to the total activity inventory of technetium-99 and less than 1 % to 
the other critical radionuclides. The contribution from Waste Group ill is less than 
0.1 % for all critical radionuclides. The total activity inventory of individual 
radionuclides in the three Waste Groups are presented in Table 2.13 and the 
relative activity contributions are presented in Table 2.14. It can be concluded that 
the major amounts of radionuclides other than the most critical ones are also in 
Waste Group I. The contributions from the three Waste Groups to the total activity 
content of all reported nuclides as a function of time are presented in Figure 2.28. 

Table 2.12 

Waste Group 

Waste Group I 
Waste Group IT 
Waste Group ill 

Total 

Required disposal volume for the Waste Groups i.e. the total 
volume of the waste drums/containers. 

Disposal volume 
[ln3] 

45000 
32000 
57900 

134 900 

Percentage of total 
disposal volume [m3 . m-3] 

33% 
24% 
43% 
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Figure 2.27 
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Waste group presentation. Relative disposal volume of the three 
waste groups. A possible allocation of waste categories is also 
indicated. 

Total activity content (Ci) 
of all nuclides in the Waste Groups 
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Figure 2.28 
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The total activity content in the three waste groups as a function 
of time. 
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Table 2.13 Initial activity [Ci] in the waste groups (at the end of the fust year 
after disposal). 

Nuclide Group I Group IT Group ill Total 

C-14 7.25E+03 4.33E+Ol 4.48E-Ol 7.29E+03 
C-14org1) 7.25E+02 4.33E+00 4.48E-02 7.29E+02 
CI-36 1.53E+01 1. 85E-O 1 3.77E-03 1.55E+01 
Fe-55 6.77E+07 2.06E+05 1.43E+04 6.79E+07 
Ni-59 7.25E+04 2. 15E+02 5. 18E+00 7.28E+04 
Co-60 3.67E+07 2.92E+05 1.31E+04 3.70E+07 
Ni-63 9.38E+06 2.45E+04 6.68E+02 9.41E+06 
Se-79 1.83E+00 1.39E-02 1.84E+00 
Sr-90 3.83E+05 2.66E+03 8. 14E+00 3.86E+05 
Zr-93 1.28E+03 1.63E+00 1.51E-05 1.28E+03 
Tc-99 8.63E+Ol 2.31E+00 9.37E-03 8.86E+Ol 
Pd-l07 3.01E+00 3.63E-03 3.05E-08 3.01E+00 
Sn-126 1. 1 OE+O 1 2.77E-02 1. 52E-05 1.10E+01 
1-129 1.90E-01 2.57E-03 9. 14E-06 1.92E-Ol 
Cs-134 3.21E+05 3.90E+03 1. 94E+01 3.25E+05 
Cs-135 2.29E+00 2.96E-02 9. 14E-05 2.32E+00 
Cs-137 5.97E+05 8.51E+03 1.11E+02 6.06E+05 
Ra-226 6.55E+Ol 5.03E-l1 1.79E-17 6.55E+Ol 
Ra-228 1.99E-10 9.25E-15 5.36E-19 1. 99E-l0 
Th-228 6. 12E-02 2. 19E-06 4.62E-I0 6. 12E-02 
Th-229 1.13E-06 4.14E-11 3.14E-13 1.13E-06 
Th-230 8.39E-04 3.08E-08 1.79E-12 8.40E-04 
Th-232 8.67E-I0 3.29E-14 1.78E-18 8.67E-I0 
U-232 9.65E-02 2.83E-06 9.38E-I0 9.65E-02 
U-233 2.68E-04 7.77E-09 2.10E-ll 2.68E-04 
U-234 1. 74E+01 4.37E-04 1.50E-09 1. 74E+01 
U-235 3.01E-Ol 3.38E-05 2.65E-I0 3.01E-Ol 
U-236 3.86E+00 1.05E-04 8.49E-09 3.86E+OO 
U-238 4.52E+00 5. 17E-04 2. 12E-07 4.52E+00 
Np-237 2.81E+00 9.29E-04 4.81E-04 2.81E+00 
Pu-238 3.34E+04 6.05E+Ol 1. 13E+00 3.35E+04 
Pu-239 4. 17E+03 1.35E+Ol 4.81E-Ol 4. 18E+03 
Pu-240 5.07E+03 6.36E+00 6.48E-Ol 5.08E+03 
Pu-241 1.79E+06 3.71E+02 1.13E+02 1.79E+06 
Pu-242 2.67E+Ol 2.75E-03 1.98E-03 2.67E+01 
Pa-231 2.08E-04 6.25E-09 7.82E-14 2.08E-04 
Am-241 8.99E+03 2.43E+00 1. 13E+00 9.00E+03 
Am-242m 7.38E+Ol 3.32E-03 6.81E-07 7.38E+Ol 
Am-243 1.53E+02 3.38E-02 9.08E-03 1.53E+02 
Cm-244 1.30E+04 2.56E+00 4.81E+00 1.30E+04 
Cm-245 1.05E+00 4. 15E-05 1.05E+00 
Cm-246 2.00E-Ol 7.92E-06 2.00E-01 

1) 10 % of the C-14 has been assumed to be present as organic carbon 
/WIBORGH, LINDGREN 1987/ 
negligible 
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Table 2.14 

Nuclide 

C -14 
C -14org1) 

CI-36 
Fe-55 
Ni-59 
Co-60 
Ni-63 
Se-79 
Sr-90 
Zr-93 
Tc-99 
Pd-l07 
Sn-126 
1-129 
Cs-134 
Cs-135 
Cs-137 
Ra-226 
Ra-228 
Th-228 
Th-229 
Th-230 
Th-232 
U -232 
U -233 
U -234 
U -235 
U -236 
U -238 
Np-237 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Pa-231 
Am-241 
Am-242m 
Am-243 
Cm-244 
Cm-245 
Cm-246 

Relative initial activity in the waste groups (at the end of the first 
year after disposal). 

Group I 

9. 94E-O1 
9.94E-Ol 
9.88E-Ol 
9.97E-Ol 
9.97E-Ol 
9.92E-Ol 
9.97E-Ol 
9.92E-Ol 
9.93E-Ol 
9.98E-Ol 
9.74E-Ol 
9.99E-Ol 
9.97E-Ol 
9.86E-Ol 
9.88E-Ol 
9.87E-Ol 
9.86E-Ol 
1.00E+OO 
1.00E+OO 
l.OOE+OO 
1.00E+OO 
1.00E+OO 
1.00E+OO 
l.OOE+OO 
1.OOE+OO 
1.00E+OO 
l.OOE+OO 
1.00E+OO 
1.00E+OO 
l.OOE+OO 
9.98E-Ol 
9.97E-Ol 
9.99E-Ol 
1.00E+OO 
1.00E+OO 
1.00E+OO 
1.00E+OO 
l.OOE+OO 
1.00E+OO 
9.99E-Ol 
1.00E+OO 
1.00E+OO 

Group II 

5.93E-03 
5.93E-03 
1.20E-02 
3.03E-03 
2.96E-03 
7.89E-03 
2.60E-03 
7.55E-03 
6.89E-03 
1.27E-03 
2.61E-02 
1.20E-03 
2.52E-03 
1. 34E-02 
1.20E-02 
1.28E-02 
1.40E-02 
7.67E-13 
4.64E-05 
3.58E-05 
3.67E-05 
3.67E-05 
3.79E-05 
2.93E-05 
2.90E-05 
2.51E-05 
1.12E-04 
2.72E-05 
1.14E-04 
3.31E-04 
1.81E-03 
3.24E-03 
1.25E-03 
2.07E-04 
1.03E-04 
3.01E-05 
2.70E-04 
4.50E-05 
2.21E-04 
1.97E-04 
3.96E-05 
3.96E-05 

Group ill 

6.1SE-OS 
6.1SE-05 
2.43E-04 
2.10E-04 
7.12E-05 
3.5SE-04 
7.10E-05 

2.11E-05 
1.18E-08 
1.06E-04 
1.0 1 E-08 
1.39E-06 
4.7SE-05 
S.96E-OS 
3.9SE-05 
1.83E-04 
2.73E-19 
2.69E-09 
7.SSE-09 
2.79E-07 
2.13E-09 
2.06E-09 
9.72E-09 
7.8SE-08 
8.58E-ll 
8.79E-IO 
2.20E-09 
4.69E-08 
1.71E-04 
3.38E-OS 
1.1SE-04 
1.27E-04 
6.32E-OS 
7.43E-OS 
3.76E-I0 
1. 26E-04 
9.23E-09 
S.93E-05 
3.71E-04 

1) 10 % of the C-14 has been assumed to be present as organic carbon 
/WIBORGH, LINDGREN 1987/ 
negligible 
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3. NEAR-FIELD HYDRAUUCS 

In this Chapter, calculations of the water flow in the different near-field barriers are 
presented. The flow of water is important since radionuclides can be dissolved in 
the water and thus transported out of the repository. The water flow also contributes 
to the chelnical degradation of the near-field barriers, which again influences the 
release of radionuclides from the repository. 

The interaction between the different areas in the near-field modelling is shown in 
Figure 3.1. The shaded parts are those primarily concerning the near-field hydraulic 
calculations. 

Figure 3.1 

1~--~~~~~~4Z~~~ 
I Barrier 
I degradation 
I '-------r-----' 
I 
1,------L----,I---*---II1Ooot 

I 
I chemistry 
1 __ 

Logical scheme for the near-field modelling. Topics related to the 
near-field hydraulics are indicated by shaded areas. 

To allow comparisons between different calculations, a reference case has been 
defmed for the near-field hydraulics. The reference case calculations refer to the 
site at Oberbauenstock. The data used for the host rock hydraulic properties come 
from interpretation of field measurements /NAGRA 1988b/. For the reference case 
calculations, properties relating to the flow system with 'small fractures' have been 
assumed. The results from the reference case near-field hydraulic calculations have 
subsequently been used as input data for the radionuc1ide transport calculations. 



NAGRA NTB 88-42 -49-

To show the effect of different assumptions on the hydraulic flow situation, a 
number of case variations have been made, the results of which are presented as 
water flow rates through the waste as well as the total flow of water through all 
near-field barriers. The objective of the case variations was detennine the 
sensitivity to: 

different host rock properties, e.g. the influence of major fracture zones 
different barrier materials, e.g. the effect of an additional high quality hydraulic 
barrier 
different modelling approaches, e.g. varying boundary conditions. 

The results of the case variations have in general not been used further in the 
radionuclide transport calculations and should therefore be regarded only as 
indicative. Exceptions are the case variations with an additional high quality 
hydraulic concrete barrier, for which the radionuclide releases have been calculated. 

The near-field hydrology calculations were performed in two consecutive steps; 
firstly, a large scale (referred to as sub-regional) calculation comprising an area of 
the host rock large enough to ensure undisturbed water flow at the boundaries and, 
secondly, a local calculation with a more detailed description of the near-field 
barriers. The boundary conditions for the local calculations were detennined in the 
sub-regional calculations. 

3.1 Description of the near-field hydraulic model 

The hydraulic flow-field in the near-field of the LL W ilL W repository has been 
calculated assuming water-saturated conditions. Two different approaches have 
been adopted for modelling groundwater flow in the near-field. Firstly, a simplified 
analytical potential flow model assuming five concentric shells with spherical 
symmetry has been used for scanning calculations. Secondly, based on the results 
of the scanning calculations, a more detailed numerical model has been dermed. 
The scanning calculations were performed with a model developed for the Swedish 
WP-Cave project /ITASCA 1984/. For the more detailed calculations, the computer 
program TRUST has been used; this was developed at Lawrence Berkeley 
Laboratories /NARASIMHAN 1975/, /NARASIMHAN, WITHERSPOON 1977/, 
/NARASIMHAN, WITHERSPOON 1978/, /NARASIMHAN, WITHERSPOON, 
EDWARDS 1978/. 

In the following sections, the numerical model TRUST and the modelled domain 
assumed in the more detailed near-field hydraulic calculations are described. 
TRUST accounts for effects such as: 

- saturated or non-saturated flow (only saturated in this study) 
- fluid compressibility (considered, but has no practical consequences for this 

study) 
- compression of the porous material (considered, but has no practical 

consequences for this study) 
- hysteresis effects in non-saturated systems (not considered). 
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TRUST uses the integrated fmite difference method to solve the flow equation with 
the pressure head ('I') as the dependent variable. In mathematical tenns: 

~.~= V· [K('I')V'I']+ g.~ 

where: 

'I' = pressure head 
9 = water content 
K = hydraulic conductivity 

kPwg 
K=--

J.1w 
k = penneability 
Pw= density of water 

J.1 = dynamic viscosity of water 
w 

g = gravitational acceleration 
z = elevation, positive upwards 
V = the nabla operator 

[mH20] 
[m3 ·m-3] 

[m· s-l] 

[m2] 
[kg·m-3] 

[Ns·m....2] 

[m·s....2] 
[m] 

The two tenns on the right-hand side represent the driving force for the water 
transport. The ftrst tenn accounts for pressure effects and the second tenn accounts 
for gravitational effects. 

The equation is solved in an integrated fonn over a small sub-domain: 

f 
kPwg ~ a'l' 

P --·V (z+'P) . n rlr+ G = M "T7" r w J.1w cot 

where: 

r = boundary surface of an element 

It = nonnal vector 
G = source or sink 
M = fluid mass capacity (water compressibility etc) 

c 

The mUST computer code requires approximately 4 MByte of random access 
melnory for the size of problems presented in tlus report. The present calculations 
were carried out on a personal computer equipped with a full 32 Bit co-processor 
board. 

Boundary conditions and assumptions 

Possible boundary conditions are: 

- prescribed potential 
- prescribed flux 

hydrostatic boundary (i.e. pressure proportional to elevation) 
- no-flow boundary. 
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In this study, vertical water flow through the repository has been assumed. As 
boundary conditions, hydraulic potentials are prescribed at the upper and lower 
horizontal boundaries of the modelled domain. The water flow through and around 
a repository cavern has been assunled to be symmetric about the centre of the 
cavern. In Figure 3.2, the centre of the repository cavern is represented by the left 
boundary of the model domain. Owing to this symmetry, the vertical section across 
the centre of the repository cavern has been assigned a no-flow boundary. The 
different boundary conditions are shown in Figure 3.2. Only one half-section of the 
cavern has been modelled. For the vertical interface with the rock (the right 
boundary of the model domain in Figure 3.2), the prescribed boundary condition is 
one of the following three: 

- no-flow boundary 
- hydrostatic boundary 
- prescribed potential. 

A homogeneous, undisturbed hydraulic flow field in the rock at a distance from the 
repository has been assumed in the sub-regional scale calculations. This assumption 
greatly slll1plifies the assignment of the boundary conditions. The conditions which 
justify these assumptions have been investigated in a series of scanning calculations 
using an analytical model. 

The reference case calculations consider the situation where the cavern is located in 
a rock with 'small fractures'. To estimate the influence of local disturbances in the 
hydraulic flow field, a number of case variations have been made, assuming 
increased hydraulic conductivities in part of the repository area, e.g. in a fracture 
zone. 

During excavation of the repository, decompression of the rock material may create 
zones with altered hydraulic properties around the caverns /OYSEL 1985/. The 
existence and properties of such decompressed zones have not been detennined 
with any degree of certainty. The possible itnpact of these zones on the near-field 
hydraulics has therefore not been examined in this study. 
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Geometric simplifications in the two-dimensional model domain 
used for the reference case near-field hydraulic calculations. The 
assignment of boundary conditions in the sub-regional domain and 
the transfer of boundary conditions between the sub-regional and 
local scale domains in the near-field hydraulic calculations are 
indicated. Only one half-section has been modelled. 

Evaluation of numerical results 

The numerical results obtained from the TRUST calculations are the hydraulic 
potentials for the different node points and the flow of water between different 
neighbouring nodes. For an element mesh of the present size, the information must 
be compiled and treated in different ways before being presented. 

Two of the methods applied in the present study require mathematical definition; 
plotting of isopotentiallines and plotting of the stream function. 

The isopotential lines have been obtained by drawing lines which connect points 
with equal hydraulic potentials in the element mesh. These points were determined 
by interpolation between the nodal points. 
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The stream function is defined by: 

S x 

f dS=-f K~dx 
o 0 

where: 

S = the stream function value, assuniing a value of zero along an arbitrarily 
chosen reference line (in this repol1, the vertical centre line of the repository 
is assigned a value of zero) 

K = the hydraulic conductivity 
P = hydraulic potential 
z = vertical coordinate 
x = horizontal coordinate 

It can be noted that the right hand side in the above equation can also be 
interpreted as the integrated vertical water flow between two points at a horizontal 
distance of x metres /BIRD, STEWART, LIGHfFOOT 1960/. 

3.2 Scanning calculations using an analytical model for the near-field 
hydrology 

An analytical model developed for the Swedish WP-Cave project /ITASCA 1984/ 
has been applied in scanning calculations, both for verification of the numerical 
results (although geometry is not strictly the same) and to investigate the behaviour 
of the Inulti-barrier system in different situations. The model is based on potential 
flow in five concentric shells with spherical symmetry, see Figure 3.3. The 
potential equations are solved by a standard matrix solver. The model is quick and 
easy to use and gives valuable generic information oil the hydraulic behaviour of 
the different assemblies of barrier materials. The model is, however, restricted in 
flexibility with respect to geometry and cannot give information which is 
sufficiently detailed to be introduced into the radionuclide transport calculations. 
The scanning calculations were performed with the aim of investigating: 

whether the analytical tnodel calculations give results that are in agreement with 
the results for the numerical modelling (verification of the numerical model) 
the amount of rock which has to be considered in the model to obtain 
undisturbed water flow at the boundaries of the model domain (aim is to 
minimise the size of the mesh) 

- the effect of an additional high quality hydraulic concrete barrier 
the relative importance of host rock and concrete barriers in restricting water 
flow through the waste. 
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2.55 m 

Figure 3.3 

Results 

Repository concept used for the analytical modelling. 

Extent of the rock zone which is influenced by the presence of a cavern 

The distance over which the flow field in the host rock is disturbed by the 
introduction of the caverns has been detennined. This parameter is of particular 
interest for the numerical modelling, since it determines the size of the element net 
if constant prescribed potential or hydrostatic potential are the desired boundary 
conditions. For a repository cavern with a radius of 5.4 metres, the water flow rate 
at a distance of 20 metres from the cavern differs by about 2 % from the 
undisturbed flow and by about 8 % at 10 Inetres from the cavern. This knowledge 
has been introduced into the numerical calculations for the near-field hydraulic 
reference case and case variations. 

Effect of a high quality hydraulic concrete barrier 

The results show that, the introduction of an additional high quality hydraulic 
concrete barrier can reduce the water flow through the waste (K=hydraulic 
conductivity, i=hydraulic gradient). 

For FRESH concrete properties the water flow is: 

reduced by 24% (i.e. reduced to 76%) in a host rock with properties 
corresponding to Piz Pian Grand 'small fractures', (K=l· 10-11 m· s-1, i=O.7 
m·m-1) 
reduced by 71 % in a host rock with properties corresponding to Oberbauenstock 
I small fractures', (K=4. 10-10 In· s-l, i= 1 m· m-1) 
reduced by 75 % for a cavern situated in fracture zone at Oberbauenstock or Piz 
Pian Grand (K=1·1~-4·1Q-9 m·s-1, i=0.7-"-1 m·m-l). 
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For OLD concrete properties the water flow is: 

reduced by 2 % (negligible) in a host rock with low penneability corresponding 
to Piz Pian Grand 'S111a1l fractures', (K=I·lo-U m·s-1, i=O.7 In·m-1) 
reduced by 34 % in a host rock with properties corresponding to Oberbauenstock 
'sinall fractures', (K=4 .10-10 In· s-l, i=1 m· m-l ) 
reduced by 46 % for a cavern located in a fracture zone at Oberbauenstock or Piz 
Pian Grand (K=1·1Q-8-4·1Q-9 m· s-l, i=O.7-1 m·m-l). 

Effects of an increased cavern radius on the water flow 

The introduction of an additional high quality hydraulic concrete barrier would 
increase the rock volwne which has to be excavated and the total water flow 
through the repository cavern would decrease only as long as the conductivity of an 
additional barrier is lower than that in the surrounding rock. If an additional barrier 
is introduced into a rock with low conductivity, e.g. Piz Pian Grand 'small fractures' 
(K= 1.10-11 m· s-I), the total water flow through the cavern would be reduced 
during the early period (assuming FRESH concrete data), but would increase by 
4-7% during the later period (assuming OLD concrete data). However, for more 
penneable rocks (K> 1 . 10-10 m· s-1), an additional hydraulic barrier would still have 
the effect of reducing the water flow through the cavern during the OLD period. 

Influence of different combinations of barrier conductivity contrasts 

For cylindrical caverns with flow perpendicular to the cavern axis, the water flow 
through the cavern can be a maximum of twice the amount through the undisturbed 
host rock. If the host rock has a low conductivity, this will not be a problem since 
the total amount of water in such cases is small. In a system with several layers of 
different conductivity, the flux through individual layers may be much larger. This 
concentration of water flow can be disadvantageous if the water flows through the 
waste. However, by arranging layers with higher penneability in the outer regions 
of the cavern, water flow through the waste may be minimised. 

How to achieve a lower water flow rate in the waste than in the host rock 

The results show that, in order to reduce the water flow rate in the waste compared 
to the flow rate in the undisturbed rock (which is a good measure of the overall 
efficiency of the barrier system in restricting water flow), at least one of the barrier 
materials must have a lower hydraulic conductivity than the host rock. Further, as 
was concluded above, the arrangement of the different barriers may influence the 
flux in an individual barrier tnaterial. For host rocks with low hydraulic 
conductivity, e.g. Piz Pian Grand 'small fractures' (K=1·10-11 m· s-1), it may be 
difficult to design a barrier system which will reduce the flow through the waste 
matrix over longer time periods. On the other hand, in such cases the water flow 
rate in the rock is small and restricts the amount of water which flows through the 
waste. For more permeable rocks, e.g. Oberbauenstock 'small fractures' (K=4· 10-10 

m· s-1), the barriers will significantly reduce the water flow rate in the waste. 
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The main results from the scanning calculations are that: 

the agreement between the analytical results and the numerical results is good. 
The results differ by less than a factor of 2 in all calculated cases (the analytical 
model estimates a higher water flow which can be explained by the difference in 
geometry between the two models), 
at least 20 metres of rock should be included in the model domain if undisturbed 
water flow is assumed at the boundaries of the domain (which in turn greatly 
facilitates the assignment of boundary conditions), 
an additional high quality hydraulic concrete barrier will reduce the water flow 
through the waste if the hydraulic conductivity of the barrier is lower than in the 
surrounding rock. 
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3.3 Overview of near-field hydraulic calculations made with the TRUST 
computer code 

This section presents an overview of the near-field hydraulic calculations 
perfonned. Table 3.1 summarises some characteristics of the different numerical 
calculations. 

Table 3.1 Overview of the two-dimensional near-field hydraulic calculations 
made with the TRUST computer program. 

Case l ) Geology2) , High quality Model3) Boundary 
K [m·s-1] barrier domain conditions 

la 4.10-10 Detailed Defmed by results of Case lOa 
Ib 4.10-10 Detailed Defined by results of Case lOb 
Ie 4.10-10 Detailed Defmed by results of Case 10 e 

2a 4.10-10 Present Detailed Defmed by results of Case 11a 
2b 4.10-10 Present Detailed Defined by results of Case 11 b 

. 2e 4.10-10 Present Detailed Defined by results of Case 11 e 

3a 4.10-10 With very low Detailed Defined by results of Case 11 a 
conductivity 

4a-b 4.10-10 Detailed Hydrostatic at lateral boundary 
5a-b 4.10-10 Present Detailed Hydrostatic at lateral boundary 
6a-b 4.10-10 Sitnplified Hydrostatic at lateral boundary 
7a-b 4.10-10 Present Simplified Hydrostatic at lateral boundary 

8a-b 1.10-11 Simplified Hydrostatic at lateral boundary 
9a-b 1.10-11 Present Simplified Hydrostatic at lateral boundary 

IOa-c 4.10-10 Sub-regional No-flow at lateral boundary 
l1a-c 4.10-10 Present Sub-regional No-flow at lateral boundary 

12a-c 1.10-11 Sub-regional No-flow at lateral boundary 
13a-c 1.10-11 Sub-regional No-flow at lateral boundary 

14b 1.10-11 Simplified No-flow at lateral boundary 
15b 1.10-11 Present Simplified No-flow at lateral boundary 

16a-b 4·10--9 Simplified Hydrostatic at lateral boundary 
17 a-b 4·10--9 Present Simplified Hydrostatic at lateral boundary 
18a-b 1 . 1()-S Simplified Hydrostatic at lateral boundary 
19a-b 1 . 1()-S Present Simplified Hydrostatic at lateral boundary 

1) Subscripts a, b, e refer to FRESH, OLD and DEGRADED concrete data 
respectively, according to Table 2.6. 

2) Hydraulic conductivities corresponding to those at Oberbauenstock and Piz 
Pian Grand have been used in the calculations, see Table 2.1. 

3) Detailed Inodel dOlnain is presented in Figure 3.4. 
Simplified model dOlnain is presented in Figure 3.10. 
Sub-regionallnodel dOlnain is presented in Figure 3.2 (c.f. Figure 3.10). 
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3.4 Reference case for the near-field hydraulics 

Conceptual model 

This section presents the basis for the near-field hydraulic reference case 
calculations with the TRUST cotnputer progratn. The repository model domain 
assumed in the calculations was derived from the repository designs in Figures 2.12 
and 2.13 /NAGRA 1988b/. The detailed design may be subject to future changes, 
but the general layout is believed to be reasonably well established. 

The near-field barriers considered in the reference case comprise: 

- waste matrix material (only concrete considered) 
waste packages, namely non-contaminated inner lining of concrete in steel drums 
or concrete container walls. (The barrier effect of the steel drums has been 
disregarded in the calculations) 
repository backftll material consisting of highly porous concrete or possibly a 
concrete mixed with pumice which has a high porosity to allow gases to escape 
without pressurisation 

- mechanical support lining, mainly to withstand mechanical stress from the rock 
during a limited time period. 

Part of the rock has been included in the near-field hydraulic calculations to 
facilitate the assignment of the boundary conditions. 

In the repository model concept, the near-field barrier design has been simplified to 
a rectangular geometry shown in Figure 3.4. As far as possible, the geometry has 
been chosen to resemble the true situation with respect to transport distances, 
volumes of the different materials, and cross-sectional areas. The aim was to model 
the repository in sufficient detail so that the calculated water flow rates and water 
travel times in the different barriers would be representative for the assumed design 
and material properties. This is particularly important for the subsequent solute 
transport calculations, see Chapter 4. Different .. methods of fulfilling these 
requirements were discussed in /KARLSSON, HOGLUND, PERS 1986/. The 
geometric simplifications have been introduced only to facilitate the definition of 
the element net. The TRUST program is capable of handling arbitrarily shaped 
materials and is not, in itself, restricted to rectangular grids. 

Input data 

A vertical overall flow-field in the surrounding rock is assumed with an average 
hydraulic gradient of 1.0 [m· m-l]. The hydraulic conductivity of the host rock is 
representative for Oberbauenstock rock with 'small fractures' (K=4 .10-10 m· s-I). 
The field data interpreted for the host rock are presented in Chapter 2, Table 2.1. 

The hydraulic and geometric data for the different near-field barriers are presented 
in Tables 3.2 and 3.3. The hydraulic properties assumed represent three different 
time periods referred to as FRESH, OLD and DEGRADED (presented in Table 
2.6). FRESH refers to the early period (approximately the first 100 years following 
disposal), OLD refers to a subsequent longer period (between 100 years and 5000 
years) and DEGRADED refers to the period thereafter (from 5000 years onwards). 
For defmition of the different time periods, see Chapter 2. 
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Figure 3.4 
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Repository concept used for the near-field hydraulic reference case 
calculations (detailed model domain). The number of nodal points 
in the element mesh is 3075. 
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Table 3.2 Data used in the near-field hydraulic reference case calculations. 

GEOMETRIC DATA 
D itnensions assunled for the 
technical barriers 
Model domain (detailed) 

Table 3.3 

Figure 3.4 

HOST ROCK PROPERTIES (Oberbauenstock 'small fractures') 
Hydraulic conductivity 4.10-10 [m· s-1] 
Gradient 1.0 [m· m-1] 

BARRIER MATERIAL PROPERTIES 

FRESH OLD DEGRADED 

Waste matrix 
Hydraulic 4.10-11 4.10-10 1· lQ-J) m·s-1 

conductivity 
Porosity 0.3 0.3 0.3 m3 ·m-3 

Waste package 
Hydraulic 4.10-11 2.10-10 1·10-9 m·s-1 

conductivity 
Porosity 0.2 0.2 0.2 m3 ·m-3 

Porous backfill 
Hydraulic 1·1~ 1·1~ 1·1~ m·s-1 

conductivity 
Porosity 0.6 0.6 0.6 m3 ·m-3 

Mechanical support lining 
Hydraulic 
conductivity 
Porosity 

Table 3.3 

Material 

Waste matrix 

Waste package 

Porous backfill 

Mechanical 
support lining 

Total 

4.10-11 2.10-10 1·1Q-J) m·s-1 

0.2 0.2 0.2 m3 ·m-3 

Dimensions assumed for the technical barriers in the near-field 
hydraulic reference case calculations. Volumes refer to a 
one-metre long section of the cavern. 

Volume 1) Thickness/ Remark 
[m3 . m-1] Diameter [m] 

22.5 0.4 Relevant for Inajor 
part of the waste 

45.0 0.3 Relevant for major 
part of the waste 

34.0 0.2--1.0 

35.2 0.8 

136.7 For comparison only 

1) Values are estimated average values and the actual values may vary slightly 
for different waste types. 
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Results 

The results are presented as average steady-state water flow rates in different 
barrier materials and as the total water flow through all concrete barriers. The 
calculated water flow per metre of cavern across a horizontal plane approximately 
through the centre of the stack of waste drums is presented in Table 3.4. The 
vertical component of the calculated flow is presented. The horizontal component 
of the flow was found to be very small. The results are given for the local scale 
model calculations using boundary conditions defined by the results from preceding 
sub-regional scale calculations. The results from the sub-regional scale model 
calculations are not presented as such in this report since they are to be regarded 
only as intermediate results. 

Table 3.4 Results from the near-field hydraulic reference case calculations 
showing the average water flow rates in the waste matrix and 
porous backfill and the total water flow through all engineered 
barriers for a one-metre section of the cavern. The results are 
presented for three different time periods assuming different 
degrees of barrier degradation. 

Case 1) Rock Barrier 
proper
ties 

Average flow rate Total flow 
in barriers 
[m3. s-l] 

conductivity 
[m·s-1] 

Matrix Backfill 
[m3 . m~· s-l] 

Reference case2) (detailed model domain) 
la 4.10-10 FRESH 7.7.10-12 

Ib 4.10-10 OLD 8.2.10-11 

Ie 4.10-10 DEGRADED 2.4.10-10 

2.0·1Q-9 
3.0·1()-9 
2.4·1()-9 

4.2·1()-9 
7.5·1()-9 
9.2·1()-9 

1) Subscripts a' b, e refer to FRESH, OLD and· DEGRADED concrete data 
respectivel y. 

2) Boundary conditions defmed by preceding sub-regional scale hydraulic 
calculations. 

The results show that, during the early period, the water flow in the waste matrix is 
reduced to less than 2 % of the flow in the undisturbed rock at the Oberbauenstock 
site with the 'sInall fractures' flow system (K=4 .10-10 In· s-1). 

The effect of ageing and degradation of the barrier materials has been dealt with by 
assigning different material properties during different time periods. The results 
show that the high quality which can be expected during the early period reduces 
the flow in the barriers to a large extent. As is to be expected, the water flow 
through the repository increases significantly when the barriers degrade. For longer 
time periods, it would be difficult to ensure that the good barrier proerties are 
maintained. It is reasonable to assume that, after a long period of time, the barrier 
properties will resemble those of degraded concrete. For DEGRADED concrete, the 
calculated water flow rate in the waste matrix is 60% of the water flow rate in the 
undisturbed rock. The water flow rates in different barriers as a function of 
degradation are also presented in Table 3.4. 

The calculated water flow rates are of such a magnitude that advective release of 
radionuclides from the repository cannot be disregarded. Therefore both advective 
and diffusive processes have to be considered for the radionuclide transport 
calculations, see Chapters 4 and 5. 
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Figure 3.5 shows the calculated isopotential lines in the near-field hydraulic 
reference case for the tmee different stages of barner degradation. Figure 3.6 shows 
the stream function for the same cases as in Figure 3.5 (for a definition of the tenn 
stream function, see section 3.1). The strerun function lines are perpendicular to the 
isopotentiallines at all locations. An interesting property of the stream function is 
that equal amounts of water flow in the region between each of the plotted lines 
and no water flows across the plotted lines. This makes it possible to illustrate the 
water flow paths through the repository and, in addition, it shows the concentration 
of flow in some parts of the repository. In the Figures, an annual amount of 10 
litres of water flows between each line. 
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Figure 3.5 Isopotential lines [m] for the near-field hydraulic reference case 
shown for three different stages of barrier degradation. 
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Figure 3.6 Stream functions for the near-field hydraulic reference case shown 
for three different stages of barrier degradation. In the region 
between each of the plotted lines, the annual flow of water is 10 
Htres (vertical flow). The numbers on the lines give the sum froln 
the left (symmetry line). 

3.5 Case variations for the near-field hydrology 

Different case variations have been studied to show the influence on the hydraulic 
flow in the near-field of different design alternatives, different host rocks and 
different assumptions made in the calculations. The importance of different design 
alternatives has focussed on the effect of an additional high quality concrete barrier 
between the concrete backfill and the mechanical support lining. In the calculations 
a restricted functional life-tune of the additional barrier has been assumed, during 
which time its hydraulic properties are significantly better than other concrete 
barriers. The effect of different host rocks has been studied by parameter variations 
of the host rock conductivities. The influence of different modelling approaches has 
been shown for different element nets with different discretisation of the barriers. 
The effect of assigning different boundary conditions has also been studied. 
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3.5.1 Case vanatlOns showiQg the effect of an additional high qpality 
hydraulic concrete barrier 

Conceptual model 

One of the tasks of the present study has been to investigate whether an additional 
high quality hydraulic concrete barrier could significantly reduce the flow of 
groundwater through the repository. The calculations have been carried out by 
introducing an additional concrete barrier into the model according to Figure 3.7. 

Figure 3.7 
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Repository concept used for the near-field hydraulic calculations 
for the case variation showing the effect of an additional high 
quality hydraulic concrete barrier (detailed model domain). The 
number of nodal points in the element mesh is 3075. 

The hydraulic and geometric data for the different near-field barriers are 
SWlunarised in Table 3.5. The hydraulic properties assumed represent three 
different time periods which have been selected to represent the possible effects of 
barrier degradation. The barrier properties considered refer to the FRESH, OLD and 
DEGRADED data. FRESH refers to the early period (approximately the first 100 
years following disposal), OLD refers to a longer subsequent period (between 100 
years and 5000 years) and DEGRADED refers to the period thereafter (from 5000 
years onwards). For definition and selection of the different time periods, see 
section 2.3. An additional high quality concrete barrier (HQ-Barrier) has been 
considered in the case variation calculations (Case 2a--c). 

In one additional case variation (Case 3), an HQ-Barrier with a very low hydraulic 
conductivity (4· 10-13 m· s-1) was assumed during the FRESH period. 
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Table 3.5 Data used in the hydraulic case variation calculations showing the 
effect of an additional high quality hydraulic concrete barrier. 

GEOMETRIC DATA 
Ditnensions assumed for the 
technical barriers 
Model domain (detailed) 

Table 3.6 

Figure 3.7 

HOST ROCK PROPERTIES (Oberbauenstock 'slnall fractures') 
Hydraulic conductivity 4.10-10 [m· s-1] 
Gradient 1.0 [m . m-1] 

BARRIER MATERIAL PROPERTIES 
Hydraulic conductivities The same data as for the reference case, 

see Table 3.2 Porosities 

Case variation 2a-<: 
High quality barrier 
Hydraulic 
conductivity 
Porosity 

Case vari~tion 3 
High quality barrier 
Hydraulic 
conductivity 
Porosity 

FRESH 

4.10-12 

0.15 

4.10-13 

0.15 

OLD DEGRADED 

4.10-11 4.10-10 m·s-l 

0.15 0.15 tn3 ·m-3 

m·s-1 

m3 ·m-3 

Table 3.6 Ditnensions assumed for the technical barriers in the near-field 
hydraulic case variations (Case 2a-<: and 3) showing the effect of 
an additional high quality hydraulic barrier. Volumes refer to a 
one-metre section of the cavern. 

Material Volume l ) Thickness/ Remark 
[m3 ·tn-i ] Diameter [m] 

Waste matrix 22.5 0.4 Relevant for Inajor 
part of the waste 

Waste package 45.0 0.3 Relevant for nlajor 
part of the waste 

Porous backfill 34.0 0.2-1.0 

Hydraulic high 12.6 0.3 
quality barrier 

Mechanical 37.1 0.8 
support lining 

Total 151.2 For comparison only 

1) Values are estitnated average values and the actual values may vary slightly 
for different waste types. 
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Results 

The results show that an additional high quality hydraulic barrier would further 
reduce the flow through the near-field during the early period by 65% as compared 
with the near-field reference case. However, this is true only when the hydraulic 
conductivity of the additional barrier is lower than that of the host rock, see also 
section 3.2 

The calculated pressure distribution for the case variations 2 ~ with an additional 
high quality barrier is depicted in Figure 3.8 for the three different time periods. To 
show the major flow paths for water in the repository, the stream function values 
for these case variations have been plotted in Figure 3.9. 

The calculated average water flow rates in the waste matrix and in the backfill, as 
well as the total water flow through all near-field barriers, are presented in Table 
3.7 for different case variations. The flow reduction due to an additional high 
quality barrier during the FRESH period (Case 2J, cOlnpared with the near-field 
hydraulic reference case (Case 1 J, would be: 

reduction by 66 % in the waste matrix 
- reduction by 67 % in the concrete backfill 
- overall reduction by 64 % in all concrete barriers. 

During the OLD period (100 to 5000 years) the influence of an additional high 
quality hydraulic barrier is less pronounced. The flow reduction (Case 2b) 

compared with the near-field hydraulic reference case (Case 1b), has been 
calculated as: 

- reduction by 20 % in the waste matrix and concrete backfill 
- overall reduction by 24 % in all concrete barriers. 

For DEGRADED concrete (Case 2c), the flow through the near-field barriers would 
increase by 10-30% compared with the near-field reference case (Case Ie) when an 
additional barrier is present. The reason for this is that a larger rock volume must 
be excavated in this case, which would result in an increase in the area of rock over 
which water is collected. 

The flow reduction when assuming very low hydraulic conductivity for the 
additional barrier during the early period (Case 3) is also presented in Table 3.7. 
The results show that the flow reduction compared with the near-field reference 
case (Case 1J would be: 

- reduction by 89% in the waste matrix and concrete backfill. 
- reduction by 97 % in all concrete barriers. 

For the later periods, the high quality of the hydraulic barrier may be difficult to 
demonstrate. Thus, the hydraulic properties must be assumed to be similar to those 
assumed in Case 2b-c' Therefore, no calculations have been made with hydraulic 
properties different from those in Case 2 for the additional high quality hydraulic 
concrete barrier after the fust 100 years. 



NAGRA NTB 88-42 -67 -

18 18 18 18 18 18 

10 L t- t- - I- 5 -
- - ':, 16 16 16 18 18 18 

-

~~~ 
.\ -

1-5-:: 

-
-
-

-f-O-
==r==::; 

"-~5 -= 
I"'- r- ,-- -

~ ~ 
-
-
-
-

0-
~ ~ 

-

I"- ,....-- .--- -
-
-
-

-
1=-= i=== = 0-

14 H 14 H 14 14 

12 12 12 12 12 12 

10 10 10 10 10 10 

-

-
-

-5 -= 

j -
'- --- '"- -

~ ~ ~ 
-

-
-
-

-5: L.-.. '- '"- ./1--- _ 
~ ~ ~ 

-
-

-
-
-

'-- '-- '--
-

8 8 8 8 8 8 

8 6 8 6 6 6 

4 4 -4 4 4 4 

-
-10 

- -5/ 
2 2 2 2 2 2 

~ 

-L J. I t- - I- -
I J. ~ -L I I I I I I I I I I I I o 0 0 0 0 0 

01234567 01234567 01234567 

Figure 3.8 Isopotential lines [In] showing the pressure distribution for the 
near-field hydraulic case variation (Case 2a-c) with an additional 
high quality hydraulic barrier present. The results are given for 
three different stages of barrier degradation. 
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Stream functions for the near-field hydraulic case variation 
(Case 2a-c) with an additional high quality hydraulic barrier 
present. The results are shown for three different stages of barrier 
degradation. In the region between each of the plotted lines, the 
annual flow of water is 10 litres (vertical flow). The number on 
the lines give the sum froln the left (symmetry line). 
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Table 3.7 

Case 1) 

Results from different case variations regarding the effect of an 
additional high quality concrete barrier. The results are presented 
as the calculated groundwater flow rates in the waste matrix and 
porous backfill as well as the total water flow through all 
engineered barriers in a one-metre section of the repository. 

Rock 
condo 
[tn·s-l] 

HQ
barr. 

Barrier 
proper
ties 

Extent 
into 
rock [m] 

Flow rate 
Matrix Backfill 

[m3 . m~' s-l] 

Total flow 
in barriers 
[m3 . s-l] 

Case variation showing the effect of an additional HQ barrier2) (detailed model domain) 
2a 4·10-10 Yes FRESH 2.0 2.6.10-12 6.5.10-10 1.5 ·1()-9 
2b 4·10-10 Yes OLD 2.0 6.5.10-11 2.4·1Q-9 5.7 ·1()-9 
2e 4·10-10 Yes DEGR. 2.0 3.1,10-10 3.1·1Q-9 9.3 ·1()-9 

Very low conductivity in the HQ-barrier2) (K=4 .10-13 m· s-l) (detailed model domain) 
3a 4.10-10 Yes FRESH 2.0 8.1.10-13 2.1.10-10 2.2.10-10 

Reference case2) (detailed model domain) 
la 4·10-10 No FRESH 2.3 7.7.10-12 

8.2.10-11 

2.4.10-10 

2.0·1Q-9 
3.0·1Q-9 
2.4·1Q-9 

4.2 ·1()-9 
7.5· 1()-9 
9.2·1()-9 

Ib 4·10-1° No OLD 2.3 
Ie 4·10-10 No DEGR. 2.3 

1) 

2) 

3.5.2 

Subscripts a, b, c refer to FRESH, OLD and DEGRADED concrete data 
respectively. 
Boundary conditions defmed by preceding sub-regional scale hydraulic 
calculations. 

Case variations showing the effects of different model] jug awroacbes 
and different assigned boundaty conditions 

Conceptual model 

Different approaches to modelling water flow through the near-field using different 
element nets and different boundary conditions have been adopted. The element net 
used in the reference case calculations (presented in Figure 3.4) gives a fairly 
detailed description of the stack of waste drums; the waste package is also treated 
as a separate material. A model repository concept with a less detailed description 
of the stacked waste drums was used in sOlne case variations. The corresponding 
element mesh is depicted in Figure 3.10. Different variants of the less detailed 
element net, including a larger volume of rock, have been used for case variations 
and for the sub-regional modelling in the reference case. 

From the scanning calculations with an analytical model, it can be concluded that 
the calculations have shown that the volume of rock included in the model is 
important for the calculated water flow rates in the barriers, see section 3.2. 



NAGRA NTB 88-42 -69-

Figure 3.10 
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Repository concept with less detailed description of the stack of 
waste drums used for some case variations of the near-field 
hydrology (simplified model domain). The number of nodal points 
is 1728. A variant of this element mesh including 20 metres of 
host rock has been used for the sub-regional scale calculations 
(sub-regional model dotnain) (cf. Figure 3.2). 
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Input data 

The input data used in the different case variations are summarised in Table 3.8. 

Table 3.8 Data used in the hydraulic case variation calculations showing the 
effect of different modelling approaches and different boundary 
conditions. 

HOST ROCK PROPERTIES 
Oberbauenstock 'small fractures' (Case variations 4, 5, 6, 7, 10) 
Hydraulic conductivity 4.10-10 [m· s-l] 
Gradient 1.0 [m . m-1] 

Piz Pian Grand 'smaIl fractures' (Case variation 8, 9, 12, 13, 14, 15) 
Hydraulic conductivity 1.10-11 [m· s-l] 
Gradient 0.7 [m· m-1] 

BARRIER MATERIAL PROPERTIES 
Hydraulic conductivities 
Porosities 

MODEL DOMAlN 
Detailed, Figure 3.4, 3.7 
Simplified, Figure 3.10 
Sub-regional, Figure 3.10 

The same data as for the reference case, 
or case variation 2, see Table 3.2 and 
Table 3.5 

(Case variation 4, 5) 
(Case variation 6, 7, 8, 9, 14, 15) 
(Case variation 10, 11, 12, 13) 

BOUNDARY CONDmONS ASSIGNED at lateral boundary 
Hydrostatic (Case variation 4, 5, 6, 7, 8, 9) 
No-flow boundary (Case variation 10, 11, 12, 13, 14, 15) 

Results 

The results are presented as steady-state water flow rates in the different barrier 
materials. All values refer to a one-metre section of the repository cavern (full 
cross-section). The results refer to the vertical component of the calculated water 
flow across a horizontal plane approximately through the centre of the stack of 
waste drums, where the horizontal flow component is very small. 

The barrier properties refer to the FRESH, OLD and DEGRADED data presented 
in Tables 3.2 and 3.5. 

The results from the case variations using different modelling approaches and 
different boundary conditions are summarised in Table 3.9. To make it easier for 
the reader, some of the case variations presented in previous Tables have been 
repeated here to allow direct comparison. For each case variation, the calculated 
groundwater flow rates in the waste matrix and porous backfill are given. As a 
measure of the overall perfonnance of the near-field barriers, the total water flow in 
all near-field barriers is also given in the Table. 
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The results will be discussed with emphasis on the following points: 

the difference in results obtained using a detailed and simplified element mesh 
effect on the calculated water flow in the near-field of introducing the 
sub-regional scale flow into the model 
sensitivity to the assigned boundary conditions, i.e. hydrostatic or no-flow 
boundary assumed for the lateral interface between model domain and 
surrounding rock. 

Results from calculations using element nets with different discretisation of the 
stack of waste drums 

The results show that, during the early period (FRESH data), the calculated flow in 
the waste matrix and backfill is: 

increased by a factor of 2.3 when using the simplified element mesh, c.f. cases 
4a and 6a. The total flow through all barriers is decreased by 16%. 
increased by a factor of 2.7 when using the simplified mesh and assuming an 
additional high quality hydraulic barrier, c.f. cases 5a and 7 a' The total flow 
through all barriers is the same. 

During the later period (OLD data), the calculations show that the flow in the waste 
matrix is: 

increased by a factor of 2.6; the total flow in the backfill is increased by a factor 
of 1.7 and the total flow in all barriers is decreased by 21% when using the 
simplified element mesh, c.f. cases 4b and 6b• 
increased by a factor of 2.7; the flow in the backfIll is increased by a factor of 
1.9 and the total flow in all barriers is decreased by 14% when using the 
simplified mesh and assuming an additional high quality hydraulic barrier c.f. 
cases 5b and 7b• 

These calculations indicate that, although the total water flow through the 
repository barriers is not affected very much by the discretisation of the stacked 
waste drums, the distribution of water flow within the different repository structures 
is strongly influenced by the element mesh used. 

Influence of the volume of rock accounted for in the model on the results 

A comparison of the results using the local scale net design and the sub-regional 
scale net design shows that: 

using sub-regional net instead of local net will increase the total flow through 
near-field by 9% during the early period, and decrease the total flow by 8 % 
during the later period when considering Oberbauenstock host rock 'small 
fractures', c.f. cases 6a-b and IOa--b 
using sub-regional net instead of local net when an additional high quality 
hydraulic barrier has been introduced in both the sub-regional and the local net 
will increase the total flow through near-field by 36% during the early period. 
During the later period the total flow will be approximately the same, c.f. cases 
7 a--b and 11 a-b 
using sub-regional net instead of local net will decrease the total flow through 
the near-field by 57% during the later period when considering Piz Pian Grand 
host rock 'small fractures', c.f. cases 8b and 12b 
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using sub-regional net instead of local net when an additional high quality 
hydraulic barrier has been introduced in both the sub-regional and the local nets, 
will decrease the total flow through the near-field by 40% during the early 
period, and by 75% during the later period, when considering Piz Pian Grand 
host rock 'small fractures', c.f. cases 9a-b and 13a-b 
in general, the effect of the assulned mesh design (meaning here the amount of 
rock included in the model domain) is large in relative numbers when the host 
rock conductivity is low. For higher rock conductivities the flow is almost the 
same in the calculations using different element mesh designs. 

The conclusion is that sub-regional water flow is important for the flow in the 
near-field barriers. If detailed descriptions of the flow distribution within the barrier 
system are desired, sub-regional flow should be included in the model domain or 
otherwise be accounted for in the mathematical model. This is of particular 
importance when low hydraulic conductivities are expected in the host rock. On the 
other hand, if only order-of-magnitude estimates for the flow through the near-field 
are required, a local scale calculation would give sufficient infonnation. 

Sensitivity to assigning different boundary conditions to the lateral' interface 
between model domain and surrounding rock. 

The effects on the calculated water flow through the near-field barriers caused by 
different boundary conditions being assigned to the lateral boundary of the model 
domain (local scale) have been investigated. The boundary conditions considered 
are a hydrostatic boundary (hydraulic potential defined by depth), a prescribed 
potential boundary (potential defmed by preceding sub-regional scale calculation) 
and a no-flow boundary. The calculations show that: 

the differences between the results obtained with the different boundary 
conditions are small, except when the hydraulic conductivity of the host rock is 
low. In the calculations the water flow has been found to be essentially the same 
for a host rock conductivity of 4· 10-10 [m· s-l] for the different boundary 
conditions, c.f. cases 6a-b and IOa-b (cases corresponding to a no-flow boundary 
condition in a rock with a conductivity of 4· 1 Q-lo [m· s-l] are not presented in 
the report) 
for a no-flow boundary condition and a rock conductivity of 1.10-11 [m· S-I] , the 
total water flow through the near-field barriers is 21 % lower than for a 
hydrostatic boundary condition and 84 % higher than for a boundary potential 
defined by sub-regional scale calculations, c.f. cases 8b, 12b and 14 
for a rock conductivity of 1 . 10-11 [m· s-l] the relative sensitivity to the boundary 
conditions is increased when an optional high quality hydraulic barrier is 
included. The calculated water flow through the near-field barriers for a no-flow 
boundary condition is increased by 106 % compared to a boundary potential 
defined by a sub-regional scale calculation, c.f. cases 9b and 13b. The calculated 
water flow through the near-field barriers is decreased by 48 % for a no-flow 
boundary condition compared to a hydrostatic boundary condition, c.f. cases 9b 
and 15. 

It can be concluded that the assigned boundary conditions may greatly influence the 
results obtained from the near-field hydraulic calculations. Boundary conditions 
should therefore be selected with great care. Those dermed by preceding 
sub-regional scale calculations can be considered most reliable, but the other two 
types of boundary conditions may also be used for order-of-Inagnitude estimates. 
Both hydrostatic and no-flow boundary conditions seem to overestimate the flow 
through the near-field barriers in the present model. Whether this is a general 
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finding or only a case-specific effect for the assumed geometry of the model 
dOlnaill cannot be answered unambiguously in this study. 

Table 3.9 Results from different case vanatIons regarding the effect of 
different Inodelling approaches and different boundary conditions. 
The results are presented as the calculated average water flow 
rates in the waste matrix and porous backfill as well as the total 
water flow through all engineered barriers in a one-metre section 
of the repository. 

Case l ) Rock HQ- Barrier Extent Average flow rate 
condo barr. proper- into Matrix Backfill 
[m· s4] ties rock [m] [m3 . m~' s-l] 

Detailed model domain, local scale4) 

4a 4·1()-l° No FRESH 2.3 7.0.10-12 1.8·1Q--9 
4b 4· 1()-l0 No OLD 2.3 1.0.10-10 3.8·1Q--9 
5a 4·1()-l0 Yes FRESH 2.0 1.9.10-12 4.8.10-10 

5b 4 ·1()-l0 Yes OLD 2.0 6.6.10-11 2.4· 1Q--9 

Simplified model domain, local scale4) 

6a 4· 1()-l0 No FRESH 2.3 1.6.10-11 4.1·1Q--9 
6b 4· 1()-l0 No OLD 2.3 2.6.10-10 6.4·1Q--9 
7a 4·1()-l0 Yes FRESH 2.0 5.2·1(}-l2 1.3·1Q--9 
7b 4·1()-lo Yes OLD 2.0 1.8 ·lo-to 4.5 ·lQ--9 

Simplified model domain, local scale4) . Variation for low rock conductivity 
8a 1· 1()-l1 No FRESH 2.3 1.5.10-12 3.7.10-10 

8b 1 . 1 ()-ll No OLD 2.3 1.6· 1 ()-ll 4.0· 10-10 

9 a 1·1()-l1 Yes FRESH 2.0 1.3 ·1(}-l2 3.3.10-10 

9b 1·1()-l1 Yes OLD 2.0 2.7 ·1Q-ll 6.9.10-10 

Sub-regional model domain3) 
lOa 4·1()-l0 No FRESH 
lOb 4·1()-l0 No OLD 
11 a 4· 1 ()-l0 Yes FRESH 
lIb 4 ·1()-l0 Yes OLD 

20.3 
20.3 
20.0 
20.0 

1.8.10-11 

2.3 .10-10 
7.0.10-12 

1.8 ·lo-to 

Sub-regional model domain. Variation for low rock conductivity3) 
12a 1· 1()-l1 No FRESH 20.3 
12b 1·1()-l1 No OLD 20.3 
13 a 1·1()-l1 Yes FRESH 20.0 
13b 1·1()-l1 Yes OLD 20.0 

6.8.10-12 

8.5.10-13 

6.8.10-12 

4.5 ·IQ--9 
5.7·1Q--9 
1.8 ·lQ--9 
4.4· lQ--9 

1.7.10-10 

2.2·1Q-l0 
1.8.10-10 

Total flow 
in barriers 
[m3 . s-IJ 

3.8·10-9 
8.9·10-9 
1.1·10-9 
5.8 ·10-9 

3.2·10-9 
7.0·10-9 
1.1·10-9 
5.0·10-9 

2.9·1Q-l0 
4.4·1Q-l0 
2.7 ·1Q-l0 
7.6·1Q-l0 

3.5 ·10-9 
6.4·10-9 
1.5 ·10-9 
4.9·10-9 

1.9· lQ-lo 
1.6.19-10 
1.9·1Q-l° 

Simplified model domain, local scale. Variation for low host rock conductivity3) . 
14b 1·1Q-l1 No OLD 2.3 1.3.10-11 3.2.10-10 3.5·1Q-l° 
15b 1·IQ-ll Yes OLD 2.0 1.4.10-11 3.6.10-10 3.9·1Q-l0 

Reference case2) (detailed model domain) 
I a 4· 1 ()-lo No FRESH 2.3 
Ib 4·1()-l0 No OLD 2.3 

7.7.10-12 

8.2.10-11 
2.0·10~ 
3.0·1Q--9 

4.2·10-9 
7.5·10-9 

Case variation showing the effect of an additional HQ barrier2) (detailed model domain) 
2a 4·1()-l0 Yes FRESH 2.0 2.6.10-12 6.5.10-10 1.5·10-9 
2b 4·1()-l0 Yes OLD 2.0 6.5.10-11 2.4·1Q--9 5.7 ·10-9 

1) Subscripts a, b, c refer to FRESH, OLD and DEGRADED concrete data 
respectivel y . 

2) Boundary conditions defmed by preceding sub-regional scale hydraulic 
calculations. 

3) No-flow boundary condition assumed for the lateral boundary of the model 
domain 

4) Hydrostatic boundary condition assumed for the lateral boundary of the 
model domain 
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3.5.3 Case variations showing the effect of different host rock conductivities 
using a simplified element mesh 

Conceptual model 

The element mesh used in these calculations gives a somewhat less detailed 
description of the stack of waste drutns, but is identical to the element mesh used 
for the reference case calculations in other respects. The element tnesh is shown in 
Figure 3.10. 

Input data 

As in the near-field hydrology reference case, the flow in the undisturbed host rock 
has been assumed to be vertical. The average gradient was assumed to be 0.7-1.0 
[m·m-1]. The hydraulic conductivity of the host rock was varied between 1·1~ 
[m· s-l] and 1.10-11 [m· s-l] to cover the range of tneasured values for the 
Oberbauenstock and Piz Pian Grand sites. The barrier properties considered refer to 
the FRESH and OLD data. The input data used are summarised in Table 3.10. 

Table 3.10 Data used in the hydraulic case variation calculations showing the 
effect of different modelling approaches and different boundary 
conditions. 

HOST ROCK PROPERTIES 
Oberbauenstock 'small fractures' (Case variations 10, 11) 
Hydraulic conductivity 4.10-10 [m· s-1] 
Gradient 1.0 [m . m-1] 

pjz Pian Grand 'small fractures' (Case variations 12, 13) 
Hydraulic conductivity 1 . 10-11 [m . s-l] 
Gradient 0.7 [m . m-1] 

Oberbauenstock 'fracture zone' (Case variations 16, 17) 
Hydraulic conductivity 4 ·1(}.J) [m· s-l] 
Gradient 1.0 [m·m-1] 

Piz Pian Grand 'fracture zone' (Case variations 18, 19) 
Hydraulic conductivity 1·1~ [m· s-l] 
Gradient 0.7 [m· m-1] 

BARRIER MATERIAL PROPERTIES 
Hydraulic conductivities 
Porosities 

MODEL DOMAIN 
Simplified, Figure 3.10 
Sub-regional, Figure 3.10 

The same data as for the reference case, 
or case variation 2, see Table 3.2 and 
Table 3.5 

(Case variation 16, 17, 18, 19) 
(Case variation 10, 11, 12, 13) 

ASSIGNED BOUNDARY CONDmONS at lateral boundary 
Hydrostatic (Case variation 16, 17, 18, 19) 
No-flow boundary (Case variation 10, 11, 12, 13) 
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Results 

The results from the calculations are presented in Table 3.11 and show that: 

for low host rock conductivities «4· 1 0-10 m· s-1), the total flow through the 
near-field barriers is reduced almost proportionally to the decrease in the 
hydraulic conductivity of the host rock. A reduction of the hydraulic 
conductivity by 98% (from 4.10-10 to 1.10-11 m·s-1) reduces the total flow 
through the near-field (OLD period) by 96-97%, c.f. cases lOb and 12b, lIb and 
13b . For the early period (FRESH data), the flow reduction is 89%, c.f. 11 a and 
13 a 
for high host rock conductivities (>4.10-10 m· s-I), the calculated water flow 
through the near-field is almost independent of the host rock conductivity. This 
is explained by the low hydraulic conductivity of the concrete barriers which 
will determine the water flow when the host rock conductivity is high. For the 
early period, the flow through the near-field will even be reduced by up to 33% 
when the host rock conductivity is increased (from 4.10-10 to 1· 10"-8 m· s-I), c.f. 
cases 10a- tH 16a-b and 18a-b, owing to the reduced hydraulic gradient over the 
barrier systeln in a more conductive host rock. For the later period, a flow 
increase of up to 48 % is obtained when increasing the host rock conductivity 
(frorn 4· 10-10 to 1 . 10"-8 In· s-1), c.f. cases 11 a-b, 17 a-b and 19a-b' 

3.6 Code verification 

The TRUST code /NARASIMHAN 1975/, /NARASIMHAN, WITHERSPOON 
1977/, /NARASIMHAN, WITHERSPOON 1978/, /NARASIMHAN, 
WITHERSPOON , EDWARDS 1978/ has been verified for various situations 
including saturated flow in two- and three-dimensional systems; a list of 
appropriate references can be found in /COLLIN, RASMUSON 1986/. 

3.7 Interface with the near-field radionuclide release calculations 

The close relationship between the computer programs 1R UST /NARASIMHAN 
1975/, /NARASIMHAN, WITHERSPOON 1977/, /NARASIMHAN, 
WITHERSPOON 1978/, /NARASTh1HAN, WITHERSPOON, EDWARDS 1978/ 
used for the hydraulic calculations and TRUMP /EDWARDS 1969/ used for the 
near-field radionuclide release calculations has the advantage that the same element 
mesh can be applied to both calculations. Thus, the hydraulic flow-field as a 
function of time is first detennined by TRUST; the results of these calculations are 
then given as part of the input data to the radionuclide transport calculations with 
TRUMP. The results from the TRUST calculations are steady-state water flow 
rates. 

The results from the near-field hydrology reference case presented in section 3.4 
have been adopted for the near-field radionuclide release reference case. 
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Table 3.11 Results from different case vanatlons regarding the effect of 
different host rock conductivities using a simpHfied element mesh 
(as compared to the reference case). The results are presented as 
the calculated average water flow rates in the waste matrix and 
porous backfill as well as the total water flow through all 
engineered barriers in a one-metre section of the repository. 

Case l ) Rock HQ- Barrier Extent Average flow rate Total flow 
condo barr. proper- into Matrix Backfill in barriers 
[m· s-l] ties rock [m] [m3 . m~· s-1] [m3 • s-l] 

Sub-regional model domainZ) , used for subsequent reference case calculations 
(Oberbauenstock 'small fractures') 
lOa 4 ·1(}--l0 No FRESH 20.3 1.8.10-11 4.5·1~ 3.5·1~ 
lOb 4·1(}--l0 No OLD 20.3 2.3.10-10 5.7·1~ 6.4· 1 ()-J) 

11a 4·1(}--l0 Yes FRESH 20.0 7.0.10-12 1.8·1Q-9 1.5· 1 ()-J) 

lIb 4·1(}--l0 Yes OLD 20.0 1.8.10-10 4.4·1Q-9 4.9·1()-J) 

Sub-regional model domainZ) , parameter variation for low rock conductivity (Piz Pian Grand, 
I small fractures') 
12a 1·1(}--l1 
12b 1·1(}--l1 
13 a 1·1(}--l1 
13b 1· 1(}--l1 

No 
No 
Yes 
Yes 

FRESH 
OLD 
FRESH 
OLD 

Simplified model domain3), local 
(Oberbauenstock 'fracture zone') 
16. 4 ·1(}-9 No FRESH 
16b 4·1(}-9 No OLD 
17 a 4·1(}-9 Yes FRESH 
17b 4·1(}-9 Yes OLD 

20.3 
20.3 
20.0 
20.0 

6.8.10-12 

8.5.10-13 

6.8.10-12 

1.7.10-10 

2.2·1Q--lo 
1.8.10-10 

1.9.10-10 

1.6· 1 (}--lo 
1. 9· 1 (}--lo 

scale, variation for disturbed zones in the rock 

2.3 
2.3 
2.0 
2.0 

1.8· 1 ()--l1 

3.4.10-10 

5.9.10-12 

2.1.10-10 

4.6·1Q-9 
8.6·1()-J) 
1.5·1~ 
5.3·1~ 

3.6·1()-9 
9.3·1()-J) 
1.2· 1()-9 
5.9·1()-9 

Simplified model domain3) , local scale, variation for disturbed zones in the rock (Piz Pian 
Grand 'fracture zone') 
18. 1·1~ No 
18b 1·1~ No 
19a 1·1~ Yes 
19b 1·1~ Yes 

FRESH 
OLD 
FRESH 
OLD 

2.3 
2.3 
2.0 
2.0 

1.9.10-11 

3.5.10-10 
4.9.10-12 

2.1.10-10 

4.8 ·1Q-9 
8.8 ·1Q-9 
1.2·1Q-9 
5.4·1~ 

1) Subscripts a' b refer to FRESH and OLD concrete data respectively. 

3.7·1()-9 
9.5·1()-9 
1.0·1()-9 
6.0·1()-J) 

2) No-flow boundary condition assumed for the lateral boundary of the model 
domain 

3) Hydrostatic boundary condition assumed for the lateral boundary of the 
model domain 
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3.8 Concluding remarks 

The near-field hydraulic reference case calculations have been perfonned for host 
rock properties assumed to be representative for the Oberbauenstock site with 'small 
fractures'. Parameter variations have also been perfonned to study important 
parameters used as input for the near-field hydraulic modelling. 

In the reference case calculation, during the early period the water flow rate in the 
waste matrix is reduced by 99.5% compared to the water flow in the host rock, 
while the water flow in the porous backfill between the waste packages is more or 
less equal to the water flow in the surrounding rock. The introduction of an 
additional high quality hydraulic barrier would further reduce the water flow by 
60% in the waste matrix during the early period, but would be of marginal 
importance for long time periods. 

From the parameter variations, it can be concluded that, for host rocks with low 
hydraulic conductivities (K<4 ·lo-to m· s-l) corresponding to the properties assumed 
to be representative for the Piz Pian Grand site with 'small fractures', the water flow 
through the repository is more or less determined by the host rock properties and is 
not particularly sensitive to the barrier properties. The introduction of an additional 
high quality hydraulic barrier has been found to be of marginal importance for low 
host rock conductivities. 

In host rocks with high conductivities (K>4 .10-10 m· s-l), the water flow through 
the repository will be determined by the hydraulic conductivities of the barrier 
materials. The introduction of an additional high quality hydraulic barrier has been 
found to slightly reduce the water flow through the repository during its functional 
life-time. 

Based on the results from the reference case calculations, it has been concluded that 
the water flow through the repository requires to be considered in the near-field 
transport calculations. The governing transport mechanism for the near-field release 
will therefore be advection-diffusion. 
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4 NEAR-FIELD RELEASE 

In this Chapter the release from the near-field of a LLW/lLW repository is 
discussed. One important objective of this study has been to develop a method for 
introducing the hydraulic flow-field into the solute transport calculations. Transport 
by advection and diffusion is presented and is based on the hydraulic flow-field in 
the near-field reference case in Chapter 5. 

All results are presented as fractional release rates, i.e. the annual amount of 
activity released from the repository divided by the initial inventory. The results are 
not presented for specific radionuclides but are valid for species with defined 
sorption characteristics in the barrier system. Decay is not considered here, but will 
be discussed in the next Chapter where radionuc1ide release is discussed. Including 
the decay means that a slight time delay in the fractional release may lead to a 
considerable decrease in the release rate of e.g. short-lived radionuclides. To obtain 
radionuclide release rates, the fractional release rates are treated with the SAFEST 
code (KARLSSON, HOGLUND, PERS 1986/, which superimposes the effects of 
radioactive decay, provided that all actinides and their daughters in the 
decay-chains have the same sorption characteristics. 

Another aim was to investigate the effects of an additional high quality hydraulic 
concrete barrier. Near-field solute transport by advection-diffusion is presented for 
the repository including this additional barrier. The sensitivity to assumed 
degradation rates of the concrete has also been studied. 

It has been shown in the previous Chapter that water flow through the repository 
cannot be ignored given the present understanding of the geological situation at the 
selected sites. In any case, for comparison reasons a case variation showing release 
by pure diffusion is presented in this report. This transport mechanism determined 
the near-field release in the 'Project Gewahr 1985' safety study (KARLSSON, 
HOGLUND, PERS 1986/, /NAGRA 1985b/. 

The effect of adopting a highly simplistic approach for the modelling of near-field 
release is shown in a case variation where a mixing-tank model has been applied to 
the present repository situation. 

The geological fonnations include fracture zones with expected high water flow 
rates. These zones may intersect the repository caverns and their effect on solute 
transport has been modelled as a plug-flow through a section of the repository 
intersected by such zones. 

The interaction between different areas in the near-field modelling is outlined in 
Figure 4.1. This Chapter restricts itself to the parts indicated by the shaded areas in 
the Figure. 
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Figure 4.1 Logical scheme for the near-field modelling. In this Chapter only 
the shaded areas related to calculation of the fractional release 
rates are treated. 

4.1 Mathematical. description of solute transport in the near-field 

Release from the LL WilL W repository has been calculated using different 
mathematical models. The models used for advective-diffusive transport, pure 
diffusive transport, plug-flow and mixing-tank release are described in 
mathematical terms. It should also be stated that the geometric data used in the 
different models are based on the repository dimensions given in section 2.2. 
However, for the plug-flow Inodel and the mixing-tank model the transport 
resistance in the engineered barriers has been disregarded. 

Advective-diffusive release 

The release of radionuclides from the near-field of the LLW /lLW repository has 
been calculated assuming two-dimensional advective-diffusive transport to be the 
governing mechanism. The calculations of water flow through the repository were 
performed with the TRUST computer program, as described in Chapter 3, and the 
flow-field resulting from these calculations has been used in the release calculations 
presented below. The release calculations were carried out with the computer 
progra111 TRUMP /EDWARDS 1969/. TRUMP accounts for effects such as: 
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time-dependent advective-diffusive transport in one, two or tlrree dimensions 
concentration-dependent or time-dependent diffusivities (time-dependent 
diffusivities in this study) 
concentration-dependent or time-dependent sorption coefficients (linear sorption 
isothelm, Kd-concept in this study. This concept includes the assumption that the 
sorption equilibria are instantaneous and reversible.) 
time-dependent advective flow rates (step-wise changes in this study) 
multiple porous materials 
solubility limits (only in Chapter 6) 
sinks and sources as a function of time (only in Chapter 6). 

TRUMP uses the integrated finite difference method to solve the 
advective-diffusive transport equation with the solute concentration in pore-water c 
as the dependent variable. Radioactive decay is not considered here but will be 
included in Chapter 5. In mathematical tenns: 

R ~t--V' [D V] D \7 01 e c + o' vC 

where: 

R = retention factor (concentration-independent)=£+(l-£)Kd· Ps [-] 
c = solute concentration in pore-water [kmol·m-3] 
t = time [s] 
De = effective diffusivity [m2 ·s-1J 
De = 

DW£()d 
~ 

Dw = diffusivity in unconfined water [m2 . s-l] 
£ = porosity of the porous material [m3 ·m-3] 
()d = constrictivity factor [-] 
Kd = distribution coefficient [m3 . kg-I] 
Ps = mineral density [kg·m-3] 
-c2 = tortuosity factor [-] 
Do = Darcy flow rate [ln3 . m-2· s-1] 
V = the nabla operator 

The first tenn on the right-hand side accounts for diffusive transport and the second 
tenn accounts for advective transport. 

The equation is solved in an integrated fonn over a small sub-domain: 

where: 

r = 
~ n = 
Do = 
cr = 

De = 
R = 
t = 
V = 

boundary surface of an element 

nonnal vector 
Darcy flow rate 
surface concentration 

effective diffusivity 
retention factor (concentration-independent) 
time 
volume of the element 

[m2] 

[-] 
[m3 . m-2· S-1] 

[kmol'm-3] 

[m2 . s-1] 
[-J 
[s] 

[ln3] 
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Possible initial and boundary conditions are: 
prescribed concentration at the boundary 
prescribed flux (only in Chapter 6) 
mass transfer rate proportional to surface concentration (not in this study) 
no-flow boundary 
prescribed initial concentration. 

Diffusive release 

The two-dimensional release by diffusion is calculated in the same way as 
advective-diffusive release, except that the water flow rates have been set to zero. 
The calculations were performed with the TRUMP computer program /BDW ARDS 
1969/, see also above. 

The release from the near-field by pure diffusion relies on the assumption that 
water flow through the repository is negligible. However, to justify this approach, 
the actual rate of transpol1 by diffusion and advection must be cOlnpared directly. 
Usually such a comparison is made by means of the Peclet number: 

where: 

U 0 = Darcy water velocity 
L = transport distance 
De = effective diffusivity 

[m3 . m~· s-l] 
[m] 

[m2 . s-1] 

For Peclet numbers below 1, diffusion dominates transport, while for Peclet 
numbers above 1 advection is the major transport tnechanisln. For a Peelet number 
below 0.01, advection through the repository can be ignored. 

Plug-flow 

The plug-flow release is based on the assulnption that dispersion by molecular 
diffusion and hydrodynamic dispersion can be disregarded. Such an assumption is 
valid for high Peclet numbers /LEVENSPIEL 1972/. 

In the plug-flow calculations, it has been assumed that the solutes are evenly 
distributed in the pore-water of the internal barriers in the repository, i.e. in the 
concrete waste matrices, waste packages and porous repository backfill material. 
Further, the transport tune in the liner has been disregarded. 

The definition of the equivalent pore-water volume, Veq, uleludes the sorption 
capacity of the barriers. For a given water flow rate, the fractional plug-flow release 
rate can be calculated. The definitions are given below. 

f = Q 
~ 

n 
Veq = L V r (£ &( 1-£ J . KdP s J 

i=1 
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where: 

f = 
1 = 
n = 
Q = 

Veq= 

V = 
E = 
Kd = 
Ps = 

the fractional plug-flow release rate 
i:th barrier 
number of barriers 
water flow rate through the internal 
barriers 
equivalent pore-volume, including sotption 
effects of internal barriers 
volume of internal barrier 
porosity 
distribution coefficient 
mineral density of concrete 

The time for complete plug-flow release is given by: 

T = I 

f 

Mixing-tank release 

[S-I] 

[m3] 

[m3] 

[m3 ·m-3] 
[m3 . kg-I] 
[kg·m-3] 

[s] 

For the mixing-tank release, the mass transfer resistance in the internal barriers, i.e. 
in the concrete waste Inatrices, waste packages and porous repository backfill 
material, has been disregarded. The mixing-tank model assUtnes that when a 
volume of groundwater enters the internal barriers, instantaneous mixing with the 
pore-water occurs. In addition, the pore-water and the solid Illaterial are assumed to 
be in equilibrium with reference to the sorption characteristics. The transport time 
in the liner has been disregarded. The fractional Inixing-tank release rate is given 
by: 

f = 

where: 

Q. 
~ 

-~.t 
e eq 

f = the fractional Inixing-tank release rate 
Q = water flow rate through the internal 

barriers 
Veq= equivalent pore-volume, including sotption effects 

of the internal barriers, see definition above 
= time 

[S-I] 

[S-I] 

[m3 . s-l] 

[m3] 

[s] 

The total fraction released (f) at a given tune is obtained by integrating the 
fractional release rate: 

-~.t 
f = l-e e q 

The equivalent water residence time ('t) is given by: 

[s] 
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4.2 Overview of calculations perfonned 

Reference case (FRJ) advective-diffusive release from the repository 
The advective-diffusive fractional release rates from the reference repository are 
presented for the following distribution coefficients; 0, 0.001, 0.01, 1.0 [m3 ·kg-i ]. 
Radioactive decay has not been considered in this Chapter. The hydraulic properties 
of the geological barriers correspond to Oberbauenstock with 'slnall fractures'. The 
results from the hydraulic reference case have been used in the calculation. 

Case variation (FR2) showing the effect of an additional high quality hydraulic 
concrete barrier 
The advective-diffusive fractional release rates are presented for a repository with a 
0.3 metre-thick additional high quality hydraulic barrier. The hydraulic properties 
of the geological barriers correspond to Oberbauenstock with 'slnall fractures'. The 
fractional release rates are presented for the following distribution coefficients; 0, 
0.001, 0.01, 1.0 [m3 ·kg-i ]. The results from the hydraulic case variation 2a-c have 
been used in the calculations. Radioactive decay is not considered. 

Case variation (PR3) showing the effect of an additional high quality hydraulic 
concrete barrier if early degradation of the concrete occurs 
The advective-diffusive fractional release rates are presented for a repository with 
an additional high quality hydraulic barrier, but with an increased degradation rate 
for the concrete barriers. This calculation has been perfonned to determine whether 
release from a repository with a high quality hydraulic barrier but with earlier 
degradation of all barriers results in higher release than from a repository without 
the high quality barrier but with normal de gradation. 

Case variation (FR4) showing the effect of an additional high quality hydraulic 
concrete barrier if concrete degradation is delayed 
The advective-diffusive fractional release rates are presented for a repository with 
an additional high quality hydraulic barrier but with a decreased degradation rate 
for all concrete barriers. The degradation rate of the concrete barriers could be 
expected to decrease as an effect of the decreased water flow through the repository 
resulting from the introduction of the additional hydraulic barrier, see Chapter 3. 

Case variation (FRS), diffusive release 
The purely diffusive fractional release rates are presented for a repository with an 
additional high quality hydraulic barrier. 

Case variation (FR6), plug-flow 
The fractional release rates from a repository section intercepted by a fractured 
zone in the rock is calculated with a plug-flow model. 

Case variation (FR7), mixing-tank 
The fractional release rates from the reference repository are calculated with a 
mixing-tank model. 
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Table 4.1 Overview of near-field fractional release calculations perfonned. 

Case 

FRI 
FR2 
FR3 
FR4 
FRS 
FR6 
FR7 

Geology1) 

K [m· S-1] 

4.10-10 

4.10-10 

4.10-10 

4.10-10 

low 
1· 10-8 
4.10-10 

High quality 
barrier 

present 
present 
present 
present 

1) Hydraulic conductivity 

Barrier2) 

properties 

F/OID 
F/OID 
OlD 
F/OID 
F/OID 
n.a3) 
n.a3) 

2) F=FRESH, O=OLD, D=DEGRADED 

Hydraulic 
case 

la--c 
2a--c 
2b-c 
2a--c 

18a-b 
la--c 

3) Not applicable for the assulned transport mechanism 

Transport 
mechanism 

advection-diffusion 
advection-diffusion 
advection-diffusion 
advection-diffusion 
diffusion 
plug-flow 
mixing -tank 

4.3 Reference case, advective-diffusive release from the repository (FRl) 

Conceptual model 

The reference case describes advective-diffusive release from the repository. The 
hydraulic flow-field from the reference case presented in Chapter 3, corresponding 
to the Oberbauenstock host rock with 'slnall fractures', has been used in the 
calculations. A schematic picture of the transport mechanisms, major transport 
paths and different engineered barriers accounted for in the calculations is presented 
in Figure 4.2. 

The function of the different near-field barriers is described in Chapter 2. For 
convenience, a short description of the repository barriers considered in this 
calculation is included below: 

waste matrix material (standard waste conditioned in concrete) 
waste packages, namely a non-contaminated inner lining of concrete in steel 
drums, or concrete containers. (The barrier effect of the steel drums has been 
disregarded in the calculations) 
repository backfill material (highly porous concrete) 
mechanical support lining (reinforced construction concrete). 

Initial and boundary conditions 

The model domain used in the calculations is identical to that used in the hydraulic 
reference case calculations. Prescribed zero concentration boundary conditions are 
assulned two metres out into the host rock on all sides. The vertical section across 
the centre of the repository cavern has been assigned a no-flow boundary due to 
symmetry. Unifonn pore-water concentrations in the waste matrices are prescribed 
as initial conditions. The initial and boundary conditions are shown in Figure 4.3. 
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Figure 4.2 

Figure 4.3 
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Schematic representation of the transport mechanisms, pathways 
and· engineered barriers considered in the calculation of 
advective-diffusive release from the near-field. 
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Model domain used in the reference case calculation of near-field 
release. The initial and boundary conditions are shown. 
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Input data 

The selection of geometric data, barrier material properties and host rock properties 
is not discussed here but is presented elsewhere in this report. Data used and 
references to relevant information are given in Table 4.2. 

The hydraulic flow-field in the repository corresponds to the near-field hydraulic 
reference case presented in section 3.4, e.g. Figures 3.5 and 3.6. The steady-state 
water flow rates determined for each separate node for FRESH, OLD, and 
DEGRADED concrete have been used in the near-field calculations. The flow-field 
in FRESH concrete barriers has been used during the first 100 years, that in OLD 
concrete barriers between 100 and 5 000 years and thereafter that in DEGRADED 
concrete barriers. 

Table 4.2 Data used in the advective-diffusive release reference case 
calculation. 

GEOMETRIC DATA 
Dimensions assumed for the 

technical barriers 
Model domain 

HOST ROCK PROPERTIES 
Hydraulic conductivity 
Gradient 

BARRIER MATERIAL PROPERTIES 
Hydraulic conductivities 
Effective diffusivities 
Porosities 
Bulk densities 

Table 3.3 

Figure 4.3 

4.10-10 

1.0 

Table 2.6, Figure 2.18 
Table 2.6, Figure 2.19 
Table 2.6 
Table 2.6 

[In· s-l] 
[m·m-1] 

Distribution coefficients 1) 0,0.001,0.01, 1 [m3 . kg-I] 

HYDRAULIC FLOW-FIELD 
0-100 yr (FRESH) 
100-5 000 (OLD) 
>5 000 (DEGRADED) 

Hydraulic case I a 

Hydraulic case 1 b 

Hydraulic case Ie 

1) Values selected are those corresponding to the maximum and minimum 
limits of the ranges of distribution coefficients assumed for different 
radionuclides, see section 2.3 .. 

Results 

The near-field release rates for the reference case calculations are presented below. 
The results are presented in different ways: 

tabulated maximum fractional release rates (Table 4.3) 
fractional release rates plotted as a function of time (Figure 4.4) 
isoconcentration lines plotted as a function of tune to show the release of solutes 
from the near-field (Figure 4.5) 
the amounts of solutes in the different barriers and the amounts released from 
the repository plotted as a function of tJrne (Figure 4.6). 
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The release is very much dependent on sorption in the barriers. This is shown in 
Table 4.3 where the maximum fractional release rates and times for maximum 
releases are presented for different distribution coefficients. 

The fractional release rates as a function of time are given in Figure 4.4. The 
step-wise changes in the hydraulic conductivity at 100 and 5000 years can be seen 
as transient distortions of the release curves in the Figure. 

Table 4.3 

Case 

FR1 

The maximum fractional release rates and the time for maximum 
release for the advective-diffusive reference case (FRl). 

Kd-value Maximum fractional Time 
release rate 

[m3 ·kg-l] [a-I] [a] 

0 6.5·10--3 120 
0.001 1.1· 10--3 600 
0.01 1.5·10-4 5000 
1.0 1.5·1()-6 300000 

Fractional release rate 

-2 ~----------------------------------------------------~ 
10 

-3 
10 

-4 
10 

-5 
10 

Kd=1. 

_7L---------~----------~----~--~------~~L---------~ 
10

101 

Figure 4.4 

10 2 10 3 10
4 

Time (0) 

Fractional release rates for the advective-diffusive near-field 
reference case (FR1). The effects of different distribution 
coefficients are shown. 
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To show the release of solutes from the concrete repository barriers, the 
time-instant concentration profiles nonnalised to the initial concentration in the 
waste matrix at three different times have been plotted in Figure 4.5. The main 
gradient for the water flow is vertical, and downwards oriented and the 
concentration spreading in the downstream directions can be seen in the Figure. 
The apparent fingering effects in the porous backfill between the waste packages 
caused by the higher water flow rate in this barrier should also be noted. 

time=50 a 

MAX=34% 

time=200 a 
MAX = 157. 

time=400 a 

MAX=O.4% 

18.0......-----------, 18.0......----------, 18.0,-----------, 

G 

Figure 4.5 

/ V 
~ 

percent of 
initial concentration 

A=30% 

8=207-

C=10% 

0= 5% 

E= 1% 

F= 0.1% 

G= 0.01% 

Isoconcentration lines at three different times for the near-field 
release reference case for a distribution coefficient of 0 [m3 . kg-IJ 
(FRl). Units for the isoconcentration lines are nonnalised to initial 
concentration in the waste matrix. (' MAX' lneans the maximum 
concentration in the net at the present time is x % of the initial 
concentration at time zero). 

To show the importance of the individual near-field barriers as well as the overall 
perfonnance of the near-field, the tune-dependent distribution of solutes between 
different barriers and between repository structures and surrounding rock have been 
plotted for two distribution coefficients (Kd=O and Kd=O.Ol In3 . kg-I) in Figure 4.6. 
As can be seen in the Figure, the amounts released or leached out at different times 
are very much dependent on the distribution coefficient. In the beginning, all 
activity is contained in the waste matrices. For non-sorbed solutes (Kd=O m3 . kg-I), 
50% or more of the initial activity is contained in the repository barriers during the 
the first 150 years. During the SaIne time, altnost cOlnplete containment is obtained 
for a distribution coefficient of 0.01 [m3 . kg-I]. For the latter distribution 
coefficient, 500/0 or more will be contained in the waste repository for about 5500 
years. 
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Figure 4.6 Distribution of solutes between different near-field barriers as a 
function of time for distribution coefficients of 0 and 0.01 
[m3 . kg-l] respectively (FRJ). The amount of solutes released froln 
the near-field to the surrounding rock is also indicated. 

4.4 Case variation showing the effect of an additional high quality 
hydraulic concrete barrier (FR2) 

Conceptual model 

This case variation shows the effect of an additional high quality hydraulic barrier. 
COlnpared with the reference case, a 0.3 metre thick high quality barrier has been 
included inside the Inechanical support lining of the cavern. The high quality of this 
barrier is only foreseen during a limited tilne period, since degradation is also 
assumed to start after 50 years for this barrier. The model domain used is identical 
to that used in the hydraulic case variation 2a-c, from which the hydraulic 
flow-fields have been selected. 

Initial and boundary conditions 

The initial and boundary conditions are identical to those used in the reference 
case calculations. 
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Input data 

The selection of geometric data, barrier material properties and host rock properties 
is not discussed here but is presented elsewhere in this report. Data used and 
references to relevant information are given in Table 4.4. 

Table 4.4 Data used in the case variation showing the effect of an additional 
high quality hydraulic barrier (FR2). 

GEOMETRIC DATA 
Dimensions assumed for the 
technical barriers 
Model domain 

HOST ROCK PROPERTIES 
Hydraulic conductivity 
Gradient 

BARRIER MATERIAL PROPERTIES 
Hydraulic conductivities 
Effective diffusivities 
Porosities 
Solid densities 
Distribution coefficients 1) 

HYDRAULIC FLOW-FIELD 
0-100 yr (FRESH) 
100-5 000 yr (OLD) 
>5 000 yr (DEGRADED) 

Table 3.6 

Figure 3.7 

4.10-10 

1.0 

Table 2.6, Figure 2.18 
Table 2.6, Figure 2.19 
Table 2.6 
Table 2.6 
0,0.001, 0.01, 1 

Hydraulic case 2a 
Hydraulic case 2b 
Hydraulic case 2c 

[m· s-I] 
[m·m-I ] 

[m3 . kg-I] 

1) Values selected are those corresponding to the maximum and mmunum 
limits of the ranges of distribution coefficients assunled for different 
radionuclides, see section 2.3. 

Results 

The results are presented in different ways: 

tabul ated maximum fractional release rates (Table 4.5) 
fractional release rates plotted as a function of time (Figure 4.7) 
the amount of solutes in the different barriers and the anlounts released frOln the 
repository plotted as a function of tune (Figure 4.8). 

The additional high quality barrier has the most significant effect on the release of 
solutes with low sorption in the concrete barriers. The lnain reason for this is the 
lnnited time period for which this barrier has a significantly higher quality 
compared with the other barriers. During this limited time period, however, the 
release of solutes is delayed and the maximum release rates are decreased. It should 
also be noted that the calculated maximum release rates for the two distribution 
coefficients of 0 and 0.01 [ln3 . kg-I] coincide in time with the step-wise changes in 
the hydraulic flow-field assumed at 100 and 5000 years respectively, see Figure 4.8. 
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The amount of solutes in the different barriers, as presented in Figure 4.8, gives an 
idea of the itnportance of the additional barrier. For solutes with a distribution 
coefficient of 0 [m3 . kg-I], SO% of the initial inventory is released during the first 
200 years, the same amount being released after ISO years in the reference case. 
For solutes with a distribution coefficient of 0.01 [m3 . kg-I], SO% is released after 
7000 years, to be compared with 5500 years for the reference case. The 
implications of the additional barrier for radionuc1ide release, also taking into 
account the effect of radioactive decay, are discussed in Chapter S. 

Table 4.S 

Case 

FR2 

The maximum fractional release rates and the time for maximum 
release for the case variation showing the effect of an additional 
hydraulic concrete barrier (FR2). 

Kd-value Maximum fractional Time 
release rate 

[m3 . kg-I] [a-I] [a] 

0 5.S ·10~ 160 
0.001 8.0·10-4 700 
0.01 l.S ·10-4 5600 
l.0 1.5·10-6 300000 

Fractional release rate 

-2 ~----------------------------------------------------~ 
10 

-4 
10 

-5 
10 

Figure 4.7 
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without HQ-barrier 
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Fractional release rates for the advective-diffusive near-field case 
variation showing the effect of an additional hydraulic concrete 
barrier (FR2). The fractional release rates for the reference case 
are also indicated for comparison purposes. 
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0.9 0.9 
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Figure 4.8 Distribution of solutes between different near-field barriers as a 
function of time for distribution coefficients of 0 and 0.01 
[tn3 . kg-I] respectively (FR2, showing the effect of a high quality 
barrier). The amount of solutes released from the near-field to the 
surrounding rock is also indicated. 

4.5 Case variation showing the effect of an additional high quality 
hydraulic concrete barrier if early degradation of the concrete occurs 
(FR3) 

Conceptual model 

The sensitivity of radionuclide release rates to the assulned rate of barrier 
degradation is discussed in this section. It has been shown in the previous case 
variation (FR.2) that an additional high quality barrier would unprove the overall 
performance of the repository. The aim of the calculations for this case variation 
(FR.3) is to investigate whether, in case of early degradation of the concrete 
barriers, the additional barrier would still itnprove the overall repository 
performance as compared with the reference case (FR.l). 

In these calculations the properties of all the barriers have been assumed to 
correspond to those of OLD concrete at the titne for repository closure. The 
degradation rates are shown in Figures 4.9 and 4.10, where the changes in the 
effective diffusivity and hydraulic conductivity as a function of tune are plotted. 
The model domain is identical to that used in the hydraulic case variation 2 b--{; , 

from which the hydraulic flow-fields have been selected. 
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Initial and boundary conditions 

The initial and boundary conditions are identical to those used in the reference case 
calculations. 

Input data 

Table 4.6 Data used in the case variation showing the effect of an additional 
high quality hydraulic barrier if early degradation of the concrete 
occurs (FR3). 

GEOMETRIC DAT.A 
Dimensions assumed for the 
teclmical barriers 
Model domain 

HOST ROCK PROPERTIES 
Hydraulic conductivity 
Gradient 

BARRIER MATERIAL PROPERTIES 
Hydraulic conductivities 
Effective diffusivities 
Porosities 
Solid densities 
Distribution coefficients 1) 

HYDRAULIC FLOW-FIELD 
0-5 000 yr (OLD) 
5 000- yr (DEGRADED) 

Table 3.6 

Figure 3.7 

4.10-10 

1.0 

Table 2.6, Figure 4.9 
Table 2.6, Figure 4.10 
Table 2.6 
Table 2.6 
0,0.001 

Hydraulic case 2b 
Hydraulic case 2c 

[In· s-I] 
[m·m-I ] 

[m3 . kg-I] 

1) Values selected are those corresponding to the maxitnum and mmunum 
limits of the ranges of distribution coefficients assumed for different 
radionuclides, see section 2.3. The effects to be studied in this section can 
be expected to be most pronounced for the selected values. 
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Figure 4.10 Effective diffusivities in the different barriers as a function of 
time, assuming early degradation (FR3). 
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Results 

The fractional release rates from the repository for case variation FR3 are presented 
in Figure 4.11 and Table 4.7. The results show that, if early degradation is assumed, 
and an additional barrier is present, the tnaximum release rates can still be expected 
to occur at an earlier time than in the reference case. The calculated maximum 
release rates are, however, lower than in the reference case. For non-sorbed solutes 
(distribution coefficient of 0 [tn3 . kg-I]), the Inaxitnum release rates are observed at 
90 years compared with 120 years in the reference case. For a distribution 
coefficient of 0.001 [m3 . kg-I], the maximum release rates are observed at 600 
years, which is equivalent to the reference case. When comparing case FR3 with 
the reference case, it should be noted that a relatively high release rate is obtained 
for non-sorbed solutes in the reference case, corresponding to a pronounced peak 
shortly after 100 years due to the step-wise changes assumed for hydraulic 
conductivities at this time. Except for this peak, the release rate would be lower in 
the reference case than in case variation FR3. 

Table 4.7 

Case 

FR3 

The maximum fractional release rates and the times for maximum 
releases for the case variation showing the effect of earlier 
de gradation (FR3) 

Kd-value Maxunum fractional Time 
release rate 

[m3 . kg-I] [a-I] [a] 

0 5.6·10-3 90 
0.001 8.0 ·10-4 600 
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Figure 4.11 Fractional release rates for the advective-diffusive near-field case 
variation showing the effect of earlier degradation of the concrete 
barriers (FR3). The fractional release rates for the reference case 
are also indicated for comparison purposes. 

4.6 Case variation showin&-the effect of an additional high quality 
hydraulic concrete barrier if concrete degradation is delayed (FR4) 

Conceptual model 

As described in section 2.3.3, the amount of water flowing through the concrete 
barriers influences the degradation rate of these barriers. It has been shown in 
section 3.5 that the introduction of an additional high quality hydraulic barrier 
decreases the water flow through all near-field barriers. This Inight therefore imply 
delayed degradation of the concrete barriers. A rough estimate would be a delay of 
a few hundred years. 

The delay of degradation due to introduction of the high quality hydraulic barrier 
has been estiInated roughly by conlparing the amount of water flowing through the 
barriers with and without the additional barrier. For the reference case, the 
hydraulic conductivities have been assumed to change at 100 years; at which titne 
approximately 1.3 [m3] of water has passed through a one-metre section of the 
repository. The srune runount of water will pass through the repository in 280 years 
with a high quality barrier present. This gives a rough basis for assuming a 
step-wise change in hydraulic conductivities from those of FRESH to OLD concrete 
at 300 years. Likewise, the effective diffusivity begins to change from FRESH at 
300 years and reaches the properties of OLD concrete at 5 000 years, see Figures 
4.12 and 4.13. The model domain is identical to that used in the hydraulic case 
variation 2a-c, froln which the hydraulic flow-fields have been selected. 
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Initial and boundary conditions 

The initial and boundary conditions are identical to those used in the reference case 
calculations. 

Input data 

The selection of geometric data, barrier material properties and host rock properties 
is not discussed here but is presented elsewhere in this report. Data used and 
references to relevant information are given in Table 4.8. 

Table 4.8 Data used in the case variation showing the effect of delayed 
barrier degradation (FR4) 

GEOMETRIC DATA 
Dimensions assumed for the 

technical barriers 
Model domain 

HOST ROCK PROPERTIES 
Hydraulic conductivity 
Gradient 

BARRIER MATERIAL PROPERTIES 
Hydraulic conductivities 
Effective diffusivities 
Porosities 
Solid densities 
Distribution coefficients 1) 

HYDRAULIC FLOW-FIELD 
0-300 yr 
300-5 000 yr 
>5 000 yr 

Table 3.6 

Figure 3.7 

4.10-10 

1.0 

Table 2.6, Figure 4.12 
Table 2.6, Figure 4.13 
Table 2.6 
Table 2.6 
0,0.001 

Hydraulic case 2a 
Hydraulic case 2b 
Hydraulic case 2c 

[m· s-1] 
[m·m-I] 

1) Values selected are those corresponding to the maxitnum and mmtmuln 
limits of the ranges of distribution coefficients assumed for different 
radionuc1ides, see section 2.3. The effects to be studied in this section can 
be expected to be most pronounced for the selected values. 
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Effective diffusivities in the different barriers as a function of 
time, assuming delayed degradation (FR4). 
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Results 

For non-sorbed solutes (distribution coefficient of 0 [m3 . kg-t]) , the maximum 
release is delayed froln 120 to 320 years and the maximum fractional release rate is 
decreased by 25 % compared with the reference case. The maxitnum release of 
solutes with a distribution coefficient of 0.001 [m3 . kg-I] is delayed from 600 to 
900 years and the maxitnum release rate will decrease by 30% compared with the 
reference case. For solutes with. stronger sorption in the barriers, the effects of 
delayed degradation during the early period will be less pronounced. 

Table 4.9 

Case 

FR4 

The maximum fractional release rates and the times for maximum 
releases for the case variation showing the effect of delayed 
degradation (FR4). 

Kd-value Maximum fractional Titne 
rele ase rate 

[In3 . kg-I] [a-I] [a] 

0 4.9.10-3 320 
0.001 7.7 ·10-4 900 

Fractional release rate 
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Fractional release rates for the advective-diffusive near-field case 
variation showing the effect of delayed degradation of the concrete 
barriers (FR4). The fractional release rates for the reference case 
are also indicated for comparison purposes. 
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4.7 Case variation, diffusive release (FRS) 

It was shown in Chapter 3 that water flow through a repository situated in a 
geological fonnation with rock properties corresponding to the Oberbauenstock 
'small fractures' flow system cannot be disregarded. For comparison purposes, 
release by pure diffusion from a repository with an additional high quality hydraulic 
barrier is presented here. The repository with the additional high quality barrier was 
selected since a low-flow situation in the barriers is more probable in such a barrier 
system. A near-field release detennined by diffusive transport could also be 
applicable to a host rock with low hydraulic conductivity and low hydraulic 
gradients. It lnight also be pointed out that solute transport by pure diffusion in the 
near-field was selected as the reference ~~se in the safety study in 'Project Gewahr 
1985' /NAGRA 1985b/, /KARLSSON, HOGLUND, PERS 1986/. 

Figure 4.15 

Barriers i 
1 lining 

2 backfill 

3 package 

I 
2 311 I 4 matrix -4 - - - - .... 

, advection .. 

diffusion - --... 

Schematic representation of the model for diffusive release from 
the near-field. 

Conceptual model 

Release has been assumed to take place exclusively by diffusive transport in the 
waste matrices and other near-field barriers. No groundwater flow through the 
repository has been assumed. A schematic representation of the major transport 
paths and the barriers considered is given in Figure 4.15. The 1110del domain used is 
identical to that used in the advective-diffusive case variations where the additional 
high quality hydraulic barrier is present (FR2). The same barrier properties have 
been assulned as for the case variation (FR2) showing the effect of an additional 
barrier. The pore-water concentrations in the waste matrices have been prescribed 
as initial conditions. Two Illetres of rock have been included in the lnodel domain. 
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Outside these two metres, a zero concentration boundary condition has been 
applied. As the host rock has been assumed to have a low hydraulic conductivity 
and low gradients, the advection in the host rock has been disregarded compared 
with the diffusive transport in this region. 

Input data 

The selection of geometric data, barrier material properties and host rock properties 
is not discussed here but is presented elsewhere in this report. Data used and 
references to relevant information are given in Table 4.10. 

Table 4.10 Data used in the diffusive release calculations (FR5). 

GEOMETRIC DATA 
Dimensions assumed for the 
technical barriers 
Model domain 

HOST ROCK PROPERTIES 
Hydraulic conductivity 
Gradient 
Effective diffusivity 
Porosity 

BARRIER MATERIAL PROPERTIES 
Hydraulic conductivities 
Effective diffusivities 
Porosities 
Solid densities 
Distribution coefficients 

Results 

Table 3.6 

Figure 3.7 

low 
low 
3.10-11 

0.03 

Table 2.6 Figure 2.19 
Table 2.6 
Table 2.6 
0,0.01 

The results are presented in three different ways: 

tabulated maximum fractional release rates (Table 4.11) 
time-dependent fractional release rates (Figure 4.16) 

[m2 . s-l] 
[ln3 'In-3] 

[tn3 • kg-I] 

fractional amount released from the repository and the fractional amount still 
contained in the concrete barriers as function of time (Figure 4.17). 

Table 4.11 gives the maximum fractional release rates and the times for maximum 
releases by diffusion. 

In Figure 4.16, the fractional releases are plotted as a function of time for two 
examples (Kd=O and 0.01 m3 . kg-i). As in the advective-ififfusive reference case, 
the concrete barriers have been assumed to be gradually degraded. 
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Release has been found to be delayed compared with the advective-diffusive 
reference case. The time for the maxunum release rates is delayed from 120 to 600 
years for non-sorbed solutes (Kd=O m3 . kg-I) and from 5000 to 8000 years for 
solutes with a distribution coefficient of 0.01 [tn3 . kg-I]. The maximum fractional 
release rates for non-sorbed solutes are decreased by 95% compared with the 
reference case. For solutes with a distribution coefficient of 0.01 [m3 . kg-I], the 
maximum fractional release rates are decrease by 90% compared with the reference 
case. 

The fractions of solutes in the different barriers and the total fraction released from 
the repository as a function of time are given in Figure 4.17 for non-sorbed solutes. 
The results show that for diffusive release of non-sorbed solutes, 50% or more of 
the initial inventory will be contained in the waste matrix and waste package 
tnaterials during the first 100 years. It can further be concluded that, after 2000 
years, approximately 50% of the initial content will have been released from the 
near-field barriers. 

Table 4.11 

Case 

FR5 

The maxunum fractional release rates and the corresponding times 
for maxunutn releases Ul the diffusive transport calculations 
(FRS). 

Kd-value Maximum fractional Time 
release rate 

[m3 ·kg-l] [a-I] [a] 

0 3.5 ·104 600 
0.01 1.5.10-5 8000 

Fractional release rate 
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Fractional release rates for the diffusive near-field case variation 
(FR5). The fractional release rates for the reference case are also 
indicated for comparison purposes. 
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Figure 4.17 Distribution of solutes between different near-field barriers as a 
function of time for non-sorbed solutes (Kd = 0 m3 . kg-!) (FR5). 
The amount of solutes released froln the near-field to the 
surrounding rock is also indicated. 

4.8 Case variation. plug-flow calculations (FR6) 

The host rock is characterised by zones of enhanced penneability, e.g. 'fracture 
zones', and it is possible that parts of the repository may intersect zones of this 
type. As a case variation the release from a section of the repository situated in a 
'fracture zone' is calculated with a simplified plug-flow model. 

The plug-flow calculations are based on a series of assumptions which are only 
partly consistent with the assumptions made for the calculations presented 
elsewhere in this report. Of particular importance is the fact that the plug-flow 
model (which disregards diffusion) has been applied to flow situations where 
diffusive transport has been found to be of importance in other calculations. 
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Conceptual model 

Release takes place via water flow through the waste pile and backfill concrete. 
The water flow rates through the repository are selected frotn hydraulic calculations 
perfonned for a host rock with a conductivity of 1·1()-8 [m· s-l] and a gradient of 
0.7 [m·m-1]. The water flow is calculated for the simplified model domain, i.e. a 
repository with a homogeneous interior, see Chapter 3. The high quality hydraulic 
barrier is not present. Instantaneous and reversible sorption by the barrier materials 
has been assumed. Sorption has been accounted for by defining an equivalent 
pore-water volume, see section 4.1. The equivalent pore-water volume, also 
denoted the barrier capacity, is illustrated for different distribution coefficients in 
section 2.3.7, Table 2.7. The transport time in the lining has been disregarded in the 
calculations. 

A schematic representation of the model for release by plug-flow is given in Figure 
4.18. 

Barriers 
1 fining (not cOnl,idered) 

- - - - -
1 1 

2 backfill 2+3+4-
3 package 

... matrix 

, 

- - ~ - -L water flow .. 

Figure 4.18 Schematic representation of the model for release by plug-flow 
from the near-field. 

Input data 

The selection of geometric data, barrier material properties and host rock properties 
is not discussed here but is presented elsewhere in tIus report. Data used and 
references to relevant infonnation are given in Table 4.12. 
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Table 4.12 Data used in the plug-flow calculations. 

GEOMETRIC DATA 
Equivalent pore water volume 
Barriers accounted for 

HOST ROCK PROPERTIES 
Hydraulic conductivity 
Gradient 

Table 2.7 
matrix, packages, backfill 

1·1()-8 
0.7 

BARRIER MATERIAL PROPERTIES 
Total water flow rate in repository barriers: 

FRESH concrete 
(hydraulic case 18 J 

OLD concrete 
(hydraulic case 18b) 

Distribution coefficients 

Results 

3.7 ·10-9 

9.5 ·10-9 
0,0.001,0.01,1.0 

Results will be presented for three different calculations: 

[m· s-l] 
[m·m-1] 

[m3 . s-l· m-1] 

[m3 . s-l· m-1] 
[m3 . kg-I] 

change in the barrier properties from FRESH to OLD after 100 years, which 
means that the water flow rate through the repository will also change at this 
time (FR6-1). 

- the barrier properties are those of FRESH concrete during the whole calculation 
(FR6-2). 
the barrier properties are those of OLD concrete during the whole calculation 
(FR6-3). 

Table 4.13 and Figure 4.19 presents the maximum fractional release rates 
calculated for the plug-flow release. 

The maximum fractional release rates for case variation (FR6-1) are obtained after 
100 years, due to the change from FRESH to OLD data. The maximum release 
rates are increased by 13-25% compared with the reference case. 

The fractional release rates for FRESH data (FR6-2) are decreased by 50-55% 
compared with the reference case whereas, for OLD data, the fractional release 
rates are increased by 13-25% compared with the reference case. 

The time for complete release of solutes from the near-field by plug-flow is less 
than 200 years for Kd=O [m3 . kg-I], compared to about 350 years for the 
advective-diffusive reference case. 
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Table 4.13 Maximum fractional release rates and times for complete releases 
for the plug-flow calculations (FR6). 

Kd-value Equivalent Maximum Time for 
pore-volume fractional complete 

release rate release 
[m3 . kg-I] [m3] [a-I] [a] 

FR6-1 0 36.2 8.1·1<r3 184 
0.001 204 1.4 ·1<r3 779 
0.01 1 760 1.7 ·104 6 1331) 

1.0 173 000 1.7·1()-{> 6000001) 

FR6-2 0 36.2 3.2·10-3 311 
0.001 204 5.6·104 1 800 
0.01 1 760 6.6·10~ 15200 
1.0 173 000 6.7.10-7 1 500000 

FR6-3 0 36.2 8.1·1<r3 124 
0.001 204 1.4·1<r3 719 
0.01 1 760 1.7 ·10-4 6073 
1.0 173 000 1.7 ·10-6 600000 

1) Not accounting for an additional degradation step at 5000 years according to 
Figure 3.3 in Chapter 3. 

Fractional release rate 

-2~--------------------------------------------~ 
10 

Figure 4.19 

102 
TIme (a) 

Fractional release rates for the plug-flow case vanatIons 
(FR6-1,FR6-2,FR6-3) for distribution coefficients of 0 and 0.001 
[m3 . kg-I]. 
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4.9 Case variation, mixing-tank calculations (FR7) 

In this section, the release from the near-field has been calculated with a 
mixing-tank: Inodel. For comparison purposes, and as an example of different 
modelling approaches, this model has been applied to the repository situation which 
fonns the basis for the advective-diffusive reference case calculations. 

The mixing-tank: calculations are based on a series of assumptions which are only 
partl y consistent with the assumptions nlade for the calculations presented 
elsewhere in this report. 

A mixing-tank: model may be applicable to a structure without any internal 
resistance to mass transfer. For a repository cavern completely filled with different 
concrete materials, on the other hand, a mixing-tank Inodel would hardly be 
appropriate. 

Conceptual model 

In the nlixing-tank release model, it has been assumed that all water entering the 
internal barriers of the repository, i.e. waste matrices, waste packages and porous 
backfill (all assulned to be concrete materials) is completely and instantaneously 
mixed with the contaminated pore-water. Sorption has been accounted for by 
defining an equivalent pore-water volume, Veq, see section 4.1. The sorption has 
been assumed to be instantaneous and reversible. 

The water flow rates are those obtained from the near-field hydraulic reference case 
calculations (1 a-c), see Chapter 3. Results for three stages of degradation of the 
concrete barriers (FRESH, OLD, DEGRADED) have been adopted in the present 
calculations to represent the water flow in the repository during different time 
periods. The transport time in the nlechanical barriers has been disregarded. 

A schematic representation of the model for release from a mixing-tank, as well as 
the barriers considered, is given in Figure 4.20. 
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Barriers 
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3 package 2+3+4 
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Figure 4.20 Schematic representation of the model for the mixing-tank release 
from the near-field. 

Input data 

The selection of geometric data, barrier material properties and host rock properties 
is not discussed here but is presented elsewhere in this report. Data used and 
references to relevant information are given in Table 4.14. 

Table 4.14 Data used in the mixing-tank release calculations. 

GEOMETRIC DATA 
Equivalent pore-water volume 
Barriers considered 

HOST ROCK PROPERTIES 
Hydraulic conductivity 
Gradient 

BARRlER MATERIAL PROPERTIES 
Total water flow rate per metre repository: 

FRESH (Hydraulic Case 1 J 
OLD (Hydraulic Case 1b) 

DEGRADED (Hydraulic Case 1 c) 
Distribution coefficients 

Table 2.7 
matrix, packages, backfill 

4.10-10 

1.0 

4.2·10-9 
7.5·1()-9 

9.2·10-9 
0,0.001, 
0.01, 1.0 

[In· s-l] 
[m·m-1] 

[m3 . s-1. m-1] 
[m3 . s-l. m-1] 
[In3 . s-1· m-1] 



NAGRA NTB 88-42 -109 -

Results 

Resul ts will be presented for different calculations: 
In the first case it has been assumed that the barrier properties change from 
FRESH to OLD after 100 years and from OLD to DEGRADED after 5 000 
years. This means that the water flow rate through the repository will change 
twice (FR7-1). 
In the second case the barrier properties are those of FRESH concrete during the 
whole calculation (FR7-2). 
In the third case the barrier properties are those of OLD concrete during the 
whole calculation (FR7-3). 
In the fourth case the barrier properties are those of DEGRADED concrete 
during the whole calculation. This corresponds to a more conservative situation 
(FR7-4). 

The results of the four calculations are presented as maximum fractional release 
rates in Table 4.15. The Table also gives the time for release of 90% of the initial 
inventory, 't90, and the equivalent pore-water volume, Ve' In addition, the 
fractional release as a function of tune is presented in Figure 4.21 for solutes with 
distribution coefficients of 0 and 0.01 [m3 ·kg-lJ for the case variation (FR7-1), 
assuming step-wise changes in the barrier properties at 100 and 5 000 years. The 
fraction of solutes in the repository barriers and the total fraction released from the 
repository as a function of time are given in Figure 4.22 for non-sorbed solutes. 

Table 4.15 

Case 

STEP-WISE 
CHANGESl) 
(PR7-1) 

FRESH2) 
(FR7-2) 

OLD3) 
(FR7-3) 

DEGRADEI)4) 
(FR7-4) 

MaxllnUln fractional release rates and times for release of 900/0 of 
the initial inventory 't90, for the mixing-tank calculations (FR 7). 

Kd-value Equivalent MaximUln 't90 
pore-water fractional 
volume release rate 

[m3 . kg-I] [m3] [a-I] [a] 

0 36.2 4.5.10-3 400 
0.001 204 1.0·10~ 1900 
0.01 1760 1.4 ·104 2·104 
1.0 1.73.105 1.6·1~ 2.106 

0 36.2 3.7.10-3 650 
0.001 204 6.4·10-4 3500 
0.01 1760 7.5 ·10-5 3 ·104 
1.0 1.73.105 7.6.10-7 3.106 

0 36.2 6.4·l0~ 370 
0.001 204 1.2.10-3 2000 
0.01 1760 1.4·10-4 2·104 
1.0 1.73.105 1.4·10-6 2.106 

0 36.2 7.5.10-3 300 
0.001 204 1.4.10-3 1800 
0.01 1760 1.6 ·10-4 2·104 
1.0 1.73.105 1.6 ·10-6 2.106 

The water flow through internal barriers is based on the following hydrology 
calculations: 1) 0-100 yr Case 1 a, 100-5 000 yr Case 1 b, > 5 000 yr Case 1 e, 

2) Hydraulic case la, 3) Hydraulic case I b , 4) Hydraulic case Ie 
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Maximum fractional release rates from the near-field as a function 
of time calculated with the mixing-tank: model (FR7-1). The 
fractional release rates for the reference case are indicated for 
comparison pwposes. 
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Distribution of non-sorbed solutes between repository barriers and 
surrounding rock as a function of time. 
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The calculations assume step-wise changes in the barrier properties (FR7-1) and 
give the largest decrease in the fractional release rates compared with the reference 
case. The decrease is 5-30% for non-sorbed and moderately sorbed solutes (Kd=O, 
0.001 and 0.1 tn3 . kg-I). For strongly sorbed solutes (Kd=l m3 . kg-I), the maximum 
fractional release rate is increased by 7%. 

In the mixing-tank calculations, assuming the same barrier properties during the 
whole release period, the maximum fractional release rates have been found to 
decrease by approximately 40-50% for FRESH data (FR7-2), to be ahnost identical 
for OLD data (FR7-3) and to increase by 5-30% for DEGRADED data (FR7-4) as 
compared with the reference case. 

The comparison between the results from the mixing-tank calculations and the 
advective-diffusive reference case shows a surprisingly close agreement. The 
maxitnum fractional release rates differ by less than 50% in any of the calculations. 
An itnportant difference is, however, that with the mixing-tank model the maximum 
release is obtained instantaneously whereas, in the advective-diffusive reference 
case, the maximum release is obtained after 120 years for non-sorbed solutes. This 
is important for short-lived radionuclides for which significant radioactive decay 
may occur within the concrete barriers. 

A further interesting observation is that, except for the initial period, the 
containment of activity is somewhat higher for the mixing-tank approach than in 
the advective-diffusive reference case. TIlis is shown by the time required for 90% 
release of initial inventory of non-sorbed solutes, which is about 280 years for the 
reference case (see Figure 4.6) and 400 years for the mixing-tank model, assuming 
step-wise degradation (FR7-1). 

4.10 Code verification 

The TRUMP code has been verified against known analytical solutions for various 
probletns, including advective-diffusive transport in porous media as well as in a 
system of parallel fractures /RASMUSON, NARASIMHAN, NERETNIEKS 1982/. 

4.11 Concluding remarks on different modelling approaches 

The various calculations are based on different mathematical models but use 
essentially the same itlput data. However, a few differences need to be highlighted: 

- in the diffusive calculations, the water flow is disregarded 

- in the plug-flow calculations, different host rock properties are used, but the 
water flow in the waste pile and concrete backfill is about the same in the 
different cases. 

in both the plug-flow and mixing-tank release calculations, the mass transport in 
the waste pile and in the concrete backfill have been disregarded. The transport 
titne and sorption in the mechanical support lining have been ignored. 
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From the calculations it can be concluded that, for the assumed conductivities of 
barrier materials and host rocks, advection will be a major transport mechanism for 
the release of activity from the near-field. Pure diffusion would give a release more 
than one order of magnitude lower and release would also be delayed, which is 
important for short-lived radionuclides. 

The effect of the barrier degradation rate on release has been studied. The main 
conclusion is that the maximum release rates are roughly the same for moderately 
and strongly sorbed elements. Only for weakly sorbed elements is a slight response 
in the release rate encountered when varying the degradation rate. 

The effect of the optional high quality hydraulic barrier is a slight delay and 
reduction of the release rates for weakly and moderately sorbed elements. For 
strongly sorbed elements (Kd=1 m3 . kg-I), no significant effect has been 
encountered. 

Two different simplified models have been used to estimate the release of a 
plug-flow and a mixing-tank model. In both methods, the transport time and 
sorption in the mechanical barriers have been ignored. As a consequence of these 
assumptions one would expect an increase in release but the results are not 
significantly different from those obtained in the advective-diffusive calculations. 
This may partly be explained by the two-dinlensional spreading of the activity in 
the advective-diffusive case, which is npt accounted for in the simplified 
calculations. This also emphasises the difficulties involved in applying simplified 
models when making estimates for complex structures. It is difficult to be sure that 
the assumptions are on the safe side. 
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5. NEAR-FIELD RELEASE OF RADIONUCLIDES 

This Chapter discusses the radionuclide release by advection-diffusion from a 
LL W /IL W repository. The fractional release from the repository near-field has been 
calculated for a reference case and a number of case variations as discussed in the 
previous Chapter. This Chapter takes into account additional infonnation specific to 
the different radionuc1ides, such as: 

activity inventory in the waste 
radioactive decay 
sorption behaviour in the barriers. 

The near-field release for all radionuclides considered is presented for the reference 
case and for the case variation with an additional high quality hydraulic barrier. In 
addition, the importance of an increased functional life-time of the repository 
barrier system with an additional high quality hydraulic barrier has been studied. 
The total radionuclide release is also presented for a case variation where waste 
containing major components of the activity is allocated to a repository with an 
additional hydraulic barrier and waste with a relatively low activity content to a 
repository without such a barrier. In general the total inventory of Waste Groups I, 
II and ITI (see section 2.4.3) is considered. 

The near-field radionuclide release rates presented in this Chapter are the results of 
a series of different calculations involved in the near-field modelling as indicated in 
Figure 5.1. This Chapter describes the parts indicated by the shaded areas in the 
Figure. 

Figure 5.1 
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Logical scheme for the near-field modelling. In this Chapter only 
the shaded areas, i.e. the calculation of the radionuc1ide release 
rates, are described. 
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The release of different radionuclides has been calculated from the fractional 
release rates presented in Chapter 4. To obtain radionuclide-specific release rates, 
the fractional re~~ase rates are treated with the SAFEST computer program 
/KARLSSON, HOGLUND, PERS 1986/, which takes into account radioactive 
decay under the precondition that the mother nuclide and all daughters in a decay 
chain have the same sotption characteristics. 

All the release calculations were performed for a standard waste type conditioned 
with concrete. The radionuclides have been assumed to be completely and 
instantaneously dissolved and evenly distributed in the pore-water of the waste 
matrix. 

5.1 Overview of calculations perfonned 

Reference case (RRl), advective-diffusive release from the repository 
In the first calculation, the advective-diffusive release of radionuclides from the 
reference repository is presented. The flow-field is calculated for a repository in 
Oberbauenstock host rock with the 'small fractures' flow system. The fractional 
release rates for the advective-diffusive reference case presented in section 4.3, 
Figure 4.4 have been used in the calculations. 

Case variation (RR2) showing the effect of an additional high quality hydraulic 
concrete barrier 
The second calculation presents the radionuclide release from the repository with an 
additional high quality hydraulic barrier. The flow-field is calculated for a 
repository in Oberbauenstock host rock with the 'small fractures' flow system. The 
fractional release rates presented in section 4.4, Figure 4.7 have been used in the 
calculations. 

Case variation (RR3) showing the effect of an additional high quality hydraulic 
concrete barrier if concrete degradation is delayed 
In the third calculation the effect of an increased functional life-time of the 
repository barrier system is studied when an additional hydraulic barrier is present. 
The near-field hydraulic situation is the same as in case variation (RR2), except 
that the FRESH period has been extended. The release rates are presented for those 
radionuclides for which this delayed degradation may be of importance. The 
fractional release rates presented in section 4.6, Figure 4.14 have been used in the 
calculations. 

Case variation (RR4), waste allocation scenario 
The advective-diffusive radionuclide release presented for this case is the sum of 
the release from waste with low activity inventory allocated to the reference 
repository design and the release from waste with higher activity allocated to an 
optional repository with a high quality hydraulic concrete barrier. The total 
radionuclide release rate and the release rate of Cs-13 7 are presented. 
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Table 5.1 Overview of near-field radionuclide release calculations perfonned. 

RRl 
Repository design: reference design 
Near-field hydraulics: reference case 1 a-c, Table 3.2 
Barrier properties: Figure 2.18-2.19, Table 2.6 
Release mechanism: advection-diffusion 
Fractional release: reference case (FR1), Figure 4.4 
Kd-values: 0, 0.001, 0.01, 1 [m3 -kg-I] 
Radionuclide release rate: presented for all radionuc1ides 

RR2 
Repository design: optional design with an high quality barrier 
Near-field hydraulics: case variations 2a-c, Table 3.5 
Barrier properties: Figure 2.18-2.19, Table 2.6 
Release mechanism: advection-diffusion 
Fractional release: case variation (FR2), Figure 4.7 
Kd-values: 0,0.001,0.01, 1 [m3 _kg-I] 
Radionuclide release rate: presented for all radionuc1ides 

RR3 
Repository design: optional design with an high quality barrier 
Near-field hydraulics: case variation 2a-c, Table 3.5 
Barrier properties: Figure 4.12-4.13 
Release Inechanism: advection-diffusion 
Fractional release: case variation (FR4), Figure 4.14 
Kd-values: 0, 0.001 [m3 . kg-I] 
RadionucIide release rate: presented for weakly sorbed and moderately sorbed 
radionuc1ides 

RR4 
Repository design: reference design and optional design with an high quality barrier 
Near-field hydraulics: reference case 1 a-c and case variation 2a-c 
Barrier properties: Figure 2.18-2.19, Table 2.6 
Release mechanism: advection-diffusion 
Fractional release: reference case (FRJ) and case variation (FR2) 
Kd-values: 0,0.001,0.01, 1 [m3. kg-I] 
Radionuclide release rate: Total, Cs-137 
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Radionuclide sorption in a cementitious environment 

As described in section 2.3, the radionuc1ides present in the repository have been 
divided into three main groups based on reported distribution coefficients in 
cementitious environments. The three groups are: 

strongly sorbed radionuc1ides (Th, Pa, U, Np, Pu, Am, Cm) 
- moderately sorbed radionuclides (C, Fe, Co, Ni, Zr, Tc, Pd, Sn, Ra) 
- weakly sorbed radionuclides (CI, Se, Sr, I, Cs). 

A maximum and minimum value for the distribution coefficient have been selected 
for these three groups of radionuclides, see section 2.3. The radionuclide release 
rates have been calculated for both the InaximUIn and the minimum value of the 
range of distribution coefficients to show how sensitive the release of different 
radionuclides is to changes in the distribution coefficient. The ranges assumed for 
the distribution coefficients are: 

strongly sorbed radionuc1ides, 
moderately sorbed radionuc1ides, 
weakly sorbed radionuclides, 

Half-lives and chain decay 

Kd = 1()-2 - 1 [m3 . kg-l] 
Kd = 1(}-3 - 1()-2 [m3 . kg-l] 
Kd = 0 - 10-3 [m3 . kg-I]. 

In the discussion of results in this Chapter, radionuc1ide half-lives and chain decay 
play a major role; this information is given in Table 5.2 and Figure 5.2 
respectively. 
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Table 5.2 Radionuclide half-lives (T haIr) and decay constants (A.=ln2/f halt> 

Radionuclide 

C-14 
CI-36 
Fe-55 
Ni-59 
Co-60 
Ni-63 
Se-79 
Sr-90 
Zr-93 
Tc-99 
Pd-l07 
Ag-II0m 
Sn-126 
1-129 
Cs-134 
Cs-135 
Cs-137 
Ra-226 
Ra-228 
Th-228 
Th-229 
Th-230 
Th-232 
Pa-231 
U-232 
U-233 
U-234 
U-235 
U-236 
U-238 
Np-237 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Am-241 
Am-242m 
Am-243 
Cm-244 
Cm-245 
Cm-246 

Half-life [yr] 

5.730.103 

3.010.105 

2.700.100 

7.500.104 

5.271.100 

1.000.102 

6.500.104 

2.912.101 

1.530.106 

2.130.105 

6.500.106 

6.900.10-1 

1.000.105 

1.570.107 

2.220.100 

3.000.106 

3.000.101 

1.600.103 

5.750.100 

1.913.100 

7.340.103 

7.700·104 
1.405.1010 

3.276·104 
7.200.101 

1.585.105 

2.445.105 

7.038.108 

2.342.107 

4.468.109 

2.140.106 

8.774.101 

2.407 ·104 
6.537.103 

1.440.101 

3.763.105 

4.322.102 

1.520.102 

7.380.103 

1.811· 101 

8.500.103 

4.730.103 

Decay constant, A [yrl] 

1.210 ·1D-4 
2.303 . 1 ()-{) 
2.567.10-1 

9.242 ·10-6 
1.315.10-1 

6.931.10-3 

1.066.10-5 

2.380·10~ 
4.530.10-7 

3.254· 1 ()-{) 
1.066.10-7 

1.005 ·10-0 
6.931·10-6 
4.415 ·10~ 
3.151.10-1 

2.310.10-7 

2.310.10-2 

4.332·1D-4 
1.205.10-1 

3.623.10-1 

9.443 ·10-:5 
9.002·1()-{) 
4.933.10-11 

2.116.10-5 

9.627.10-3 

4.373 . 1 ()-{) 
2.835 ·10-6 
9.849.10-10 

2.960·1~ 
1.551 . 10-10 

3.239.10-7 

7.900-10-3 
2.880.10-5 

1.060-1D-4 
4.814·10~ 
1.842· 1 ()-{) 
1.604.10-3 

4.560·10-3 
9.392.10-5 

3.827 ·10~ 
8.155.10-5 

1.465 ·1D-4 
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Figure 5.2 Radionuclide decay chains /KARLSSON, HOGLUND, PERS 
1986/. 
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5.2 Reference case. advective diffusive release-from the repository <RR1) 

The release of radionuclides from the reference repository is discussed for three 
groups of radionuclides i.e. strongly sorbed, moderately sorbed and weakly sorbed. 
From the fractional release curves it can be concluded that the effect of sorption is 
strong, see section 4.3. A significantly delayed and reduced release occurs when the 
distribution coefficients increase. The time-dependent release rates of radionuclides 
are presented in Figures 5.3-5.5. The tunes and rates of the maxilnum releases of 
radionuclides are presented in Table 5.3 for the maximum and minimum values of 
the range of distribution coefficients. 

Strongly sorbed radionuclides 

The radionuclide release rates are presented for the minimum (Kd=O.Ol m3 . kg-I) 
and maximum (Kd=l m3 . kg-I) values of the distribution coefficients. The change 
from minimum to maxilnum value results in a delayed and decreased fractional 
release. The maxilnum fractional release rate decreases by two order of magnitude 
and the maxilnum release is delayed from 5 000 to 300 000 years. 

The release rates for strongly sorbed radionuclides are presented in Figure 5.3. 
Radionuclides with half-lives less than 200 years with no or insignificant ingrowth 
from decaying parent nuclides, e.g. Th-229, U-232, Pu-238, Pu-239, Pu-240, 
Pu-241, Am and Cm, will decay in the engineered barriers when the value of the 
distribution coefficient is increased from 0.01 [tn3 . kg-I] to 1 [m3 . kg-1]. 

For long-lived radionuclides (half-life over 105 years) without significant ingrowth 
from decaying parent nuclides, e.g. U-234, U-235, U-236, U-238, Np-237 and 
Pu-242, no additional effect of radionuclide decay is encountered. For these 
radionuclides, the change in distribution coefficient will affect mainly the fractional 
release rate as presented in Chapter 4. 

The ingrowth of activity from decaying parent nuclides means that the effects of a 
delayed release are less for Th-230, Pa-231 and U-233 than would be expected 
from the fractional release curves. In addition, for Th-228 and Th-232, the 
maximum release rates are actually slightly higher for the maximum value of the 
distribution coefficient than for the miniInum value, due to the ingrowth. 

Moderately sorbed radionuclides 

The radionuc1ide release rates are presented for the minimum (Kd=O.OOl m3 . kg-I) 
and maximum (Kd=O.Ol tn3 . kg-1) values of distribution coefficients. The change 
from minimum to maximum value results in a delayed and decreased fractional 
release. The maximum fractional release rate decreases by less than one order of 
magnitude and the tilne for maxilnum release is delayed from 600 to 5 000 years. 
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The release rates for moderately sorbed radionuclides are presented in Figure 5.4. 
For radionuclides with a half-life in the order of 105 years or more, the additional 
effect of decay due to delayed release is negligible, i.e. for Ni-59, Zr-93, Tc-99, 
Pd-107 and Sn-126. For inorganic C-14 which has a half-life of around 5 700 years, 
the increased retention results in a decrease in the maximum radionuclide release 
rate by slightly more than one order of magnitude, showing that the effects of 
decay are small. For Ni-63, with a half-life of 100 years, the maximum release rate 
decreases by four orders of magnitude if the maximum value of the distribution 
coefficient is used compared to the minimulu value. Radionuclides with half-lives 
less than 10 years will decay almost completely in the repository if the maximum 
value of the distribution coefficient range is used, but even the minimum value also 
shows a significant effect of decay on the release rate. 

It was mentioned earlier that a prerequisite of the SAFEST program is that all 
radionuclides in one decay-chain should have the same distribution coefficient. The 
release rate of radium has been calculated separately, assutning that radium as well 
as its parent nuclides are moderately sorbed. This is contradictory to the calculation 
of the release rates of the parent nuclides in which these are assumed to be strongly 
sorbed. As a consequence of these assumptions, the calculated release rate of 
radium tnay be somewhat high. 

Weakly sorbed radionuclides 

The radionuclide release rates are presented for the minimum (Kd=O m3 . kg-I) and 
maximum (Kd=O.OOl m3 . kg-I) values of the assumed range of distribution 
coefficients. The change from minimum to maximum value results in a delayed and 
decreased fractional release. The maximum fractional release rate decreases by less 
than one order of magnitude and the time for tnaximum release is delayed from 120 
to 600 years. 

The release rates for weakly sorbed radionuclides are presented in Figure 5.5. For 
radionuclides with short half-lives, a significant effect of decay is encountered 
when the distribution coefficient is increased from the minimum to the maximum 
value. The maximum release rates of Sr-90 and Cs-137, with half-lives of around 
30 years, will decrease by approximately two orders of magnitude. TIle maximum 
release rate of Cs-134, with a half-life of around 2 years, will decrease by more 
than eleven orders of magnitude. 

All other weakly sorbed radionuclides have half-lives longer than a thousand years 
and no effect of decay is observed. 
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Table 5.3 The maximum release rates and the time for maximum release for 
the reference case. The results are presented for the minimum and 
maximum values of the range of distribution coefficients (p. 116). 

Nuclide Maximum release rate [Ci· a-l] Time for max. release [a] 

Distribution coefficients [kg· m-3] 
min value max value min value max value 

Strongly sorbed radionuclides 
Th-228 1.75.10-10 1.80.10-10 7000 600000 
Th-229 1.49.10-5 1.88.10-5 8000 400000 
Th-230 2.11·10-4 2.50.10-5 7000 300000 
Th-232 1.76.10-10 1.80.10-10 7000 600 000 
Pa-231 5.18 ·1Q-6 6.64.10-7 7000 400000 
U -232 1.99.10-11 1000 
U -233 5.53.10-5 1.89.10-5 7000 400000 
U -234 4.21·1~ 2.27.10-5 5010 300000 
U -235 4.65.10-5 6.65.10-7 5010 300000 
U -236 6.44·10-4 7.83 ·1Q-6 5010 300000 
U -238 6.54·10-4 6.75 ·1Q-6 5010 300000 
Np-237 2.41.10-3 2.26.10-5 5010 300000 
Pu-238 4.44.10-5 1 000 
Pu-239 5.25.10-1 1.03 ·10-4 5010 100000 
Pu-240 4.35.10-1 8.24.10-7 5010 50000 
Pu-241 1.01·10-4 6.17.10-10 5010 60000 
Pu-242 3.82·1~ 2.29.10-5 5010 300000 
Am-241 1.69.10-1 6.50.10-10 2000 60000 
Am-242m 2.42·1Q-6 1 000 
Am-243 1.28 . 1 ()-:2 4.52·1~ 4000 50000 
Cm-244 9.69.10-19 1 000 
Cm-245 1.01·10-4 6.16.10-10 5010 60000 
Cm-246 1.39.10-5 5.25.10-12 5010 40000 
Moderately sorbed radionuclides 
C -14 6.92.100 5.75.10-1 600 5010 
Fe-55 2.89·1Q-8 90 
Ni-59 7.39.101 1.00.101 600 5010 
Co-60 1.24 ·10-3 90 
Ni-63 5.86.102 2.88·10~ 260 1 000 
Zr-93 1.31 1.85.10-1 600 5010 
Tc-99 9.03 ·1()-:2 1.26 . 1 ()-:2 00 5010 
Pd-107 3.08·1~ 4.35 ·10-4 600 5010 
Sn-126 1.12 ·1()-:2 1.53 ·10-3 600 5010 
Ra-226 5.22·10~ 1.93 ·10-3 500 3000 
Ra-228 1.42.10-10 1.76·1()-1O 900 7000 
Weakly sorbed radionuclides 
C -14org 4.67 6.92.10-1 120 600 
CI-36 1.01.10-1 1.58·1~ 120 600 
Se-79 1.20· 1 ()-:2 1.87.10-3 120 600 
Sr-90 2.32.102 1.01 60 140 
1-129 1.25 ·10-3 1.96 ·10-4 120 600 
Cs-134 9.19 ·1()-:2 1.09.10-13 20 90 
Cs-135 1.51 . 1 ()-:2 2.36.10-3 120 600 
Cs-137 3.05.102 1.75 110 140 
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5.3 Case variation showing the effect of an additional high quality hydraulic 
barrier fRR2) 

The effects on the fractional release rates of an additional barrier are presented in 
section 4.4. From Figure 4.7 it can be concluded that increased containment can be 
seen mainly for weakly or moderately sorbed radionuclides. The reason for this is 
the limited functional life-time of the additional barrier. The times for, and rates of, 
maximum releases of radionuclides are presented in Table 5.4 for the maximum 
and minimum values of the distribution coefficients. The time-dependent release 
rates of radionuclides are presented in Figures 5.6-5.8. 

Strongly sorbed radionuclides 

The effect on the release of strongly sorbed radionuclides of the presence of an 
additional high quality hydraulic barrier have been found to be insignificant. Over 
the assumed range of distribution coefficients (Kd=O.OI - 1 In3 . kg-I), the 
maximum radionuclide release would occur after about 1 000 years. At that time, 
all the barriers, including the additional high quality barrier, will have degraded 
significantly. 

Moderately sorbed radionuclides 

The maximum fractional release rates of moderately sorbed radionuclides are 
delayed and decreased when the additional hydraulic barrier is present and the 
minimum value for the distribution coefficient (Kd=O.OOl m3 . kg-I) is used, 
compared with the reference case. The maximum fractional release rate decreases 
by 30% and is delayed from 600 years to 700 years. If the maximuln value for the 
distribution coefficient (Kd=O.Ol m3 . kg-I) is used, the release is delayed but the 
maxitnum fractional release rate is not decreased; this is due to the step-wise 
change in the hydraulic conductivity at 5 000 years resulting in a transient step in 
the release rate curve, see Figure 4.7 in section 4.4. 

The increased contairunent of radionuclides with short half-lives (less than 10 
years) results in a significant decrease in the Inaxitnuln release rates if the 
mininlum value for the distribution coefficient is used, i.e. for Fe-55 and Co-60. 
The maximum release rate of Ni-63, with a half-life of around 100 years, decreases 
by about 50% for both the maximum and minimum values of the range of 
distribution coefficients. 

Weakly sorbed radionuclides 

The general comments on the fractional release of moderately sorbed radionuclides 
apply also to the weakly sorbed radionuclides. The release is delayed and the 
maximum release rate is decreased. If the minimum value for the distribution 
coefficient (Kd=O m3 . kg-I) is used, the maximum fractional release rate is delayed 
from 120 to 160 years and decreases by altnost one order of magnitude due to the 
presence of the additional barrier. If the maximum value for the distribution 
coefficient (Kd=O.OO 1 In3 . kg-I) is used, the maximuln fractional release rate is 
delayed from 600 to 700 years and decreases by 30%. 

The additional effects of decay due to improved containment caused by the high 
quality barrier influence the release of the radionuclides Cs-134, Sr-90 and Cs-137, 
which all have half-lives of less than 30 years. The maximutn release rates of Sr-90 
and Cs-137 decrease by about 50% and the maximum release rate of Cs-134 
decreases by more than one order of magnitude compared with the reference case. 
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variation showing the effect of an additional high quality hydraulic 
barrier. The results are presented for the minimum and maximum 
values of the range of distribution coefficients. 
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Table 5.4 

Nuclide 

The maximum release rates and the time for the maximum release 
for the case variation showing the effect of a high quality 
hydraulic barrier. The results are presented for the minimum and 
maximum values of the range of distribution coefficients (p. 116) 

Maximum release rate [ei· a-l] Time for max. release [a] 

Distribution coefficients [kg. m-3] 
min value max value min value max value 

Strongly sorbed radionuclides 
Th-228 2.00.10-10 1.76.10-10 7000 600000 
Th-229 1.78.10-5 1.85.10-5 8000 400000 
Th-230 2.40 ·10-4 2.57.10-5 7000 300000 
Th-232 2.00.10-10 1.76.10-10 7000 600000 
Pa-231 5.89 ·10-6 6.60.10-7 7000 800000 
U -232 1.08.10-11 1 000 
U -233 6.28.10-5 1.87.10-5 7000 400000 
U -234 4.28 ·1()-3 2.31.10-5 5600 200000 
U -235 4.74.10-5 6.62.10-7 5600 300000 
U -236 6.63 ·10-4 7.78 ·10-6 6000 300000 
U -238 6.65 ·10-4 6.71·1()-{i 5600 300000 
Np-237 2.45·1()-3 2.25.10-5 5600 300000 
Pu-238 2.40.10-5 1 000 
Pu-239 5.25.10-1 1.40 ·10-4 5400 80000 
Pu-240 4.24.10-1 2.15 ·10-6 5200 40000 
Pu-241 9.88.10-5 1.23 ·10-9 5200 50000 
Pu-242 3.88.10-3 2.28.10-5 5600 200000 
Am-241 9.99·1<r2 1.30·10-9 2000 50000 
Am-242m 1.31·10-6 1000 
Am-243 1.35 ·1<r2 1.05.10-7 5200 40000 
Cm-244 5.23.10-19 1 000 
Cm-245 9.87.10-5 1.23 ·10-9 5200 50000 
Cm-246 1.34.10-5 1.66.10-11 5200 40000 
Moderately sorbed radionuclides 
C -14 5.23 5.54.10-1 700 5400 
Fe-55 6.06.10-10 100 
Ni-59 5.74.101 1.02.101 700 5600 
Co-60 1.60 ·10-4 110 
Ni-63 3.09.102 1.55 ·1<rZ 300 1 000 
Zr-93 1.02 1.88.10-1 700 5600 
Tc-99 7.02 ·1<rZ 1.28 ·1<rZ 700 5600 
Pd-107 2.39.10-3 4.42·10-4 700 5600 
Sn-126 8.68.10-3 1.55.10-3 700 5600 
Ra-226 3.87 ·1<rZ 1.24.10-3 600 3 000 
Ra-228 1.40.10-10 2.00.10-10 1 000 7 000 
Weakly sorbed radionuclides 
C -14org 3.90 5.32.10-1 160 700 
CI-36 8.44·1<r2 1.23 ·1<r2 160 700 
Se-79 1.00 ·1<rZ 1.45.10-3 160 700 
Sr-90 9.65.101 4.05.10-1 120 140 
I -129 1.05.10-3 1.53 ·10-4 160 700 
Cs-134 1.46 ·10-4 1.03.10-15 30 100 
Cs-135 1.26 ·1<r2 1.84.10-3 160 700 
Cs-137 1.65.102 7.00.10-1 120 140 



NAGRA NTB 88-42 -128 -

5.4 Case vanatlon showing the effect of an additional high quality 
hydraulic concrete barrier if concrete degradation is delayed (RR3) 

In this section, the effects of an increased functional life-time of the concrete 
barriers on the radionuclide release rates are discussed. The fractional release rates 
for this case variation are presented in section 4.6 . 

Compared with the reference case, it has been assumed that the barrier degradation 
is delayed, which means that the concrete remains FRESH during an extended time 
period (300 years). As expected, delayed degradation will have the greatest effect 
on the release of weakly and moderately sorbed radionuclides since these 
radionuclides are released predominantly during the early period. 

Moderately sorbed radionuclides 

Compared with the reference case, the maximum fractional release of moderately 
sorbed radionuclides is delayed and decreased due to the delayed degradation of the 
concrete barriers. The maximum fractional release rate decreases by 30% and is 
delayed from 600 to 900 years if the minimum value for the distribution coefficient 
(Kd = 0.001 m3 . kg-I) is used. 

For radionuclides with short half-lives (less than 10 years), the increased 
containment results in a significantly decreased release rate due to the effects of 
radioactive decay. This is important for Fe-55 and Co-60, for which the maximum 
radionuclide release rates decrease by about three orders of magnitude, compared 
with the reference case. For Ni-63 , with a half-life of around 100 years, the 
maximum release rate decreases by 80% compared with the reference case. 

Weakly sorbed radionuclides 

The maximum fractional release rates of weakly sorbed radionuclides are further 
delayed and decreased compared with the reference case when the degradation of 
the concrete barriers is delayed. For the minimum value of the distribution 
coefficient (Kd=O m3 . kg-I), the maximum fractional release rate decreases by 25 % 
and is delayed from 120 to 320 years. If the maximum value for the distribution 
coefficient (Kd=O.OOI m3 . kg-I) is used, the maximum fractional release rate 
decreases by 30% and is delayed from 600 to 900 years. 

A significant effect of decay due to delayed release is observed for Sr-90, Cs-134 
and Cs-137, all with half-lives of around 30 years or less. For Sr-90 and Cs-137, the 
maximum release rates decrease by one order of magnitude for the minimum value 
of the distribution coefficient and by two orders of magnitude for the maximum 
value, compared with the reference case. For Cs-134, which has a half-life of 
around 2 years, the effects of radioactive decay are even more pronounced. 
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Table 5.5 

Nuclide 

The maximum releases for the case variation showing the effect of 
delayed degradation of the concrete barriers. The results are 
presented for the minimum and maximum values of the range of 
distribution coefficients, (except for nloderately sorbed 
radionuc1ides), see page 116. 

Maximum release rate [Ci· a-I] Time for max. release [a] 

Distribution coefficients [kg· m-3] 

min value max value min value max value 

. Moderately sorbed radionuclides 
C -14 5.06 800 
Fe-55 1.35.10-11 100 
Ni-59 5.54.101 900 
Co-60 2.01·10-6 100 

Ni-63 9.44.101 400 
Zr-93 9.81.10-1 900 
Tc-99 6.78·1~ 900 
Pd-107 2.31·1~ 900 

Sn-126 8.37.10-3 900 
Ra-226 3.54·1~ 800 
Ra-228 1.43.10-10 1 000 

Weakly sorbed radionuclides 
C -140rg 3.42 5.06.10-1 320 800 
CI-36 7.56·1~ 1.19·1~ 320 900 
Se-79 8.96·1~ 1.40.10-3 320 800 
Sr-90 2.58.101 1.13·1~ 90 240 

1-129 9.37 ·10-4 1.47 ·10-4 320 800 
Cs-134 1.46·10-4 2.29.10-17 30 100 
Cs-135 1.13 ·1~ 1.78.10-3 320 900 
Cs-137 4.31.101 1.84·1~ 90 320 

- not calculated 

5.5 Case variation showing the effects of changes in the allocation 
scenario (RR4) 

The option exists for allocating LL W and IL W to different repositories with 
different barrier systems. Section 2.4 suggested how the waste could be divided into 
three different groups, namely Waste Groups I, II and m. Waste Group I contains 
the major inventory of all radionuclides, including the relatively short-lived 
nuclides for which improved containment means a considerably reduced release 
from the near-field. 



NAGRA NTB 88-42 -131-

From the results it can be concluded that allocation of Waste Group I to a part of 
the repository with an additional high quality hydraulic barrier will reduce the total 
release of the repository as compared with the reference case. As the major 
inventory of radionuclides is allocated to Waste Group I, the additional effect 
achieved by allocation also Waste Groups II and III to a repository or repository 
section with an additional high quality barrier is almost negligible, c.f. case 
variation RR2, where all waste was allocated to a repository with an additional high 
quality barrier. This means that, by putting a selected component of the waste in a 
repository with improved barriers, a significant improvement in the overall 
perfonnance of the repository with respect to release of short-lived radionuclides 
can be achieved. 

This is shown in Figure 5.11, where the total radionuclide release rate for this waste 
allocation scenario (RR4) is compared with the release for the reference case 
(RR1). The release of Cs-137 is also presented as an example of a relatively 
short-lived and weakly sorbed radionuclide. 

In both cases the total release is dominated by Cs-137 and Sr-90 during the first 
100 years. It can be concluded that the total release is considerably decreased by 
allocating the majority of short-lived and weakly sorbed radionuclides to a 
repository with an additional high quality hydraulic barrier. 

Figure 5.11 
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reference case. The minimum value for the distribution coefficient 
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Curve 1, total release rate for the reference case (RR1) 
Curve 2, total release rate for the allocation scenario (RR4) 
Curve 3, release rate of Cs-137 for the reference case (RRl) 
Curve 4, release rate of Cs-137 for the allocation scenario (RR4) 
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5.6 Concluding remarks 

Radionuclide release from the near-field 

Sorption has a strong influence on both release rate and time of radionuclide 
release. For the nuclide transport calculations, an assumed range of distribution 
coefficients has been assigned to each of the radionuclides. For short-lived 
radionuclides, not only the maximum release rate but also the time of release and 
the total amount released from the repository will be determined by the sorption 
characteristics. For long-lived radionuclides on the other hand, only the time of 
maximum release and the maximum release rate will be influenced by sorption. 

The presence of an additional high quality hydraulic barrier will have an impact on 
the release rates of short-lived radionuclides. Among the short-lived radionuclides, 
the strongest effect is obtained for weakly sorbed radionuclides. If a prolonged' 
functionallife-titne can be assumed for the high quality hydraulic barrier, a further 
reduction in the release rate of short-lived radionuclides might be expected. 

Improved containment either by sorption or by an additional barrier means that the 
release of short -lived radionuclides will be further reduced due to radioactive decay 
within the barriers. 

A significant reduction in the release of short-lived radionuclides can be achieved 
by placing only wastes with the highest activities (Waste Group I) in caverns with 
an improved hydraulic barrier. 
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6. BY ALUATION OF CHEMICAL EFFECfS IN THE WASTE MA1RIX 

In the reference near-field release calculations, the waste matrix has been assigned 
the same transport properties for all waste types. In this Chapter, particular waste 
types are identified for which chemical effects in the waste matrix can influence the 
predicted radionuclide release rates. For the reference case calculations, all waste 
has been assumed to be conditioned with concrete and the radionuc1ide inventory is 
homogeneously distributed in the waste matrix. The reference waste matrix has 
been assumed to be porous and saturated with water in which the radionuclides are 
immediately dissolved. From these assumptions it follows that the radionuclides are 
instantaneously available for transport. The following parameters, which where not 
considered in the reference case, have been considered for the source term: 

sorption by materials other than concrete 
solubility limits 
corrosion resistance, i.e. congruent dissolution of activated steels 
non-homogeneous waste distribution, e.g due to imperfect mixing. 

The effects of the first three parameters are examined in section 6.6 where 
simplified calculations for relevant waste types are presented. 

In section 6.1, wastes conditioned with bitumen and plastics are discussed. These 
waste conditioning materials may have significantly different sorption 
characteristics and release mechanisms to those assumed for waste conditioned with 
concrete. 

In section 6.2, possible restnctlon of release due to solubility limits for three 
important radionuc1ides; nickel, technetium and tin is discussed. These 
radionuc1ides were sho'Y,n to be of great importance for dose to man in earlier 
studies /KARLSSON, HOGLUND, PERS 1986/, /NAGRA 1985b/. It was therefore 
itnportant to identify processes that nlight limit the release of these radionuc1ides 
from the near-field. Thermodynamic data for the three elements are presented in 
section 6.2. These data have been applied in solubility and speciation calculations 
in three reference concrete pore-waters. The calculations are presented in section 
6.2. Finally, the solubilities of the three nuclides are discussed for three selected 
waste types in section 6.4. 

Another process which may limit release from the near-field is corrosion of 
activated steels. In section 6.5, the waste types for which corrosion could be of 
importance are identified. 

Finally, in section 6.6, the importance of both solubility limits and corrosion 
processes are illustrated in simple one-dimensional release calculations. 

The role of chemistry in the near-field modelling is indicated by the shaded areas in 
Figure 6.1. 
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Figure 6.1 Logical scheme for the near-field modelling. In this Chapter only 
the shaded areas are treated. -

6.1 Identification of waste types for which sorption data differs from the 
reference waste types 

Concrete is the material predominantly used for conditioning of waste, contributing 
more than 95% of the total waste matrix volwne. Therefore, to simplify the 
calculations presented in Chapters 4 and 5, all waste types have been assigned a 
sorption capacity corresponding to a concrete waste matrix. However, not all waste 
in the repository is conditioned with concrete. Other materials such as bitumen and 
polystyrene are used. 

Bitumen is used as conditioning material for concentrates and precipitates 
originating from reprocessing of spent fuel. This waste type (WA-2) represents 2% 
of the total waste volume in the LL W ilL W repository. With respect to activity, this 
waste type contributes 5-65% of the total activity of certain important radionuc1ides 
in the repository, see Appendix C. 

At the Gosgen power plant, bitumen is used for conditioning concentrates and 
sludges (BA-KKG-2). This waste type contributes less than 0.1 % to the activity 
inventory in the repository. The storage volume required for this waste type is less 
than 1 % of the total waste storage volume. Bitulnen is also used for conditioning a 
small amount of the ion-exchange resins. 

Polystyrene is used for immobilisation of ion-exchange resins at the Beznau power 
plant. This waste type (BA-KKB-IB) represents only 0.3% of the total waste 
volume and contributes less than 5% of the total activity of any radionuclide, see 
Appendix C. 
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The effect of a change in sorption capacity of the waste matrix for waste types 
conditioned with bitumen or polystyrene is discussed in section 6.6. 

An adequate model of radionuclide release from plastic and bitumen waste matrices 
must take into account water uptake. This is particularly important for bitumen 
since the immobilised waste is dried out due to the high temperature applied during 
the conditioning procedure (> lOOOC). Bitumen is a hydrophobic Inaterial in which 
water uptake is slow and may determine the radionuc1ide release rate, particularly 
during the early period. The effect of restricted water uptake has not been dealt 
with in this study. Such Inodels are presently being developed /ELERT 1989/, 
/HAGGBLOM, WINGEFORS 1987/. 

6.2 Calculation of the solubilities of three important radioelements m 
concrete pore-waters. 

In this section, the solubility of the three radioelements nickel, technetium and tin 
is calculated for different conditions in concrete pore-water. 

These radionuclides are present in high concentrations in some waste types and a 
significantly decreased release rate may be expected if solubility limits are taken 
into consideration in the release calculations. The solubility of some radionuclides 
in concrete pore-water is low. If the concentration of a radionuclide in the 
pore-water is sufficiently high, a solid precipitate is formed which deposits in the 
waste matrix. The release rate is proportional to the solubility; therefore, if a 
solubility-lilniting solid is formed, the release rate will decrease in proportion to the 
fraction which is present as a solid, compared to the theoretical maximum release 
rate obtained for completely dissolved radionuclides. 

This observation is, however, based on the assumption that no colloids are formed. 
If colloids are formed /AVOGADRO, DE MARSILY 1984/, these may be 
transported by moving pore-water in addition to the dissolved radionuclides. The 
possible effect of colloids is not dealt with in this report. 

The total solubility, as well as the formation of different aqueous complexes, has 
been determined for the three elements in three example pore-waters and this 
information is presented below. In addition, for nickel and tin, the effect of SOIne 
organic complexing agents on the solubility has been calculated. The 
thermodynamic data-bases compiled for nickel, technetium and tin are presented in 
Appendix D. 

For the calculations the composition of the pore-water was varied between the three 
different reference pore-waters presented in section 2.3, Table 2.4 in equally sized 
steps by linear interpolation. This approach is believed to give a sufficiently 
adequate description of the systeln. 

The assumed redox conditions range from an oxidising water in equilibrium with 
air (having a partial pressure of oxygen of 0.2 bar) to a reducing water determined 
by equilibrium with 1 bar hydrogen gas. According to investigations made for the 
natural analogues in Olnan /BATH et.al. 1987/, a partial hydrogen pressure of 1 bar 
may be too low to be representative for repository conditions. 
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Nickel 

In this section the solubility and distribution of aqueous nickel complexes in the 
different reference concrete pore-waters are presented. 

Basic thermodynamic data for aqueous and solid species of nickel found in the 
literature and the selection of data for the calculations are presented in Appendix D. 
The data used for nickel are based mainly on an earlier data compilation 
/BAEYENS, McKINLEY 1989/ but have been complemented with additional 
aqueous and solid species. Included in the database are nickel species containing 
one or more of the elements H, C, 0, Na, Si, S, CI and Ca. 

The calculated solubility and distribution of aqueous species of nickel in different 
alkaline concrete pore waters are presented in Figures 6.2 and 6.3. Figure 6.2 shows 
a reducing system determined by equilibrium with hydrogen gas at 1 bar pressure, 
Figure 6.3 shows an oxidising system in contact with air. 

The solubility of nickel is dependent on the solid phase formed. For oxidising 
conditions, nickel oxide (NiO(s» is the solubility-determining solid phase, while for 
reducing conditions nickel sulphides Inay be formed. In nature, NiS(s) is the most 
common sulphide /ALLARD 1988/, but in this study Ni3S2(s) has been assumed. 
The total solubility of nickel, assuming different solid phases, is presented in Figure 
6.4. The possible formation of NiSi03(s) is noteworthy due to its low solubility. 
The data available for this mineral are, however, uncertain and have therefore only 
been included as a parameter variation. 

As can be seen in Figure 6.4, Ni3S2(s) is an itnportant solid phase under reducing 
conditions. Figure 6.2 shows the situation when Ni3S2(s) is assumed to be 'in 
equilibrium with the reference pore-water. In this example it has been assumed that 
the sulphur system is in equilibrium. This assumption is however not consistent 
with the natural analogue study in Oman /BATH et.al. 1987/ which has shown that 
there is no unambiguous solution to the sulphur equilibrium problem. Indications 
were given by the difference in aqueous composition between samples from 
different locations. However, sulphides may be formed, e.g. by sulphate-reducing 
bacteria. If sulphides are present, the Ni3S2(s) would be the least soluble mineral. 
Therefore, the equilibrium approach has been assumed and a separate parameter 
variation of the soHds has been made, Figure 6.4. The seiection of other solids can 
then be regarded as the case when all sulphur exists as sulphate, 
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Total nickel solubility as a function of pH assuming different 
solubility-controlling solid phases. The three reference concrete 
pore-waters (see Table 2.4) are indicated in the Figure. 

The basic thennodynamic data for aqueous and solid species of technetium found in 
the literature and a set of equilibrium constants selected for the calculations are 
presented in Appendix D. The data were selected primarily from the NEA data 
bank /NEA 1986/, which includes data from a critical review made by /RARD 
1983/. Some complementary data from other sources have also been included. 

Technetium exists in different oxidation states ranging from 0 to + VIT. Aqueous 
species in the oxidation states +IV and +VII will dominate under mildly reducing 
and oxidising conditions. It should be noted that, for the reducing conditions 
expected in a LL W ilL W repository, the presence of aqueous technetium species in 
the oxidation states 0 to +ill may also be iInportant and these have been included in 
the database. Solid species of technetium in the oxidation states 0 to + VII have 
been included. Generally, data available for technetium are sparse and the quality 
of some of the selected data is uncertain. Of particular importance are the data for 
Tc02+ to which data for other species are related since, in the database compiled 
for the thermodynamic calculations with the PHREEQE program /PARKHURST 
1980/, Tc02+ was selected as a so-called 'master species'. This means that all 
aqueous complexes containing technetium are formed from Tc02+. The selected 
data correspond to technetium species containing the elements H, C, N, 0, Na, S, 
CI and K. 
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The solubility and speciation of technetium in different concrete pore-waters is 
presented in Figure 6.5. In these calculations, the redox potential is detennined by 
equilibrium with hydrogen at 1 bar pressure. Since technetium is known to be very 
sensitive to the redox conditions, the solubility of technetium has been detennined 
for different redox conditions, see Figure 6.6. For the calculations presented in 
Figure 6.5, the solid phase is assumed to be Tc(s). The calculations in Figure 6.6, 
on the other hand, assume different solid phases for different redox conditions, i.e. 
for the most reducing conditions Tc(s) (pe=-14 - -12.5), for moderately reducing 
conditions TC304(S) (pe= -12.5 - -4) and for tnildly reducing conditions TC02(S) 
(pe=-4 - -2). As can be seen in Figure 6.6, TC2S7(S) might be the solubility-limiting 
phase under some conditions but it has not been included in the calculations 
because the conditions required for the fonnation of this solid are not applicable to 
the repository environment /RARD 1983/. For very low redox potentials, TcOH(s) 
and Tc(OHh(s) have also been reported to be fonned /RARD 1983/. 'The total 
solubility of technetium as a function of pe is also given in Figure 6.6. 

The saturation index in Figure 6.6 is defined as the logarithm of the ion activity 
product in solution divided by the solubility product of the mineral. All mineral 
solubility products are defmed from dissolution reactions, see Appendix D. A 
positive saturation index indicates that the mineral is oversaturated and 
precipitation is possible. 

The results presented in Figure 6.5 show that, in the high pH range, the 
predominant species in solution is Tc02(aq). lbe calculations also show that the 
total solubility of technetium in a reducing alkaline concrete pore-water can be 
estimated to be less than 1~o [kmol· m-3]. It is appropriate to add as a comment 
about such low estimated concentrations that the law of mass action is not valid for 
systems with only a few dissolved molecules. The law of t11asS action is more 
reliable when concentrations ~e far above 1 ~o [kmol· m-3]. In addition, there are 
no methods available today for experimental verification of such low 
concentrations. Nevertheless, the results frotn the calculations do indicate that the 
solubility of technetium is very low in a reducing alkaline environment. It is, 
however, clear from the calculations that technetium is very sensitive to the redox 
conditions. For reducing conditions (1 bar hydrogen), the calculated solubility is 
4 ·1()-Z2 [kmol·tn-3], whereas for mildly oxidising (10-10 bar oxygen) and for 
oxidising (0.2 bar oxygen) conditions, technetium can be regarded as being soluble. 
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Figure 6.5. Speciation of technetium as a function of pH. The three reference 
concrete pore-waters (see Table 2.4) are indicated in the Figure. 
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Saturation index for different technetium minerals as a function of 
pe for the OLD reference concrete pore-water (see Table 2.4). 
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Tin 

Basic thermodynamic data for aqueous and solid species of tin found in the 
literature have been compiled and are presented in Appendix D. Special emphasis 
has been placed on species expected in alkaline concrete pore-water. The selected 
equilibrium constants for tin in an alkaline environment are given in the form used 
in the chemical equilibrium program PHREEQE /PARKHURST 1980/. The data 
are selected primarily from references stating both ~Go-values and .MJo-values 
(enthalpy can be used to calculate temperature dependence of the equilibrium 
constants). Whenever possible, recommended values from the NEA data-bank have 
been chosen. Data for dilute systems have been chosen in preference to data for 
systems with high ionic strength since corrections for ionic strength within the 
range of interest are made in the chemical equilibrium program PHREEQE. The 
selected data comprise tin species with the components H, C, 0, F, S, CI and Ca. 

In Figures 6.7 and 6.8, the calculated solubility and distribution of aqueous species 
of tin in different alkaline concrete pore-waters are presented. Figure 6.7 
corresponds to a reducing system where the redox potential is determined by 
equilibrium with hydrogen gas at 1 bar pressure. Figure 6.8 corresponds to an 
oxidising system in equilibrium with air. 
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Figure 6.7 Speciation of tin as a function of pH. The three reference concrete 
pore-waters (see Table 2.4) are indicated in the Figure. Solid 
phase is Sn02(S). Reducing conditions, P

H2
(g) = 1 bar. pe = -pH. 
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Speciation of tin as a function of pH. The three reference concrete 
pore-waters (see Table 2.4) are indicated in the Figure. Solid 
phase is Sn02(S). Oxidising conditions, P 02(g)= 0.21 bar, pe -= 

13.6 -pH. 

The hexahydroxo stannate, Sn(OH)62- has been reported by /HAGG 1963/ although 
no data are given. This species has also been reported by /BROWN, WANNER 
1987/ who also give data derived using a theoretical model based on 
thermodynamic and chemical systematism. It is, however, unusual for more than 
four hydroxyl groups to be coordinated to a single cation. Compared with other 
cations in oxidation state +IV, e.g. the actinides and lead, Sn4+ has a smaller ionic 
radius. Evidence has been found in recent years that the actinide eletnents will not 
coordinate more than four hydroxyl groups /ALLARD, ANDERSSON 1987/, 
/PUIGDOMENECH, BRUNO 1988/, /BUPPELMANN, KIM 1988/. Furthennore, it 
has not been demonstrated unambiguously that lead can coordinate as tnany as six 
hydroxyl ions. This implies that the formation of hexahydroxo stannate may be 
inhibited for sterlc reasons. This species has not been included in the data-base. 

The existence of the species Sn032- has been indicated by /pOURBAIX 1966/. The 
data for this species have not been included in the ordinary database used for the 
calculations, but the influence of such a species has been investigated in a few 
example calculations. The results of these example calculations are given as 
comments in the text when relevant. By calculations using the thermodynamic data 
presented in Appendix D and the equilibrium constant given by /BROWN, 
WANNER 1987/, the ~Go-value for the formation of Sn(OH)62- can be estimated 
as -1384.746 [kJ . mol-I]. The 8Go-value for Sn032- given by /POURBAIX 1966/ is 
-575.35 [kJ· mol-I]. The stoichiometric difference between the two species is 
equivalent to three molecules of water. The difference between 8Go-values for 
Sn(OH)62- and Sn032- can be calculated as -809.40 [kJ. mol-I], whereas the 
~Go-value for three moles of water is -711.57 [kJ. mol-I]. This reasonably close 
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correlation may indicate that Sn(OH)62- could be equivalent to Sn032- with a 
hydration nutnber of 3 /MOORE 1972/, although this has not been proved. 

6.3 Identification of waste types for which solubility limits can be of 
importance 

In this section waste types for which solubility limits may be of importance are 
identified. In the present study, efforts have been concentrated only on nickel, 
teclmetium and tin, but other elements may also be of itnportance, e.g. uranium. 

Solubility limits in the waste matrix have the greatest effect on radionuclide release 
for waste types which both contribute significantly to the total activity and have 
high radionuclide concentrations in the pore-water. The waste types have been 
divided hypothetically itIto three different waste groups, see section 2.4. Waste 
types with a high activity content (which contain more than 99 % of the total 
activity) and high concentrations are itl Waste Group I. Waste Group II contains 
somewhat less than 1 % of the total activity, while Waste Group III contains only 
Inarginal activity. 

The option exists of allocating Waste Group I differently within the same 
repository, or even to a different repository, as compared with Waste Groups II and 
III, (see also section 2.4). Waste types that contribute significantly to the activity in 
the different groups have therefore been identified. The identification of waste 
types is based on their contribution to the total activity. For the selection of waste 
types to be used in the example calculations in this report, the concentration of the 
radionuclides Ni-59, Tc-99 and Sn-126, in the waste matrix has been used as an 
additional criterion. The concentration has been defined as Ci per drum divided by 
the matrix volume. 

Waste Group I 

WA-2 
The reprocessing waste type 'concentrates and sludges' conditioned in bitumen 
contributes 5 % of the total activity of Tc-99 (in Waste Groups I, II and ill) and 
64 % of the total activity of Sn-126. The highest Sn-126 concentration in any waste 
matrix is found in this waste type. Contributions from other tin isotopes are 
negligible. 

WA-4 
The reprocessing waste type 'hulls and end-pieces' conditioned in concrete 
contributes 81 % of the total activity of Tc-99, 34 % of the total activity of Sn-126 
and 56 % of the total activity of Ni-59 in the repository. The concentrations in the 
waste matrix are high for all predominant radionuc1ides. This waste type exhibits 
the highest concentration of Tc-99 of all the waste types foreseen for the LL WilL W 
repository . 

WA-6 
The reprocessing waste type 'intermediate-level contaminated solids' conditioned in 
concrete contributes 1 % of the total inventory of Tc-99 in the repository. 

SA-KKB-1-2,3,4 and SA-KKM-l 
The decommissioning waste types in Waste Group I contribute 43 % of the Ni-59 
inventory. The waste comprises parts of the activated reactor pressure vessel. The 
concentration of Ni-59 in the waste matrix is the highest found in any waste type. 
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Waste Group II 

WA-3 
The reprocessing waste type 'ion exchange resins' in concrete contributes a few per 
mil of the total content of Sn-126 but dominates in Waste Group II. The 
concentration of this radionuclide in the waste matrix is 4 % of the highest 
concentration found in any waste matrix. 

BA-1 
The operational waste types containing 'ion exchange resins' contri bute 
approximately 1 % of the total Tc-99 activity content and will be the predominant 
sources for this radionuclide in Waste Group II. The radionuclide concentration is a 
few percent of the highest concentration found in any waste type. 

SA-KKB-1-1 
The decommissioning waste type containing parts of the activated reactor pressure 
vessel contributes less than 1 % of the total Tc-99 content and less than 0.1 % of 
the total Ni-59 content, for which it dOlninates in Waste Group II. 

Concluding remarks 

When identifying waste types for which solubiHty limits may playa Inajor role in 
radionuclide release, no distinctions have been drawn between waste containing 
solid metals and other solid waste forms. It must be stressed that, if· the 
radionuc1ides are constituents of metals, corrosion may determine the rate of 
radionuc1ide release. Only if the corrosion rate is so high that the solubility limi( is 
reached before the radionuc1ide is transported away from the corroding surface will 
the solubility limit become the rate-determining release mechanism from the waste 
matrix. 

The conditioning material used for the waste is of considerable importance. For 
radionuclides incorporated in a bituinen matrix, uptake of water must first occur 
before the radionuclides can be dissolved and transported away. 

The conditioning material used for more than 95 % of the waste is cement. To 
show the influence of solubility limits, three different waste types originating froln 
fuel reprocessing (WA-4), decommissioning (SA-KKB-1-2) and reactor operation 
(BA-KKL-IB) have been selected for the waste type-specific studies presented in 
section 6.4. 

6.4 Waste type-specific radionuclide solubility calculations 

In this section the, influence of waste type-specific chemical conditions on the 
solubilities of nickel, technetiunl and tin are estimated. The three types of waste 
identified in section 6.3 have been considered. 

The operational waste type is ion-exchange resins conditioned in concrete 
(BA-KKL-1B), the reprocessing waste type is hulls and end-pieces conditioned in 
concrete (WA-4) and the decOlnmissioning waste type is parts of the reactor 
pressure vessel conditioned in concrete (SA-KKB-1-2). 
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To show the influence of the pore-water composition on the solubility and 
speciation of the elements studied, several parameter variations have been 
performed. The concrete pore-waters assumed in the calculations cover a range 
representing FRESH, OLD and DEGRADED concrete (as presented in section 2.3), 
to show the anticipated effect of leaching of the concrete. 

The influence of different redox conditions in the concrete pore-water on calculated 
solubilities has been evaluated. Three sets of redox conditions have been selected 
namely oxidising conditions (contact with air), reducing conditions (1 bar H2) and 
traces of oxygen (10-10 bar 02)' 

In the pore-water, organic complexing agents can be present from the beginning as 
constituents of the waste or as traces of decontamination solutions. Complexing 
agents can also be fonned by decomposition of waste and waste conditioning 
materials. In the speciation calculations, the effect of some potentially strong 
organic complexing agents which could be of importance has been studied. 

In the wa..c;;te, both radioactive and stable isotopes of nickel are present, particularly 
as constituents in steel. The effect of including the stable nickel isotope in the 
speciation calculations has also been checked. 

The effects of sorption of radionuc1ides by conditioning materials have not been 
taken into account in the present speciation calculations. Sorption will, however, 
not influence the pore-water concentration if the radionuclides are present in 
appreciable amounts. 

Assumptions and input data 

The waste matrix volume of this operational waste type is 152 litres per waste 
package, of which 100 litres is concrete conditioning material and 52 litres is 
ion-exchange resin /NAGRA 1984/. A pore-water volume of 46 litres, 
corresponding to 30% of the matrix volume, has been assumed in the calculations. 

In the waste matrix, 21 kg of dry cation-exchange resins and 9 kg of dry anion 
exchange resins are incorporated in 190 kg of concrete /NAGRA 1984/. 

The numbers stated below refer to the relevant amounts for one waste package. 

Radiolytic decomposition 

Decomposition of the strong ion-exchange resins is calculated for an assumed 
integrated dose of 10 Mrad. The integrated dose is calculated to be in the range of 
4-10 Mrad. The activities have been taken from /NAGRA 1984/ and the dose 
factors have been taken frotTI /pORATH, CHRISTENSEN, AITTOLA 1981/. 
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Cation exchange resins 

Radiolytic decomposition of sulphonic cation-exchange resins results in the 
fonnation of 2.7.10-1 [mol] H2S04' The G-value for H2S04 fonnation is equivalent 
to 1.3 [mol·Mrad-1.tonne-1] for wet cation-exchange resins /WmORGH, 
HOGLUND, PERS 1986/. The G-value expresses the radiolytic yield which is 
defined as the number of molecules fonned/ 100 LeV] absorbed energy. This is 
directly equivalent to [mol· Mrad-1. tonne-l]. 

Anion-exchange resins 

-Radiolytic decomposition of anion exchange resins results in the fonnation of 
2.5 [mol] of trimethylamine. The G-value used is equi".~ent to 
12 [mol·Mrad-1.tonne-1] for wet anion exchange resin /WlBORGH, HOGLUND,. 
PERS 1986/. 

Microbial and chemical degradation 

No detailed studies of possible microbial and chemical degradation have been made 
within this project. Only the estimated total contents of resin functional groups are 
given. 

The theoretical amount of resin functional groups that can be decomposed by 
radiolysis or some other process, e.g. tnicrobial degradation, is equivalent to 
94.5 [tnol] sulphonic acid. This atnount is based on a capacity of 4.5 [meq· g-1] for 
dry cation exchange resins. 

The theoretical amount of functional groups available is 36 [mol] trimethylamine 
based on a capacity of 4 [meq· g-1] for dry anion exchange resins. 

Initial content and maximum pore-water concentrations, assuming complete 
dissolution of nickel, tin and technetium, are presented in Table 6.1 for a single 
waste package. 

Table 6.1 Initial contents and maximum pore-water concentrations of 
radioactive nickel, tin and techneti~m in waste type BA-KKL-IB 
assuming all waste to be dissolved. 

Nuclide Specific Activity 
content of 
isotope 
[Ci/package] 

Nuclide 
content 

Nuclide 
concentration 

Ni-59 
Ni-63 
Tc-99 
Sn-126 

activity 

[Ci. g-1] 

8.1·1~ 
0.46.102 

1.7 ·1~ 
2.84·1~ 

6.03.10-3 

6.03.10-1 

1.43 ·10-4 
3.63.10-7 

[g/package] 

0.074 
0.013 
8.41·10-3 
1.3.10-5 

[g·m-3] 

1.62 
2.85.10-1 

1.83.10-1 

2.78 ·10-4 

[kmol'm-3] 

2.74.10-5 

4.52·10-6 
1.85 ·10-6 
2.21·10-9 
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Results for waste type BA-KKL-IB 

The calculated solubility of nickel is 1.6.10-15- 5.5.10-12 [kmol· m-3] assuming 
Ni3S2(s) as the solid phase. This can be compared to the maximum nickel 
concentration in the pore-water of 3.2· 10-5 [kmol· m-31 shown in Table 6.1. 
Significant effects of sulphate and trimethylamine produced by radiolysis of the 
cation- and anion-exchange resins have been found. The presence of sulphide 
(reduced from sulphate when microbial degradation is assumed) and trimethylamine 
increases the solubility to 1.3.10-13- 1.1 .10-11 [kmol· m-3] , see Table 6.2. 

When comparing the effects of solubility lhnits and sorption it has been found that 
in this waste type, the calculations show that the solubility limits will detennine the 
release from the waste matrix when Ni3S2(S) is assumed to be the solid precipitate 
formed. On the other hand, when NiO(s) is assumed to be the precipitate, sorption 
will be the predominant mechanisll1 for lowering the pore-water concentration of 
nickel in waste type BA-KKL-1B, see Table 6.2. 

The calculated solubility of technetium is 3.8 ·10-22- 4.5 ·10~1 [kmol· m-3]. Such a 
low solubility would completely determine the release of technetium from waste 
type BA-KKL-IB and give negligible release rates. It has been pointed out before 
that, at this low solubility, the thermodynamic data are very uncertain 
/SCHWEITZER 1989/. It has not been possible to study the effect of organic 
complexing agents on technetium due to lack of data. In this waste type, the effect 
of sorption on technetium release would be small compared to the drastic effect of 
solubility constraints. 

The solubility of tin has been calculated as 1.5· 10-9- 9.0 .10-7 [kmol· m-3]. In this 
waste, nearly all tin is soluble in the available pore-water with the given solubility 
range particularly if sorption equilibrium is assumed. Therefore, solubility limits 
have no effect on the release rate of Sn-126, pe = -pH. 

Table 6.2 Soluble fraction in the waste matrix pore-water for waste type 
BA-KKL-IB. Different assumptions for the chemical systell1. 
Reducing conditions, PH

2
(g) = 1 bar. 

Waste 
type 

Calculated 
solubility Lkmol· m-3] 

BA-KKL-IB 
Ni 1.3 . 10-15-4.5 . 10-12 

1.6.10-13-1.3.10-11 

1.3 . 10-13 -1.1 . 10-11 

2.8.10-7 -1.7.10-5 
Sn 1.5 ·1()-9 -9.0-10-7 

Tc 3.8 ·10~z-4.5 ·1~1 

Soluble 
fraction 

4.1 . 10-11-1.4. 10-12 

5.0.10-9-4.1.10-12 

4.1· 1Q-9-3.5· 10-12 

8.7 ·10-6-5.2·10-4 
0.7-1 
2.1 . 10-16_2.5 . 10-15 

1) S04Z-/SZ- in equilibrium (no TMA4) present) 
2) Sulphur as SZ-only, TMA4) assull1ed. 
3) S042-/S2- in equilibrium, TMA4) assumed 
4) TMA denotes TriMethylAmine 
5) No data available on the effects of TMA 

Mineral 
phase 

Remark 

Ni3SZ(s) 1) 
Ni3SZ(s) Z) 
Ni3SZ(s) 3) 
NiO(s) TMA4) 
SnOz(s) 5) 

TC304(S)+ Tc(s)5) 
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6.4.2 ~j\-4 

Assumptions and input data 

In this reprocessing waste type, the waste matrix consists of 928 litres of concrete 
conditioning material and 122 litres of solid metal waste per waste package 
/NAGRA 1984/. A porosity of 30 % in the waste matrix has been assumed in the 
calculations, equivalent to a pore-water volume of 315 litres. 

The solid metal waste consists of stainless steel, Inconel-718, Inconel X-750 and 
Zircaloy 2/4. These alloys have a nickel content equivalent to 50.4 kg of inactive 
nickel per waste package. By way of comparison, the content of radioactive nickel 
(Ni-63+Ni-59) amounts to 0.2 [kg] per waste package. The contribution from the 
different alloys to the total content of inactive nickel is presented in Table 6.3. 

The importance of the inactive nickel for the calculated solubility of the radioactive 
nickel isotopes has been studied. The significance of surface activation versus 
homogeneous activation of the metallic waste for the solubility of radioactive 
nickel isotopes has also been investigated. 

Table 6.3 Contribution from the different alloys to the content of inactive 
nickel in waste type W A-4. 

Alloy Metal content Composition Nickel content 
[kg/package] [% Ni] [kg/package] 

Stainless 
steel 1.4541 210 10 21 

Inconel-718 33 53 17.5 

Inconel X-750 16 72 11.5 

Zircaloy 2/4 586 0.07 0.4 

Total 845 50.4 

In the decontamination of hulls and end-pieces, it cannot be ruled out that traces of 
complexing agents will be attached to the Inetal surfaces. The influence of EDT A 
as a cOlnplexing agent on the calculated solubility of nickel and tin has been 
studied. 

The initial content of nickel, tin and technetium, as well as the theoretical 
maxunum concentration if all metals are dissolved in the waste matrix pore-water, 
are presented in Table 6.4. 
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Table 6.4 Initial content and maximum pore-water concentration of nickel, 
tin and technetium in waste type WA-4 assuming all waste to be 
dissolved. 

Specific Activity Nuclide Nuclide 
activity content of content concentration 

isotope 
[Ci. g-1] [Ci/package] [g/package] [g·m-3] [kmol·m-3] 

Ni-59 8.1· 1()-2 1.55· 101 191.4 6.07.102 1.03 ·1()-2 
Ni-63 0.46.102 2.03.103 44.13 1.4.102 2.22.10-3 

Inact. Ni 0 5.04.104 1.6.105 2.76 
Sn-126 2.84·1~ 1.41.10-3 0.0496 1.57.10-1 1.25·10-6 
Tc-99 1.7·1()-2 2.74 ·1()-2 1.61 5.12 5.17.10-5 

Results for waste type W A-4 

The calculated solubility of nickel in waste type WA-4 is 1.6.10-15_5.5.10-12 

[kmol· m-3], assuming Ni3S2(s) as the solubility-limiting solid phase. The solubility 
of radioactive nickel can be examined for two boundary cases, frrstly assuming that 
only radioactive isotopes are dissolved and, secondly, assuming that inactive and 
radioactive isotopes are congruently dissolved. The first case corresponds to strict 
surface contamination, while the second case corresponds to homogeneous 
distribution of the radioactive isotopes within the tnetallic waste. 

The calculated solubilities and the soluble fractions of nickel, technetium and tin 
are presented in Table 6.5. The conclusion is that solubility constraints will limit 
the release of nickel and technetium. Tin will not be effected by solubility 
constraints, but sorption or corrosion rate will determine release. 

Table 6.5 Soluble fraction in one pore-water volume for the waste type 
W A-4. Results are presented for different assunlptions for the 
chemical system. Reducing conditions, PH

2
(g)=1 bar, pe = -pH. 

Waste 
type 

WA-4 
Ni 

Calculated 
Solubility [kmol· m-3] 

Including only active nickel 
1.6.10-15-5.5.10-12 

2.9.10-7 -1.7.10-5 
1.3· 1()-6 -1.7.10-5 
2.0.10-14-1.6.10-12 

Including inactive nickel 
1.6· 10-15-5.5.10-12 

2.9.10-7-1.7.10-5 
1.3.10-6-1.7.10-5 

2.0.10-14-1.6.10-12 

Tc 
Sn 

3.8 ·10~2-4.5 ·10~1 
1.0·10-6 -1.9·10-6 

Soluble 
fraction 

1.3 . 10-13--4.4. 10-10 
2.3 . 10-5-1.4. 10-3 

1.1·10-4-1.4·10-3 
1.6.10-12-1.3.10-10 

5.8.10-16_2.0.10-12 

1.1·10-7-6.2·1Q-6 
4.7.10-7-6.2 ·10-6 
7.3.10-15-5.9.10-13 

6.5.10-18_7.7.10-17 

0.8 - 1.0 

Mineral 
phase 

Ni3S2(s) 
NiO(s) 
NiO(s) 
Ni3S2(S) 

Ni3S2(s) 
NiO(s) 
NiO(s) 
Ni3S2(s) 

Remark 

incl.EDTA 
incl.EDTA 

incl.EDTA 
incl.EDTA 

TC304(S), Tc(s) 
Sn02(S) incl.EDTA 
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For this waste (W A-4), calculations have also been perfonned to correlate the 
release of nickel to pore-water exchange cycles. A pore-water exchange cycle has 
been defmed as the time during which one pore volume of water flows through the 
waste, assuming the flow rates calculated in the near-field hydraulic reference case. 

According to /BERNER 1988/, approximately 30 pore-water exchange cycles 
would result in a change in pore-water conlposition from reference water 1 to 2 
and, correspondingly, 1000 pore-water exchange cycles would result in a change 
fronl reference water 2 to 3. 

The amount of nickel dissolved in one pore-water volume has been calculated in 10 
steps along the reaction path between reference waters 1 and 2. Similarily, the 
solubility has been calculated in 10 steps between reference waters 2 to 3. The 
accumulated amount of nickel dissolved as a function of the number of pore-water 
exchange cycles is presented in Figure 6.9. The solubility-limiting mineral has been 
assumed to be NiO(s). No sorption has been assutned. 

Calculations have been perfonned considering both the total nickel content and 
radioactive nickel only. 

Reference waters 1-3 
% nickel remaining as solid phase 

100 - - - - - - - -- -- - _ .!dtb.Jn...Qftive-Dlckel_ 

98 

96 

94 

92 

90 

88 

86 

:; t 
80 ~--~--~----~--~--~----L-__ ~ __ ~ ____ L-__ ~ 

a 100 200 300 400 500 600 700 800 900 1000 
Pore-water exchange cycles 

Figure 6.9 The sequence of nickel equilibrium dissolution from waste type 
W A-4 by 1000 pore-water exchange cycles. The solid line 
considers only radioactive nickel isotopes while the dotted line 
includes inactive nickel. 
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6.4.3 SA-KKB-I-2 

Assumptions and input data 

The decommissioning waste is stored in concrete containers. The matrix volume in 
the standard concrete container (OT -3) generally used for decotnmissioning waste is 
14.6 [m3]. For this particular waste type, a special concrete container (OT-3-2) is 
foreseen. The outer volume is the same as for the standard container but, the matrix 
volume is only 1.223 [m3]. Thicker concrete walls and a steel lining inside the 
container are the reasons for the smaller matrix volume. 

The waste matrix consists of concrete conditioning material and steel waste. The 
volume of the incorporated steel waste is 0.184 [m3]. A pore-water volume of 
0.367 [m3] corresponding to 30% porosity in the waste matrix in the container 
(GT-3-2) has been assumed in the calculations. For this waste, only nickel will be 
considered. 

The weight of the stainless steel waste is 1 450 kg. This steel (Stahl 304 (KKB» 
contains 10% nickel and contributes 145 kg inactive nickel in addition to the initial 
content of approximately 1 0 kg radioactive nickel. 

The initial inventory of nickel in a concrete container is presented in Table 6.6, 
together with the theoretical maximum concentrations in the pore-water if all nickel 
were completely dissolved in 0.367 [m3] of pore-water. The influence of the 
inactive nickel has also been studied. 

Table 6.6 

Ni-59 
Ni-63 
Inact.Ni 

Initial content of nickel in SA-KKB-I-2 and maximum pore-water 
concentration if all the nickel were dissolved. 

Specific Activity Nuclide Nuclide 
activity content content concentration 
of isotope 
[Ci. g-1] [Ci/package] [g/package] [g. m-3] [kmol·m-3] 

8.1·1()-2 6.42.102 7.93.103 2.16.104 3.66.10-1 
4.6.101 8.32·104 1.81· 103 4.93.103 7.82·1()-2 

0 1.45.105 3.95.105 6.73 

Results for waste type SA-KKB-1-2 

The solubility of nickel has been calculated and the fraction of the radioactive 
isotopes that can be dissolved has been examined for different assumptions. The 
results are presented in Table 6.7. The solubility of nickel has been calculated as 
2.9.10-7-1.7.10-5 [lanol· m-3] assmning NiO(s) as the solid mineral phase. 
Compared to the total content of nickel in this waste type (see Table 6.6), this 
means that the release of nickel is highly restricted by solubility constraints. The 
solubility would still be the limiting parameter for the release of nickel from this 
waste type even when sorption in the concrete waste matrix is taken into account. 
The results show that, for an assumed distribution coefficient of 0.01 [m3 . kg-l ] , 
more than 99.5 % of the activated nickel would still be undissolved. If Ni3S2(S) is 
assumed to be the solid mineral phase, the solubility is very low and even more 
nickel would renlain undissolved. However, only minor amounts of sulphur 
compounds are expected in this waste type. 
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Two different cases can be distinguished in the calculations. The fust case, 
accounting only for the content of radioactive nickel, is representative for steels 
either where the activity is present as a surface contatnination or where the 
activated nickel is concentrated very close to the steel surface. The nickel activation 
is due to irradiation by neutrons and the active nickel may therefore be found in 
higher concentrations near the surface. The second case, accounting for both 
inactive and radioactive nickel, is representative for steels where the activation of 
nickel has occurred homogeneously throughout the whole volume of the steel. 

However, the release of radionuclides from activated steels may also be restricted 
by corrosion of the steel. This subject is treated in section 6.5 atld the effect on 
release of radioactive nickel is illustrated by calculations in section 6.6. 

Table 6.7 Fraction of radioactive nickel isotopes that can be dissolved in the 
matrix pore-water in waste type SA-KKB-1-2. Different 
assumptions for the chemical system. Reducing conditions, 
PH

2
(g)=1 bar. 

Waste 
type 

Calculated 
solubility [lanol· m-3] 

SA-KKB-1-2 
Ni 
Including only active nickel 

1.6.10-15_5.5.10-12 

2.9.10-7-1.7.10-5 

Including inactive nickel 
1.6.10-15-5.5.10-12 

2.9.10-7-1.7.10-5 

Soluble 
fraction 

3.6.10-15-1.3.10-11 

6.6.10-7-3.8.10-5 

2.2.10-16_7.7.10-13 

4.1·1~ -2.4 ·10-6 

Mineral 
phase 

Ni3S2(s) 
NiO(s) 

6.5 Id~-».tificatioll of waste types for which the corrosion rate can influence 
the release rate 

In the transport ca1cul ations perfonned, all radionuclides have been assumed to be 
instantaneously available for release; this does not take into account the fact that 
some of the radionuclides are constituents of solid metal waste. The radionuclide 
concentrations in individual waste types are presented as the average concentration 
in the waste matrix but do not take into account the physical/chelnical form of the 
waste. This section discusses waste types containing solid metal waste for which 
release may be determined by the rate of metal corrosion. 

In Tables 6.8-6.9, waste types allocated to Waste Group I and Waste Group II 
containing metallic waste are presented. The total storage volume and the total 
metal content are also presented. A more detailed description of the individual 
waste types is given in Appendix E. 

The metallic waste consists mainly of stainless steel, carbon steel, Inconel and 
Zircaloy. SInal! amounts of aluminium, zinc and copper are also present in the 
waste. 
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Table 6.8 

Waste type 

BA-KKL-7 
BA-KKM-7 
SA-KKB-I-2 
SA-KKB-1-3 
SA-KKB-I-4 
SA-KKM-1-1 
SA-KKM-1-2 
SA-KKM-1-3 
WA-4 
WA-5 
WA-6 

Table 6.9 

Waste type 

BA-KKL-8 
BA-KKM-8 
SA-KKB-l-1 
SA-KKB-1-5 
SA-KKB-3 

Waste types in Waste Group I containing only metallic waste. 

Storage volume 
[tn3] 

974 
165 
804 
201 
603 
261 
101 
362 

4480 
18529 
9275 

Metal content 
[kg] 

1.5.105 

4.3·1()4 
2.3.104 

7.3·1()4 
5.4.104 

1.6.104 

1.6.104 

5.8.104 

2.2.106 

7.4.105 

3.5.106 

Waste types in Waste Group II containing only metallic waste. 

Storage volume 
[tn3] 

245 
153 
322 

28 
1 447 

Metal content 
[kg] 

1.2.103 

5.1· 102 

1.1· 105 
1.7·1()4 
3.0.105 

Radionuclides of importance for the release calculations which can be formed by 
activation of constituents in the metals are carbon-14, nickel-59 and technetium-99. 
Carbon-14 is formed by neutron activation of carbon-12. Nickel-59 is formed by 
neutron activation of nickel-58. Technetiutn-99 is formed by neutron activation of 
molybdenum-98 via molybdenum-99. Tech_oetilLm is also fonned as a fission 
product. It is therefore essential to know the actual amounts formed by the two 
different mechanisms since, if technetium is formed by activation, it will be a 
constituent in the tnetal, whereas if technetium is formed by fission it will be a 
surface contaminant. The availability for dissolution is obviously different in the 
two cases. 

Among the waste types identified in Waste Group I, the reprocessing and 
decommissioning waste types are of primary interest from a toxicity point of view. 

The hulls and end-pieces (WA-4) contribute: 50 % carbon-14, 56 % nickel-59, 
81 % technetium-99 and 34 % tin-126 to the total activity inventories in the 
repository, see Appendix C. 

The decommissioning waste types (SA-KKB-l) contribute 41 % carbon-14 and 
36 % nickel-59 to the total activity inventories in the repository, see Appendix C. 

In section 6.6, the effect of taking into account restriction of release by corrosion of 
activated steel is evaluated. 
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6.6 One-dimensional tr~!t~~culations considering the importance of 
chemical effects and corrosion for the source term 

The assumptions made for the modelling of the source term in the reference case 
(see section 4.3) do not consider waste-specific information and aSSUlne concrete to 
be the conditioning material for all the waste. For a number of identified waste 
types, radionuclide release can be expected to be determined by corrosion of 
activated steel. For certain other waste types, radionuclide release can be expected 
to be determined by solubility limits. In yet other waste types, the matrix sorption 
properties do not correspond to data for concrete, which lnight influence 
radionuclide release. 

To identify the relative importance of these topics rather than their absolute effects 
on radionuclide release, one-dimensional advective-diffusive release calculations 
have been performed. 

One-dimensional calculations will be presented for cases where: 

the source term release is detennined by corrosion of activated steel parts 
the source term release is determined by solubility limits 
the release is dependent on sorption of the radionuclides in the waste matrix and 
other surrounding barriers. 

The results from these calculations are compared to a one-ditnensional base case 
where no rate-limiting effects such as solubility limits, sorption or corrosion 
resistance have been considered. 

Finally, some waste may be incorporated in water-repellent conditioning materials 
such as bitumen in which sorption may be considerably less than in concrete. Water 
absorption and swelling may be important rate-litniting processes for these waste 
types. In this study, however, water absorption and swellitlg have not been 
considered. 

Source term 

In the near-field release calculations described in section 4.3, all radionuclides have 
been assulned to be completely and instantaneously dissolved in the pore-water and 
homogeneously distributed within the waste matrix. Sorption by the concrete 
conditioning material has been taken into account. 

For some elements, e.g nickel in the form of an alloying constituent in steel, these 
are not relevant assumptions since the corrosion rate of steel will detennine the 
discharge rate of activated species into the pore-water (assuming congruent 
dissolution of the steel components). 

If the neutron-activated radionuclides and stable isotopes of the same elements 
contained in the steel cannot be dissolved and carried away at a rate corresponding 
to the corrosion rate of the steel, the concentration in the pore-water will increase 
until the solubility lnnits are reached. As long as the radionuclides dissolved from 
the corroding steel are carried away by the groundwater at a high steady rate, the 
corrosion rate will determine the radionuclide release rate. 
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The effects of taking into account solubility limits in the radionuclide release 
calculations are shown here, but since the accuracy of the waste type-specific 
solubility data is limited, the calculations have been perfonned for a wide range of 
possible solubilities. Low solubilities can be expected for reducing conditions in the 
high and intermediate pH range. High solubilities are, however, quite possible when 
strong complexing agents are present in appreciable quantities. 

In the waste types where bitumen or polystyrene are used as conditioning material, 
the sorption capacity can be expected to be negligible or at least lower than for a 
concrete matrix. There are no literature data on sorption in bitumen or polystyrene 
which would support a less conservative approach. To show the effect of sorption 
in the waste matrix, release has been calculated both with and without sorption in 
the waste matrix and in the other barriers. 

Transport mechanisms, geometry and barrier properties 

Radionuclide transport takes place by advection-diffusion through the waste matrix 
and the barriers. The geometry of the mesh is a one-dimensional column as 
depicted in Figure 6.10. The geometric assumptions are sitnilar to those used for 
the hydraulic case variation 7 presented in section 3.5. The dimensions are 10.5 In 
matrix, 0.3 m backfIll, 0.3 m high quality hydraulic barrier, 0.8 m mechanical 
support lining and 2.0 m rock. 

The water flow rates in the barriers used in the calculations are derived from the 
steady-state near-field hydraulic calculations. Since the calculations are 
one-dimynsional, it was necessary to assume the same water flow in all barriers to 
fulfill the mass balance equations. The water fluxes selected are those obtained in 
the waste matrix. The water flow rates change step-wise at 100 and 5 000 years 
according to the assumed change in the hydraulic conductivity in the barriers due to 
concrete degradation. The step-wise change in the hydraulic conductivity is adopted 
from Chapter 3. The water flow rates used are presented in Table 6.10. 

Other barrier properties such as effective diffusivity, porosity and density used in 
the calculations agree with data presented in Table 2.6 and Figures 2.18-2.19. 
Sorption in the barriers is not considered unless specifically stated. 
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Figure 6.10 Mesh geotnetry used in the one-dimensional calculations. 

Table 6.10. Data used in the one-dimensional calculations. 

GEOMETRIC DATA 
Dimensions of barriers 

WATER FLOW RATES 
0-100 a (FRESH, 
Hydraulic case 7 J 

100-5 000 a (OLD, 
Hydraulic case 7 b) 

>5 000 a (DEGRADED, 
not presented elsewhere) 

BARRIER MATERIAL PROPERTIES 
Effective diffusivity 
Porosities 
Solid densities 
Distribution coefficient 

Figure 6.10 

5.2·10-U 

1.8.10-10 

6.2.10-10 

Table 2.7 
Table 2.7 
Table 2.7 
o 

[m3 . m-2· s-1] 

[m3. m-2· s-1] 
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Initial and boundary conditions 

Release of radionuclides from activated steels has been modelled in such a way that 
radionuclides are released into the pore-water of the waste nlatrix at a constant rate 
detennined by; the corrosion rate, the corroding surface and the element 
composition of the steel, also accounting for stable isotopes. This is relevant for 
radionuclides fonned by neutron activation inside the steel. The release is assumed 
to follow congruent dissolution of the steel. The calculations assumed that the steel 
will be totally corroded after 10 000-50 000 years. This corresponds to a constant 
corrosion rate of 5.10-7-2.5 ·10..{i [m· a-I] if the thickness of corroding steel pieces 
is 0.05 [m], the steel is homogeneously activated and the ratio between corroding 
surface and steel volume is constant. A surface to volume ratio of 40 [m2 . m-3] has 
been adopted for the corroding steel. 

Solubility limits in the waste matrix have been Inodelled in such a way that the 
pore-water concentration in the matrix is held constant at the solubility limit until 
the solid phase of the element has been completely dissolved and transported away 
by advection-diffusion. 

Sorption in the waste matrix has the effect of distributing the elements between the 
solid phase of the matrix and the pore-water. The pore-water concentration is 
thereby reduced, which has been considered in some of the calculations. 

Outside the two-metre thick rock layer included in the model, a zero concentration 
boundary condition has been assumed in the calculations. 

The activity contents in the matrix are given as initial conditions in the 
calculations. 

The TRUMP computer program /EDWARDS 1969/has been used in the transport 
calculations. 

Selected waste types 

The release from the one-dimensional calculations is presented for two selected 
waste types representing cases where the effects studied for the source tenn carl be 
expected to be'" importarrt for the release rate. The selected waste types are: 

W A-2, concentrates and sludges from reprocessing conditioned in bitumen. The 
activity content of Ni-59 is 1.4 lei] and that of Ni-63 is 186 lei]. 

SA-KKB -1-2, decommissioning waste originating from the pressure vessel from 
the Beznau power plant. This waste type includes 23 000 [kgJ steel containing 
10 wt% nickel. The activity of Ni-59 is 1.28.104 lei] (127 kg) and the activity 
of Ni-63 is 1.66· 106 lei] (23 kg); this means that 94 wt% of the nickel content 
is inactive and 6% is active. 
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Results 

The release of nickel is presented in Table 6.11 as the maximum fractional release 
rate [a-I], which has been defined as the aIUlual amount released from the 
repository divided by the initial inventory. In addition, the fractional release rate as 
a function of tinle is shown in Figure 6.11. 

One-dimensional base case 

As a ba~e case for the one-dimensional advective-diffusive release calculations, a 
case with no rate-limiting effects such as solubility lunits, sorption or corrosion 
resistance has been selected. The maximwn fractional release rate is 1.7 ·1Q-3 [a-I] 
at 400 years. 

Release of radionuclides from activated steel 

It can be concluded that if corrosion of the activated steel matrix in SA-KKB-1-2 is 
taken into account, the maximum fractional release rate is considerably reduced 
compared to the one-dimensional base case. The maxitnum fractional release rate is 
more or less proportional to the corrosion rate but is independent of the flow rate as 
long as the transport capacity out of the system of engineered barriers is higher than 
the discharge from the activated steel. As can be seen in Figure 6.11, the maxitnum 
fractional release rate for SA-KKB-I-2 depends on the selected corrosion rate, a 
corrosion rate of 2.5 ·1Q-6 [m· a-I] reduces the maximuln fractional release rate by a 
factor of around twenty compared to the base case. For this corrosion rate the 
maxitnum release rate of Ni-59 has been calculated as 1.3 [ei· a-I] at 2 000 [a], 
compared to 22 [ei· a-I] at 400 years for the reference case. For the release of 
Ni-63 a significant influence of decay has been observed, giving a maximum 
release rate of 4 [ei· a-I] at 250 La]. 

Sorption 

Sorption has the effect of distributing the total content of a species between the 
pore-water and the solid nlaterial. The asswnptions made for the applied 
Kd-concept are that a constant ratio is maintained between the amount dissolved in 
the pore-water and the amount bound to the solid phase and that the sorption 
equilibria are reached instantaneously. Sorption will reduce the pore-water 
concentration considerably and will both reduce and delay the release of activity. In 
the one-dimensional base case calculations, no sorption in the waste matrix or 
engineered barriers has been assumed. Results are presented for the following 
cases: 

no sorption in the matrix but sorption (distribution coefficient 0.01 [m3 . kg-I]) in 
the other barriers. 
sorption both in the waste matrix and in the other barriers (distribution 
coefficient 0.01 [m3 . kg-I]). 
sorption (distribution coefficient 0.01 [ln3 . kg-I]) in the matrix but no sorption in 
the other barriers 

No sorption in the waste matrix but sorption in the other barriers gives a decrease 
in the maxunum fractional release rate of 80% and a delay jn the maximmn 
fractional release by 4 800 years compared with the base case. This could be the 
case for waste in a bitulninous or plastic matrix. For nuclides with higher 
distribution coefficients, the effects may be more serious than in this example. 
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Sorption both in the waste matrix and in the other barriers will decrease the 
fractional release rate only marginally but will delay the maximum release time by 
approximately 8 400 years compared with the base case. 

The results of the calculations show that, for the selected distribution coefficient, 
Kd = 0.01 [m3 . kg-l] , sorption in the waste matrix only will decrease the fractional 
release rate by one order of magnitude and the release will be delayed from 400 
years to 6 000 years compared with the base case. The maximmn release of Ni-59 
from WA-2 has been calculated as 1.4·10-4 [Ci·a-l] at 6000 years, whereas with 
the base case assumptions a release rate of 2.4·10--3 [Ci· a-l] has been obtained at 
400 years. 

Solubility linlits 

If a radionuc1ide has a limited solubility, the maximum fractional release rate is 
lowered. The radionuclide dissolution rate is the product of the rate of water flow 
through the waste and the solubility in the pore-water. This is based on the 
assumption that the radionuclide concentration in the waste matrix pore-water 
remains constant at the solubility limit as long as a solid phase is present. 

The maximum fractional release rate of nickel from SA-KKB-1-2 is reduced by at 
least a factor of 10 compared to the base case if the solubility is 1· 1 ()-2 
[kmol· m--3]. For a solubility of 1· 1~ [kmol· m-3] , the maximum release rate of 
Ni-59 has been calculated as 1.4 [Ci· a-I] at 5 000 [a]. Tins can be compared to the 
base case assumptions which would give a maxunum release rate of Ni-59 of 
22 [Ci· a-I]. The maximum release rate of Ni-63 has been calculated as 13 [Ci· a-I] 
at 200 [a], which shows that there is an effect of radioactive decay for this nuclide. 
For a solubility lnnit of 10~ Lkmol'ln-3], the maximum fractional release rate has 
been calculated as 1.1.10-10 [a-I]. In section 6.2, the solubility of nickel was 
calculated to be as low as 1.1·10-1L2· 10-10 [kmol· m-3] , which would further 
reduce the maximum fractional release rate. 
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Table 6.11 The maximum fractional release rates [a-I] for nickel and times for 
the maximum fractional releases for the one-dimensional 
calculations (decay is not considered). The waste types for which 
the calculations are valid are indicated. 

Case Maximum fractional 
release [a-I] 

Base case 1.7.10-3 

Corrosion of steel (corrosion rate): 
11) 2.5 ·1Q-6 [m· a-I] 1.0 ·10-4 

1.10-7 [m· a-I] 4.0.10-5 

21) 5.10-7 [nt· a-I] 2.0.10-5 

Sotption (Kd = 0.01 m3 . kg-I) in 
31) barriers 3.7 ·10-4 
41) barriers+matrix 9.8.10-5 

51) matrix 9.9.10-5 

Solubility limits in [kmol Ni tot· m-3] 
61) 1()-2 1.1·10-4 

10-5 1.1.10-7 

lQ-8 1.1 .10-10 

Time 
[a] 

400 

2000 
2000 
2000 

5200 
8 800 
6000 

>5000 
>5000 
>5000 

Waste type 

WA-2, SA-KKB-I-2 

SA-KKB-1-2 
SA-KKB-1-2 
SA-KKB-1-2 

WA-2 
WA-2 
WA-2 

1) Refers to curve numbers, see Figure 6.11 

Fractional release rate 

102r-~------------------------------------------------~ 
1 Corrosion 2.5.10-6m/a 
2 Corrosion 5,10-7 m/ a 

Figure 6.11 

Base case, Kd=O 

~ 

TIme (0) 

3 No sorption in matrix 
4 Sorption in all materials 
5 Sorption only in matrix 
6 Solubility limit 0.01 kmol/m 3 

2 
-- - - - - -- --I 

1 
1 
I 
I 
I 
1 
1 

I 
I 
1 

1 

Fractional release rates as a function of time for different source 
tenn assulnptions in the one-dimensional calculations (decay is not 
considered) . 
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6.7 Concluding remarks 

Additional rate-limiting processes 

Different processes which may limit the release rate from the waste matrix have 
been studied. The results show that for some radionuclides these processes may 
totally determine the release rate. The effect of solubility limits and release by 
corrosion of activated steels has been illustrated for the release of nickel from the 
repository . 

It can be concluded that even for fairly high solubilities and corrosion rates these 
processes would significantly influence release from the repository. These 
mechanisms could play a major role if the transport resistance offered by the outer 
barriers can be bypassed or cannot be guaranteed. 

To take into account source term limiting effects, waste type-specific studies must 
be performed as the waste is inhomogeneous and consists of several different waste 
matrices. 

The solubility 1 imits have been calculated for three elements, i.e. nickel, technetium 
and tin. For strongly reducing conditions at pH 12.8, the solubilities have been 
calculated as: 

1.7.10-5 [kmol· m-3] for nickel, assuming that the solid nickel phase NiO(s) 
detennines the solubility 
1.6· 10-12 [kmol· m-3] for nickel, assuming the solid nickel phase to be Ni3S2(s) 
less than 1 O~O [kmol· m-3] for technetium 
9· 10-7 [kmol· m-3] for tin. 

The effects of potential complexing agents have been studied in a series of waste 
type-specific solubility calculations for the three eletnents. For example, 
trimethylamine from anion-exchange resins increases the solubility in the case of 
Ni3S2(s) as the solid phase, whereas if NiO(s) is the solubility-limiting phase hardly 
anv effect of TMA as a comolexinrr arrent on the solubility is expected. Lrl these 
calculations the effects of sorPtion hav; also been accounted for. The results show 
that, for the waste types studied, the pore-water concentrations of nickel and 
technetium will be significantly reduced by solubility constraints. The calculations 
also show that for tin the effects of sotption may be tnore important than solubility 
constraints. 

Finally, one-dimensional radionuclide release calculations have been performed to 
study certain mechanisms that could significantly influence the release rate for 
some waste types. These calculations have focussed on the release of radionuclides 
from corroding activated steel parts and from waste conditioned with materials 
other than cement. The results show that the corrosion rate of activated steel may 
be the rate-determining process for the release of radioactive nickel. However, for 
low solubility litnits and high cOlTosion rates, solubility litnits have been found to 
determine the release rate. 

The results also show that, for waste conditioned with non-cementitious materials, 
the release rate of nickel (Kd = 0.01 n13 . kg-I) will be less than a factor of ten 
higher than for waste conditioned with celnent, if the release Inechanisms are 
otherwise assumed to be the same. 
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To summarise, it can be concluded that the importance of different rate-determining 
effects can be very significant for the release of some radionuclides. It has also 
been demonstrated that different effects may determine the radionuclide release 
rates from different waste types. 
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7. CONCLUSIONS AND DISCUSSION 

Since the 'Project Gewahr 1985' Study, field measurements have been carried out 
and the hydrogeological data are now better founded. The measurements have 
revealed higher water flow rates in the rock than were previously assumed and 
different flow systems have been identified. This has made it necessary to take into 
account the flow of water in the near-field. The water flow in the different concrete 
barriers of the repository has been calculated and included in the near-field 
radionuclide release studies. The effects of water flow through the repository were 
not considered in 'Project Gewahr 1985' , except in a simplistic parameter variation 
calculation. The development of a method for introducing near-field hydraulics into 
the radionuclide release calculations has been one of the primary objects of this 
study. The effects of different assumptions (e.g. predominant release mechanisms 
and repository design) and of the selected input data (e.g. water flow rates and 
degradation rates) have been investigated. 

In an attempt to eliminate the high water flow rates in the repository, a high quality 
hydraulic barrier has been proposed and its effects studied. This has raised the 
question whether this type of barrier is required for all waste types or whether it 
would be appropriate to make a division of the waste based on radionuclide 
inventory. In conjunction with this, the containment of the short-lived radionuclides 
has been given special attention. 

The high water flow rates in the host rock would result in leaching of the concrete 
barriers. This means that the barrier material properties require special treatment. 
As a tool to estimate the physical properties of the barriers, chemical degradation 
has been studied and a rough hypothesis has been proposed for the coupling 
between time-dependent changes in the chemical and physical properties. The 
sensitivity of the radionuclide near-field release to the physical degradation rate has 
been studied. 

The release rate from the near-field has been calculated using four different 
modelling approaches: 

advection-diffusion 
diffusion 
plug-flow release 
mixing-tank release. 

The influence of a change in the pore-water chemistry caused by leaching of 
concrete barrier materials on the chemical behaviour of three important elements 
(Ni, Tc, Sn) has been studied. The effects on release have been illustrated for 
selected waste types. The effects of additional rate-limiting processes such as 
corrosion of activated steel matrices, sorption and concentration-litniting solubilities 
have also been studied for selected waste types. 

Topics which can influence radionuclide release and have not been covered in this 
study are listed below: 

radionuclide transport induced by the fonnation of gas 
thennally driven diffusion (Soret-effect) /DeMARSILY, FARGUE, GOBLET 
1985/ 
squeezing of contaminated concrete pore-water caused by convergence of the 
host rock 
the importance of bitumen; water uptake, swelling and radionuclide release 



NAGRA NTB 88-42 -164 -

All waste has been assumed to be conditioned with cement/concrete even though 
bitumen and plastic are used for some waste types. 

Differences from previous studies 

The waste volumes considered in previous studies were based on a 6 GWe nuclear 
energy progratnme whereas in this study the waste volulnes have been based on a 4 
GWe scenario. Another important difference frOln previous studies is that the waste 
containing 'hulls and endpieces' from reprocessing (WA-4) has been included in 
this study and contributes significantly to the radionuclide inventory and to the 
resulting radionuclide releases. 

The repository design has been changed, e.g. an additional high quality hydraulic 
barrier has been suggested for some or all of the waste. Storage containers were 
foreseen for all waste in 'Project Gewahr 1985', but have been assumed only for 
the deconunissioning waste in this study. 

The dominant transport mechanism for radionuclides in the near-field was assumed 
to be diffusion in earlier studies. Ongoing studies/investigations of the sites indicate 
systems with significant water flow rates in the host rock. The water flow through 
the repository must therefore be taken into account in the radionuclide transport 
modelling and transport has been assumed to be governed by advection-diffusion 
rather than nlerely diffusion. 

The geometric simplifications of the barrier system that were made in previous 
studies underestimate the transport distance for conditioned waste stored near the 
centre of the repository tunnels. These simplifications were used in previous studies 
when modelling radionuclide transport by pure diffusion, but are no longer 
applicable when taking into account the water flow in different barriers. In the 
present study the geometric simplifications give a more detailed description of the 
barrier system, which is necessary for the modelling of advective-diffusive 
transport. 

Validity of the models 

Tne two numerical models mUST and TRlJMP used in the calculations are 
versatile with respect to mesh geometries, initial conditions and boundary 
conditions. The close resemblance between the input data structures of the two 
progrruns enables the use of the same mesh geometries in all calculations. This 
means that no geometric distortion is introduced in the transfer of the hydraulic 
flow field to the release calculations. The two programs have been verified against 
analytical solutions for a variety of cases. See references in /COLLIN, 
RASMUSON 1986/, /RASMUSON, NARASIMHAN, NERETNIEKS 1982/. 

However, the validity of the models depends also on the way they are applied to 
the actual problem. One type of problem which is known for the models is 
anisotropic advective-diffusive transport in an element mesh where the water flow 
does not cross the interface between different elements perpendicularly. To 
circumvent problems of this kind, the elelnent mesh should be adjusted to meet the 
requirement that water flow is perpendicular to the element interfaces. Anisotropy 
has not been considered in the present study and no such adjustments of the mesh 
geometry have been made. 
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Knowledge acquired 

The importance of both diffusive and advective transport must be thoroughly 
investigated before either of theln can be disregarded. If neither of these transport 
mechanisms is negligible, release must be modelled as advection-diffusion. As a 
consequence, an efficient method was required for including the near-field 
hydraulics in the present release calculations. Based on previous experience 
/WIBORGH et.al. 1987b/ it is obvious that a one-dimensional model cannot 
simulate the behaviour of the near-field barrier system with any certainty when 
exposed to advective water flow. A fully two-dimensional representation of a' cut 
through the repository perpendicular to the axis of the cavern has been used for the 
calculations. The most efficient way to introduce the hydraulics was found to be by 
a two-step calculation. Firstly, the near-field hydraulics are calculated with the 
TRUST program /NARASIMHAN 1975/, /NARASIMHAN, WITHERSPOON 
1977/, /NARASIMHAN, WITHERSPOON 1978/, /NARASIMHAN, 
WITHERSPOON, EDWARDS 1978/ and secondly, the results of the hydraulic 
calculation are converted to a suitable fonn and given as new input data for the 
near-field release calculations perfonned with the TRUMP program /EDWARDS 
1969/. The almost identical input data structure of" the two programs makes it 
possible to use the same mesh geometry in both calculations. 

It has been found that the mesh geometry, i.e. the amount of host rock in the mesh 
and the assigned boundary conditions, is critical for the results obtained. To enable 
simple assignment of boundary conditions it was also necessary to make the 
near-field hydraulic calculations in two steps. The first calculation comprises an 
extended (sub-regional) mesh geometry with simple boundary conditions. From the 
results of the fIrst calculation, the boundary conditions for the second (local) 
calculation are obtained. An attempt to apply simple boundary conditions in the 
local near-field hydraulic calculation produces unreliable results. For future work 
the assignment of boundary conditions requires careful treatment. The 
implementation of an analytical model for spherical symmetry has provided a 
useful tool for gaining infonnation on the effects of different pennutations of input 
data. This has also provided good support for and increased confidence in, the 
results obtained by numerical analysis. 

Results 

It can be concluded from the calculations that water flow through the repository 
must be considered in the near-field solute transport calculations, for the situations 
assumed in this study. The governing transport mechanisln for the near-field will be 
advection-diffusion. 

It has been demonstrated in the near-field hydraulic calculations that, inside the 
repository, the water will flow preferentially in the backfill between waste packages 
rather than through the waste packages themselves. 

The effects of an additional high quality hydraulic barrier have been studied and the 
results show that, during a liInited period of time, such a barrier would restrict the 
water flow through the near-field, but will not allow advection to be disregarded. It 
has further been shown that improved transport properties during a liInited period 
of time can be expected, which would decrease and delay the release during the 
functional lifetime of the barrier. This may have a significant effect on the release 
of short-lived radionuclides. The high quality barrier would not significantly affect 
the release of long-lived radionuclides. 
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The importance of barrier degradation has been studied and it can be concluded that 
the degradation rate will detennine the extent of both the physical and chemical 
containment of radionuclides in the repository near-field. Physical containment will 
be detennined by the hydraulic and diffusive properties of the engineered barriers. 
Of special interest is the occurrence of fractures in the barrier system, which was 
not treated in this report. Physical containment is a critical parameter for weakly 
sorbed radionuclides with short half-lives. Chemical containment is detennined by 
the changes in the chemical properties of the concrete barriers such as altered 
mineral composition affecting the sorption and altered pore-water composition 
affecting both sorption and solubilities of different radionuclides. Chemical 
containment is a critical parameter for all radionuclides except soluble nuclides 
with minor sorption. 

From the near-field modelling it can finally be concluded that: 

Advection and diffusion are both important mechanisms determining the release 
of radionuclides from the near-field, for the situations assumed in this study 

Sorption by barrier materials will be the most important mechanism for reducing 
the release of radionuclides and will influence both the rate and time of release 
from the near-field 

An additional high quality hydraulic barrier will be effective during a limited 
time period and will reduce the rate of radionuclide release from the near-field 

The rate of barrier degradation is of particular importance for toxic short-liv.ed 
weakly sorbed radionuclides present in appreciable amounts in the waste 

Barrier degradation determines the physical (short-term) and chemical 
(long-term) containment of radionuclides in the repository 

Many short-lived radionuclides will be contained by the near-field barriers long 
enough to decay substantially. For short-lived radionuclides, both chemical and 
physical containment are important factors determining release. For long-lived 
radionuclides, chemical containment can decrease and delay release. Physical 
containment cannot be guaranteed over the time-spans required to have a 
significant influence on the release of long-lived radionuclides 

Chemical effects in the waste matrix are very important for some radionuclides. 
To take into account source term limiting effects, waste type-specific studies 
must be performed as the waste is inhomogeneous and consists of several 
different waste matrices. A few examples are given in this study, although many 
others are possible. 
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Below is a compilation of literature data on transport properties of different types 
of concrete, i.e. water to cement ratio (w/c) , porosity (E), age, ballast volume, 
hydraulic conductivity and effective diffusivity. 

Table A:1 Compiled literature data on transport properties of concrete 

Concrete 
qualityO) 

w/c E Age Ballast Hydraulic Effective Re- Reference * 
volume conductivity diffusivity mark 

[-][m3 . m-3] [a] [m3. m-3] [m· s-l] [tn2 . s-l] 

OPC Paste 0.35 0.404 0.03 2.5.10-13 2.2.10-18 1) Zamorani 86 
Simulated 0.35 0.469 0.03 0.17 1.1.10-13 1.6.10-15 1) Zamorani 86 
ILWMortar 

Concrete, 0.42 0.204 0.02 0.49 4.8.10-11 7.4 .10-11 2) Mills 85 
no additives 
Concrete, 0.42 0.173 0.02 0.60 3.9.10-11 7.1.10-11 2) 3) Mills 85 
SSP 2.7 kg/m3 
Concrete, 0.42 0.127 0.02 0.68 2.6.10-11 6.7.10-11 2) 3) Mills 85 
SSP 4.1 kg/m3 
Concrete, 0.42 0.102 0.02 0.74 2.2.10-11 6.5.10-11 2) 3) Mills 85 
SSP 7.1 kg/m3 
Concrete, 0.56 0.157 0.02 0.60 4.7.10-11 3) Mills 85 
SSP+Silica 
Concrete, 0.64 0.159 0.02 0.60 4.5.10-11 3) Mills 85 
SSP+Silica 
Concrete, 0.77 0.168 0.02 0.60 5.0.10-11 3) Mills 85 
SSP+Silica 

Concrete 0.69 - 8.0.10-12 U.S. Army 54 
Concrete 0.74 - 2.4.10-11 U.S. Army 54 
Concrete 0.75 - 3.4 .10-11 U.S. Army 54 
Concrete 0.46 - 2.8.10-11 U.S. Army 54 

Concrete, 0.46 - 0.25 0.66 1.2.10-11 4) Raharinaivo 86 
unfractured 
Concrete, 0.46 - 0.25 0.66 4.9.10-11 4) Raharinaivo 86 
small cracks 
Concrete, 0.46 - 0.25 0.66 8.0.10-11 4) Raharinaivo 86 
large cracks 

0) OPC= Ordinary Portland Cement 
SRP = Sulphate Resistant Portland Cement 

1) Diffusion of Ca2+ at 700 C 
2) Water vapour diffusion 
3) SSP = Solid Super Plastisicer 
4) Diffusion of CI-
* See list of literature in the main report 
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Table A: 1 Continued 

Concrete w/c E Age Ballast Hydraulic Effective Re- Reference * 
qualityO) volume conductivity diffusivity mark 

[-] [m3 . m-3] [a] [m3 . m-3] [m· s-l] [m2 . s-1] 

OPC Paste 0.37 - 0.25 1.6.10-12 5) Revertegat 86 
OPC Paste 0.37 - 0.25 5.0.10-13 4) Revertegat 86 
OPC Paste 0.37 - 0.25 8.1.10-13 4) Revertegat 86 
OPC Paste 0.37 - 0.25 9.7.10-13 4) Revertegat 86 
ope Paste 0.4 0.16 2.6.10-12 4) Short 82 
ope Paste 0.5 0.16 4.5.10-12 4) Short 82 
ope Paste 0.6 0.16 1.2.10-11 4) Short 82 
Sulphate 0.5 0.16 1.0.10-11 4) Short 82 
resistant 
Portland paste 
OPC Paste 0.5 0.16 1.5.10-12 4) Short 82 
30 % fly ash 
OPC Paste 0.5 0.16 4.1.10-13 4) 6) Short 82 
65 % BFS 
ope Paste 0.5 0.277 0.08 1.2· 10-s Manmohan81 
10 % fly ash 
ope Paste 0.5 0.273 0.25 < 1·10-9 Manmohan81 
10 % fly ash 
OPC Paste 0.5 0.250 1.0 < 1·10-9 Manmohan81 
10 % fly ash 
OPC Paste 0.5 0.324 0.08 7.0·10-9 Manmohan81 
10 % rice ash 
ope Paste 0.5 0.312 0.25 5.0.10-10 Manmohan81 
10 % rice ash 
OPC Paste 0.5 0.287 1.0 2.0.10-10 Marunohan 81 
10 % rice ash 
ope Paste 0.5 0.249 0.08 9.9·1Q-9 6) Manmohan81 
30% BFS 
ope Paste 0.5 0.229 0.25 < 1·1Q-9 6) Marunohan 81 
30 %BFS 
ope Paste 0.5 0.208 1.0 < 1·10-9 6) Manmohan 81 
30 %BFS 

0) OPC= Ordinary Portland Cement 
SRP = Sulphate Resistant Portland Cement 

4) Diffusion of CI-
5) Diffusion of tritium 
6) BFS = Blast Furnace Slag 
* See list of literature in the main report 
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Table A: 1 Continued. 

Concrete 
qualityO) 

W/c E Age Ballast Hydraulic Effective Re- Reference* 
volume conductivity diffusivity mark 

[ .. ][m3 . m-3] [a] [m3 . m-3] [m· s-l] [m2 . s-l] 

ASTM, 0.45 - 0.08 8.3.10-13 7) Goto 81 
Type I, Paste -1.4.10-12 

ASTM, 0.45 - 0.08 4.2.10-12 4) Goto 81 
Type I, Paste -8.3.10-10 

ASTM, 0.40 - 0.08 1.3· 10-12 7) Goto 81 
Type I, Paste -1.6.10-12 

ASTM, 0.40 - 0.08 7.0.10-12 4) Goto 81 
Type I, Paste 
ASTM, 0.35 - 0.08 4.1.10-13 7) Goto 81 
Type I, Paste 
API 0.30 - 0.02 1.0.10-13 7) Goto 81 
Class H, Paste 
API 0.30 - 0.02 2.7.10-11 4) Goto 81 
Class H, Paste 
API 0.30 - 0.23 8.0.10-13 7) Goto 81 
Class H, Paste 
API 0.30 - 0.08 6.9.10-13 7) Goto 81 
Class H, Paste 
API 0.30 - 0.08 8.5.10-12 4) Goto 81 
Class H, Paste 
Paste 0.30 0.044 - 3.6.10-15 8) Older 83 
Paste 0.40 0.114 - 3.6·1Q-14 8) Older 83 
Paste 0.50 0.203 - 7.6.10-13 8) Older 83 
Paste 0.50 0.256 - 4.2.10-11 9) Older 83 
Paste 0.55 0.262 - 4.4.10-12 8) Older 83 
Paste 0.55 0.292 - 7.2.10-11 9) Older 83 
Paste 0.70 0.342 - 2.6.10-11 8) Older 83 
Paste 0.70 0.363 - 3.7.10-10 9) Older 83 
Paste 1.0 0.476 - 5.7.10-11 8) Older 83 
Paste 1.0 0.513 - 2.5 ·1Q-9 9) Older 83 
OPC, 0.4 0.38 0.55 2.10-12 4) Buenfield 87 
mortar 
OPC, 0.6 0.38 0.55 2.10-12 4) Buenfield 87 
mortar 
OPC, 0.4 0.38 0.55 1.2· 10-12 4) B uenfield 87 
35 % fuel ash mortar 
Sulphate 0.4 0.38 0.55 1.8.10-12 4) B uenfield 87 
resistant mortar 

0) OPC= Ordinary Portland Cement 
SRP = Sulphate Resistant Portland Cement 

4) Diffusion of CI-
7) Diffusion of N a+ 
8) Before drying 
9) Mter drying and resaturation 

10) Diffusion of OH-
* See list of literature in the main report 
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Table A: 1 Continued 

Concrete 
qu al it yO) 

w/c £ Age Ballast Hydraulic Effective Re- Reference * 
volume conductivity diffusivity mark 

[ .. ][m3 . m-3] [a] [m3 . m-3] [m· s-1] [m2 . s-1] 

OPC Paste 0.4 0.384 2.0 1.10-12 4) Tuutti82 
-1· 10-11 

OPC Paste 0.6 0.503 2.0 3.10-12 4) Tuutti82 
-1.4.10-11 

OPC 0.4 0.151 2.0 0.61 8.10-13 4) Tuutti82 
mortar -5.10-12 

OPC, 0.6 0.225 2.0 0.54 4.10-12 4) Tuutti82 
mortar -1.2.10-11 

OPC with 0.4 0.449 2.0 3.10-13 4) Tuutti82 
70 % slag, paste -7.10-13 

OPC with 0.4 0.168 2.0 0.60 6.10-13 4) Tuutti82 
70 % slag, mortar -1· 10-12 

OPC with 0.6 0.241 2.0 0.54 5.10-13 4) Tuutti82 
70 % slag, mortar -1· 10-12 

OPC, 0.4 0.151 2.0 0.61 6.10-12 10) Tuutti82 
mortar -1.10-11 

OPC, 0.4 0.225 2.0 0.54 1.10-11 10) Tuutti82 
mortar -3.10-11 

OPC Paste 0.2 2.10-14 11) Atkinson 84 
OPC Paste 0.2 3.10-13 12) Atkinson 84 
OPC Paste 0.3 2.10-13 11) Atkinson 84 
OPC Paste 0.3 1.10-12 12) Atkinson 84 
OPC Paste 0.4 9.10-13 11) Atkinson 84 
OPC Paste 0.4 5.10-12 12) Atkinson 84 
OPC Paste 0.5 4.10-12 11) Atkinson 84 
OPC Paste 0.5 2.10-11 12) Atkinson 84 
OPC Paste 0.6 4.10-11 11) Atkinson 84 
OPC Paste 0.6 5.10-11 12) Atkinson 84 
OPC Paste 0.7 9.10-11 11) Atkinson 84 
ope Paste 0.7 1· 10-10 12) Atkinson 84 

0) OPC= Ordinary Portland Cement 
SRP = Sulphate Resistant Portland Cement 

4) Diffusion of Cl-
IO) Diffusion of OH-
11) Diffusion of Cs+ 
U) Diffusion of 1-
* See list of literature in the main report 
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Table A: 1 Continued 

Concrete 
qualityO) 

W/c E Age Ballast Hydraulic Effective Re- Reference * 
volume conductivity diffusivity mark 

[-1 [m3 ·tn-3][a] [m3 . m-3] [m· s-1] [m2 . s-1] 

Concrete, 1.10-11 13) Atkinson 84 
160 kg cement/m3 

Concrete, 2.10-12 13) Atkinson 84 
200 kg cement/m3 

Concrete, 1.10-12 13) Atkinson 84 
250 kg cement/m3 

Concrete, 2.10-11 14) Atkinson 84 
200 kg cement/m3 

Concrete, 6.10-12 14) Atkinson 84 
250 kg cement/m3 

Concrete, 3.10-12 14) Atkinson 84 
300 kg cement/m3 

Concrete, 2.10-12 14) Atkinson 84 
350 kg cement/m3 

Concrete, 10-12 Atkinson 85 
good quality 
Concrete, 10-10 Atkinson 85 
average quality 
Concrete, 1~ Atkinson 85 
poor quality 
Wasteform 0.35 - 5.10-14 Atkinson 85 
matrix 
Wasteform 0.40 - 7.10-13 Atkinson 85 
matrix 
Wasteform 0.45 - 1.10-12 Atkinson 85 
matrix 

0) OPC= Ordinary Portland Cement 
SRP = Sulphate Resistant Portland Cement 

13) Vibrated 
14) Placed by hand 
* See list of literature in the main report 
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APPENDIXB 

COlnpilation of distribution coefficients 
used in various safety studies 
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In this Appendix, a compilation of sorption data used in safety studies for 
IL WILL W repositories in Finland, Sweden and Great Britian is presented. The 
references can be found in the list of literature in the main report. 

In the Finnish preliminary safety analysis reports for low- and intennediate-Ievel 
waste repositories at Loviisa and at Olkiluoto, sorption data for concrete and 
cemented waste are given, see Tables B:I-B:2. The data presented are based on 
site- and material-specific studies Nieno, Nordman 1987/, Nieno et.al. 1986/. 

Three sets of distribution coefficients were compiled for the Swedish SFR-study 
/ Allard, Andersson 1987/: 

best-estimate values 
lowest measured values found in literature (suggested for concrete where no 
detailed composition is known) 
values corresponding to quartz at pH 10-10.5 (representative for the lowest 
values that can be assumed for a cOlnpletely degraded concrete). 

The distribution coefficients for these three sets are presented in Table B:3. 

In the English CASCADE (phase 1) exercise sorption data for concrete are given as 
minilnum, maximum and best-estimate values /Ewart et.al. 1988/. The distribution 
coefficients are listed in Table B :4. 

Table B:1 

Element 

C 
Co 
Ni 
Sr 
Tc 
I 
Cs 
Pu 

Sorption data presented as distribution coefficients for the 
materials in the Loviisa repository /Vieno, Nordman 1987/. 

Distribution coefficient, Kd [m3 . kg-I] 

cemented waste 

1·10° 
1.10-1 

4.10-1 

1.10-3 

1·10-4 
1.10-3 

5·1()-2 
1 . 10-2 

concrete 

1·10° 
2.10-1 

1.100 

1.10-3 

1·104 
1·1()-3 
1 . 10-1 

2 ·10-2 



NAGRA NTB 88-42 -B:3 -

Table B:2 Sorption data presented as distribution coefficients for concrete in 
the Olkiluoto repository Nieno et. al. 1986/. 

Element 

C 
Co 
Ni 
Sr 
Tc 
I 
Cs 
Pu 

Distribution coefficient, Kd [m3 . kg-I] 

realistic basic 

1.100 1.100 

2.10-1 1.10-1 

3.100 1.100 

3.10-3 2.10-3 

1 . 10--4 1·10--4 
5.10-3 2.10-3 

3.10-1 1· 10-1 

2· 10-2 1· 10-2 

Table B:3 Sorption data for concrete presented as distribution coefficients 
used in the Swedish SFR-study IAllard, Andersson 
/Wiborgh, Lindgren 1987/. 

Element Distribution coefficient, Kd [m3 . kg-I] 

Fresh Fresh* De grade d** 
pH>12.5 

C 5 expo 1 0 
Fe 1 a 0.5 a 0.001 a 
Co 1 a 0.5 a 0.001 a 
Ni 1 expo 0.5 0.001 
Sr 0.002 expo 0.001 0.001 
Zr 1 d 0.2 d 0.2 d 
Nb 1 b 0.1 0.1 
Tc(IV) 1 a 0.1 0.1 
Tc(VII) 0.001 expo 0.001 0 
I 
Cs 
Ra 
Th 
Pu 
Am 
Cm 

* 
** 
a 
b 
c 
d 
e 
expo 

0.03 expo 0.003 0 
0.002 expo 0.001 0.001 
0.02 e 0.01 e 0.01 e 
5 expo 1 1 
5 expo 1 0.3 
5 expo 1 0.1 
5 c 1 c 0.1 c 

The lowest experimental value found in the literature. 
Lowest value ever expected, corresponding to quartz at pH 10 - 10.5. 
Srune as for Ni assumed 
SaIne as for Zr assumed 
SaIne as for Am assumed 
Tetravalent: 20 % of the Th(IV)-value assumed 
Ten times the value for Sr assumed 
experimentally determined 

1987 I, 
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Table B:4 Sorption data presented as distribution coefficients for concrete 
used as a near-field barrier for both LLW and ILW; grout, 
backfill or structural material (pH = 11 ± 1, Eh = -500 m V ± 100 
m V) used in the English Cascade phase 1 exercise /Ewart et.al. 
1988/. 

Element Distribution coefficient, Kd [ln3. kg-I] 

Best -estimate Max. value Min. value 

H 104 5 ·104 0 
C 6 30 3 
CI 104 5 ·10-4 0 

Ca 5 30 3.10-1 

Ni 5·1~ 3.10-1 3·1<r.' 
Se 5·104 3.10-3 0 

Sr 2·1<r.' 1()-2 10-4 
Zr lQ-1 5.10-1 5·1<r.' 
Nb 5·1~ 3.10-1 3·1<r.' 

Tc lQ-1 5.10-1 5· 1<r.' 
Pd 1~ 5·1()-2 5 ·10-4 
Ag 5·1()-3 3·1()-2 3 ·10-4 

Sn 1~ 5·1()-2 5 ·10-4 
I lQ-4 5 ·10-4 0 
Cs 5·1()-3 3·1()-2 3 ·1Q-4 

Sm 1 5 5·1()-2 
Pb lQ-1 5.10-1 5·1(}-3 
Ra 5·1~ 3.10-1 3·1()-3 

Ac 1 5 5· 10-.2 
Th 5 30 3.10-1 

Pa 5 30 3.10-1 

U 1 5 5·1()-2 
Np 5 30 3.10-1 

Pu 5 30 3.10-1 

Am 5 30 3.10-1 

Cm 5 30 3.10-1 
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APPENDIX C 

Additional infonnation on the 
activity inventory in the waste 
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Introduction 

Based upon the distribution of critical radionuclides, the different waste types have 
been divided into three waste groups. The main reason for this is the option of 
allocating certain components of the LL WilL W to repositories with different barrier 
systems. The selection of critical radionuclides, as well as the selection criteria for 
the three waste groups, are discussed in this Appendix. The reference inventory 
essentially resembles that presented in /NAGRA 1984/. The references are to be 
found in the list of literature in the main report. 

Selection of critical radionuclides 

The selection of critical radionuclides was perfonned in several steps. In the first 
step the radionuclides found to be dose-dominant for 'Project Gewahr 1985' 
/NAGRA 1985b/ were included in a list; to this list were added several 
radionuclides identified as critical in different scenarios calculations. The scenario 
cOlnprise groundwater release from Oberbauenstock, Piz Pian Grand and 
Wellenberg and an erosion scenario for Oberbauenstock. The radionuclides 
identified as critical are: inorganic C-14, organic C-14, CI-36, Ni-59, Se-79, Tc-99, 
Pd-107, Sn-126, 1-129, Cs-135, Ra-226, U-234, U-235, U-238, Np-237, Pu-239, 
Pu-241 and Am-241. 

Waste Groups 

The waste has been divided into three ·waste groups. Waste Group I will contain 
most of the activity inventory of the critical radionuclides, Waste Group II may 
contain small amounts and Waste Group ill will contain waste types with a very 
low inventory of the critical radionuclides. In the division into the three groups, the 
total activity content of the critical radionuclides and the concentration in the waste 
matrix are considered together. The selection criteria used are the relative matrix 
concentrations and the relative activity content. The relative matrix concentration 
(c re V has been defined by comparing the matrix concentration of each of the 
critical radionuclides in all waste types with the highest matrix concentration of that 
radionuclide in any waste type. The relative activity content (arel) has been defined 
as the activity content of a radionuclide in a waste type related -to the total activity 
content of that radionuclide. The limits used for the relative matrix concentration 
(creV and the relative activity content (areV are; 

Waste Group I one or more nuclides with arel ~ 1~ 
or one or more nuclides with Crel ~ 10-1 

Waste Group II one or more nuclides with 10-4 ~ arel <1~ 
or one or more nuclides with 10-3 ~ crel < 10-1 

Waste Group III one or more nuclides with arel <10-4 
or one or more nuclides with Crel < 10-3 

The relative matrix concentration of the critical radionuclides in the different waste 
types is shown in Tables C:4-C:6. A relative concentration of 1 for a nuclide means 
that this particular waste type has the highest matrix concentration of this nuclide. 
In addition, the relative total activity content in all waste types is presented in 
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Tables C:7-C:9. If these tables are studied in detail, one will find a few exceptions 
to the given limits due to other considerations. 

The waste types allocated to the different Waste Groups are sununarised in Tables 
C:1-C:3. Indicated in these tables are the number of waste packages and the total 
disposal volume, i.e. the total volume of the waste packages for each separate waste 
type, to give an indication of the amount of waste. 

Table C:1 Waste types in Waste Group I 

Waste number of 
type packages 

BA-KKB-1B-sum 4217 
BA-KKG-IB-sum 1 873 
BA-KKL/KWK-7 3418 
BA-KKM-7 
MIF-1 
MIF-3B 
MIF-4 
MIF-5B 
SA-KKB-I-2 
SA-KKB-1-3 
SA-KKB-1-4 
SA-KKM-l-sum 
WA-2 
WA-4 
WA-5 
WA-6 

Total 

KKL/KWK 
KKB 
K_T(G 
KKG 

635 
14000 
3 150 
1 050 

700 
40 
10 
30 
36 

13 100 
2620 

27248 
7860 

79987 

Leibstadt+ Kaiseraugst 
Beznau 1 + Beznau2 
MtihJeberg 
Gosgen 

total disposal 
volume (m3) 

548 
542 
974 
165 

3640 
819 
273 
182 
804 
201 
603 
724 

3 275 
4480 

18529 
9275 

45034 (33 %) 

sum indicates that the waste types include a number of sub-waste types 
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Table C:2 Waste types in Waste Group IT 

Waste number of 
type packages 

BA-KKB-2 2610 
BA-KKB-3 320 
BA-KKB-6 640 
BA-KKG-2-sum 2751 
BA-KKG-3 160 
BA-KKG-6 320 
B.A-KKL/KWK-IA 58000 
BA-KKL/KWK-IB 4400 
BA-KKL/KWK-IC 6000 
BA-KKL/KWK-6 640 
BA-KKL/KWK-8 856 
BA-KKM-IA 8000 
BA-KKM-IB 800 
BA-KKM-IC 800 
BA-KKM-6 240 
BA-KKM-8 155 
MIF-3A 5600 
MIF-5A 7700 
SA-KKB-l-1 16 
SA-KKB-1-5 28 
SA-KKB-2 66 
SA-KKB-3 72 
WA-3 524 

Total 100698 

KKL/KWK 
KKB 
KKG 

Leibstadt+Kaiseraugst 
Beznaul + Beznau2 
MiiWeberg 

KKG Gosgen 

total disposal 
volume (m3) 

679 
83 

166 
793 

46 
83 

16530 
1 254 
1 710 

166 
245 

2080 
208 
208 
62 
40 

1 456 
2002 

322 
563 

1 327 
1 447 

576 

32046 (24 %) 

sum indicates that the waste types include a number of sub-wa~te types 
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Table C:3 Waste types in Waste Group ill 

Waste 
type 

BA-KKB-4 
BA-KKB-5A 
BA-KKB-5B 
BA-KKG-5A-sum 
BA-KKL/KWK-5A 
BA-KKM-5B 
BA-KKM-9 
MIF-2 
SA-KKB-4 
SA-KKB-5 
SA-KKB-6 
SA-KKB-7 
SA-KKB-8 
SA-KKG-l-suln 
SA-KKG-3 
SA-KKG-4 
SA-KKG-5 
SA-KKG-6 
SA-KKG-7A 
SA-KKG-7B 
SA-KKG-8 
SA-KKL/KWK-l-sum 
SA-KKL/KWK-3 
SA-KKL/KWK-4 
SA-KKL/KWK-5 
SA-KKL/KWK-6 
SA-KKL/KWK-7A 
SA-KKL/KWK-7B 
SA-KKL/KWK-8 
SA-KKM-I-4 
SA-!(~T(M-3 

SA-KKM-4 
SA-KKM-5 
SA-KKM-6 
SA-KKM-7A 
SA-KKM-7B 
SA-KKM-8 

Total 

number of 
packages 

640 
1440 
1 840 

472 
8000 
4000 

66 
2800 

254 
192 
228 
66 
22 
30 
11 
16 

110 
95 
33 

5 
56 

104 
70 
84 
72 

656 
88 
14 

204 
11 
35 

7 
11 
70 
15 
5 

55 

21 877 

KKL/KWK 
KKB 
KKG 

Leibstadt+ Kaiseraugst 
Beznau1 + Beznau2 
Mlihlebe rg 

KKG Gosgen 

total disposal 
volume (m3) 

161 
374 
464 
136 

2280 
1 008 

65 
728 

5 105 
3859 
4583 
1 327 

442 
602 
221 
322 

2211 
1 910 

663 
101 

1126 
2089 
1407 
1 688 
1447 

13 186 
1 769 

281 
4 100 

221 
704 
141 
221 

1407 
302 
101 

1 106 

57858 (43 %) 

sum indicates that the waste types include a number of sub-waste types 
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Table CA Relative concentration of critical radionuclides m waste types in 
Waste Group I (one year after disposal). 

---------------------------------------------------------------------------------------------------------------
TC-99 PD-107 SN-126 1-129 CS-135 U-235 u-238 NP-237 PU-239 

---------------------------------------------------------------------------------------------------------------
BA-KKB-1B-SUM S.211E-Ol 3.l91E-05 3.859E-03 l.604E-Ol l.338E-Ol l.l95E-05 l.985E-05 2.000E-OS 8.627E-06 
BA-KKG-lB-SUM 2.820E-Ol l.727E-05 2.097E-03 8.68lE-02 7.239E-02 6.471E-06 l.074E-05 l.082E-OS 4.673E-06 
BA-KKL-7 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.DODE-Ol O.DDDE-Dl D.DDOE-Ol l.894E-D4 2.859E-D5 
BA-KKM-7 D.DODE-Dl D.OODE-Ol D.DDDE-Dl D.DDDE-Ol O.DDOE-Dl O.DDOE-Ol l.46BE-D4 1.B4BE-D4 2.794E-05 
MIF-l D.DODE-Ol O.OOOE-Ol D.OOOE-Ol 2.77BE-D4 6.l7BE-03 D.DDDE-Dl D.DDOE-Dl O.OOOE-Dl O.ODDE-Ol 
MIF-3B D.OODE-Ol D.DDOE-Ol D.OOOE-Ol D.ODOE-Ol D.DDDE-Dl D.DDDE-Dl O.DDOE-Dl 2.576E-D4 D.DDDE-Dl 
MIF-4 D.DDOE-Ol D.OOOE-Ol D.DOOE-Dl D.DDDE-Dl D.DODE-Ol D.ODDE-Dl D.DOOE-Ol O.DDOE-Ol D.DDDE-Ol 
MIF-SB O.DDOE-Ol D.DODE-Ol D.OOOE-Ol D.DDOE-Dl l.93lE-03 O.DODE-Ol O.DOOE-Dl 7.576E-D5 D.DODE-Dl 
SA-KKB-l-2 2.l84E-Ol O.OOOE-Ol G.OOOE-Ol D.DDDE-Dl O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 5.l2lE-07 5.523E-07 
SA-KKB-l-3 l.762E-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 6.455E-07 6.96lE-07 
SA-KKB-l-4 9.l95E-02 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol l.909E-06 2.059E-06 
SA-KKM-l-SUM O.OOOE-Ol O.OOOE-Ol D.OOOE-Ol D.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 3.28BE-07 3.S46E-07 
WA-2 6.743E-02 5.898E-Ol l.OOOE+OO S.71BE-Ol 5.714E-Ol 7.08lE-Ol 7.053E-01 l.606E-02 7.DS9E-Ol 
WA-4 1.DOOE+OO l.OOOE+OO 4.497E-Ol l.OOOE+OO l.OOOE+OO 6.335E-Ol 6.30lE-Ol 2.95SE-Ol 6.307E-Ol 
WA-S 1.498E-03 4.378E-04 2.2S2E-03 6.45BE-03 7.0B5E-03 4.S2SE-02 4. Sl1E-02 4.S00E-02 4.5l0E-02 
WA-6 l.379E-02 4.047E-03 2.070E-02 S.903E-02 6.525E-02 1.OOOE+OO l.OOOE+OO l.OOOE+OO l.OOOE+OD 
----~------------------------------------------------------------------------------------------------------- ---

---------------------------------------------------------------------------------------------------
PU-24l AM-24l C-l4 CL-36 NI-59 SE-79 RA-226 U-234 

---------------------------------------------------------------------------------------------------
BA-KKB-1B-SUM 3.0B2E-05 2.53BE-OS 2.980E-03 2.B79E-02 1.350E-02 O.OOOE-Ol 3.300E-l7 S.136E-07 
BA-KKG-1B-SUM l.669E-05 l.375E-05 l.680E-03 l.553E-02 7.29SE-03 O.OOOE-Ol 1. 7B5E-l7 2.77BE-07 
BA-KKL-7 2.9l8E-04 3.606E-04 7.340E-02 l.OOOE+DO 3.023E-04 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
BA-KKM-7 2.B4BE-04 3.519E-04 4. nOE-02 6.6BBE-Ol 2.04lE-04 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
MIF-l O.OOOE-Ol O.OOOE-Ol 2.400E-02 O.OOOE-Ol 2.727E-06 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
MIF-3B O.OOOE-Ol 4.BOBE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
MIF-4 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1.OOOE+OO O.OOOE-Ol 
MIF-SB O.OOOE-Ol l.442E-Ol O.OOOE-Ol D.OOOE-Ol O.OOOE-Ol O.OOOE-Ol l.025E-Ol O.OOOE-Ol 
SA-KKB-l-2 3.l71E-07 3.9lBE-07 l.OOOE+OO O.OOOE-Ol l.OOOE+OO O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKB-l-3 4.00BE-07 4.952E-07 B.200E-Ol O.OOOE-Ol 8.409E-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKB-1-4 l.l79E-06 l.457E-06 4.400E-Ol O.OOOE-Ol 4.3lBE-01 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKM-l-SUM 2.070E-07 2.55BE-07 O.OOOE-Ol O.OOOE-Ol 2.l59E-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
WA-2 7.432E-Ol l.288E-02 4.9BOE-04 2.109E-02 l.350E-05 9.510E-02 2.950E-IO 7.043E-Ol 
WA-4 6.6l5E-Ol 2.370E-Ol 2.680E-Ol B.S05E-Ol 3.364E-Ol 1. OOOE+OO 1. 233E-IO 6.265E-Ol 
WA-S 4.475E-02 4.490E-02 l.Ol4E-OB 2.l33E-05 l.493E-OB 6.434E-03 2.550E-ll 4.475E-02 
WA-6 1.000E+OO l.OOOE+OO 9.300E-08 1. 957E-04 l.368E-07 5.909E-02 5.675E-IO l.OOOE+OO 
---------------------------------------------------------------------------------------------------
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Table C:5 Relative concentration of critical radionuclides in waste types in 
Waste Group IT (one year after disposal). 

---------------------------------------------------------------------------------------------------------------
TC-99 PO-107 SN-126 1-129 CS-135 U-235 U-23B HP-237 PU-239 

---------------------------------------------------------------------------------------------------------------
BA-KKB-2 3.391E-03 1.344E-07 1.631E-05 6.7S9E-04 S.637E-04 4.412E-OS 7.30SE-OS 7.364E-OS 3.1S6E-OS 
BA-KKB-3 4.330E-01 6.906E-07 S.3S9E-05 3.472E-03 2.B96E-03 7.240E-04 1.203E-03 1.2l2E-03 5.229E-04 
BA-KKB-6 5.632E-03 1.754E-06 2.l24E-04 B.796E-03 7.336E-03 7.647E-07 1. 271E-06 1.2S0E-06 5.523E-07 
BA-KKG-2-SUM 3.379E-03 1. 33SE-07 1.62SE-05 6.736E-04 5.61BE-04 5. 271E-OS S.752E-OS S.SlSE-OS 3.S07E-OS 
BA-KKG-3 S.276E-02 1.322E-07 1.607E-OS 6.644E-04 5.541E-04 l.423E-04 2.361E-04 2.379E-04 l.02BE-04 
BA-KKG-6 5.632E-03 1.754E-06 2.l24E-04 S.796E-03 7.336E-03 7.647E-07 1.271E-06 1.2S0E-06 5.523E-07 
BA-KKL-lA 5.364E-04 3.135E-OS 3.S26E-06 1.579E-04 1.317E-04 2.647E-09 9.774E-09 1.379E-OS 2.l24E-09 
BA-KKL-lB 3.60SE-02 6.6l6E-06 S.020E-04 3.333E-02 2.7S0E-02 S.566E-07 2.060E-06 2.909E-06 4.477E-07 
BA-KKL-1C 6.2S4E-04 4.931E-OS 6.007E-06 2.477E-04 2.066E-04 3.959E-09 1.466E-08 2.061E-08 3.lS6E-09 
BA-KKL-6 5.632E-03 1.754E-06 2.124E-04 S.796E-03 7.336E-03 1.719E-07 6.346E-07 S.955E-07 1.38U-07 
BA-KKL-S O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol l.894E-05 2.859E-06 
BA-KKM-lA 5.S62E-04 3.439E-OS 4.l6lE-06 1.729E-04 1.442E-04 2.S96E-09 1.069E-08 1. 515E-08 2.320E-09 
BA-KKM-lB 3.747E-02 6.87SE-06 S.356E-04 3.449E-02 2.S76E-02 5.792E-07 2.l35E-06 3.0l5E-06 4.641E-07 
BA-KKM-lC 6. 897E-04 S.401E-OS 6.577E-06 2.70SE-04 2.259E-04 4.344E-09 1.609E-OS 2.25SE-OS 3.4S0E-09 
BA-KKM-6 5.632E-03 1.754E-06 2.l24E-04 S.796E-03 7.336E-03 1. 719E-07 6.346E-07 S.955E-07 1.3S1E-07 
BA-KKM-8 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 O.00OE-01 O.OOOE-Ol l.S3SE-05 l.S4SE-05 2.794E-06 
MIF-3A O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 7.576E-04 1.356E-02 
M1F-5A 1. 073E-02 O.OOOE-Ol O.OOOE-Ol 1.528E-02 1.795E-02 5.204E-04 5.263E-04 5.303E-04 9.64U-03 
SA-KKB-l-1 7.2S0E-02 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1.391E-06 1.500E-06 
SA-KKB-1-5 B.429E-05 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 2.0l5E-07 2.173E-07 
SA-KKB-2 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKB-3 6. l30E-04 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1.030E-06 1.ll1E-06 
WA-3 3.402E-02 2.390E-02 4.060E-02 4.838E-02 4.S26E-02 8.077E-04 B.045E-04 8.030E-04 8.039E-04 
---------------------------------------------------------------------------------------------------------------
---------------------------------------------------------------------------------------------------

PU-24l AM-241 C-14 CL-36 HI-59 SE-79 RA-226 U-234 
---------------------------------------------------------------------------------------------------
BA-KKB-2 1.136E-07 9.375E-OS 1.946E-05 1.2l0E-04 B.841E-05 O.OOOE-Ol 1.215E-19 1.891E-09 
BA-KKB-3 1.B6SE-03 1.53SE-03 2.500E-03 6.214E-04 1. 136E-02 O.OOOE-Ol 2.000E-15 3.l13E-05 
BA-KKB-6 1.973E-06 1.625E-06 2.980E-05 1.574E-03 1. 357E-04 O.OOOE-Ol 2.112E-1S 3.288E-08 
BA-KKG-2-SUM 1.35BE-07 1.l20E-07 1.938E-05 1.20SE-04 8.B18E-05 O.OOOE-Ol 1.455E-19 2.265E-09 
BA-KKG-3 3.669E-04 3.024E-04 4.BOOE-04 1.l89E-04 2.l82E-03 O.OOOE-Ol 3.92SE-16 6.109E-06 
BA-KKG-6 1. 973E-06 1.625E-06 2.980E-05 1. 574E-03 1.357E-04 O.OOOE-Ol 2.ll2E-18 3.2S8E-OS 
BA-KKL-lA 2.023E-08 1.250E-08 3.060E-06 2.S17E-05 1.3S9E-05 O.OOOE-Ol 3.250E-20 4.047E-10 
BA-KKL-lB 4.241E-06 2.630E-06 1.9S4E-04 5.944E-03 9.023E-04 O.OOOE-Ol 6.S50E-1S 8.521E-08 
BA-KKL-1C 3.035E-OB 1.875E-OS 3.5S0E-06 4.432E-05 1.625E-OS O.OOOE-Ol 4.875E-20 6.070E-l0 
BA-KKL-6 1.3l5E-06 8.l25E-07 2.980E-05 1. 574E-03 1. 357E-04 O.OOOE-Ol 2.112E-1S 2.630E-OS 
BA-KKL-8 2.91SE-05 3.606E-05 6.160E-03 2.l96E-06 S.295E-03 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
BA-KKM-lA 2.214E-OB 1.365E-OS 3.340E-06 3.0S6E-05 1.51SE-05 O.OOOE-Ol 3.550E-20 4.436E-10 
BA-KKM-lB 4.436E-06 2.736E-06 2.060E-04 6.193E-03 9.364E-04 ·O.OOOE-Ol 1.2l0E-17 8.872E-08 
BA-KKM-lC 3.319E-OS 2.053E-oa 3.920E-06 4.867E-05 1.777E-05 O.OOOE-Ol 5.325E-20 6.654E-1O 
BA-KKM-6 1.31SE-06 8.125E-07 2.980E-05 1. 574E-03 1.357E-04 O.OOOE-Ol 2.112E-1S 2.630E-OS 
BA-KKM-8 2.84SE-OS 3.519E-OS S.9S0E-03 2.133E-06 S.136E-03 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
MIF-3A 7.7S2E-04 5.769E-04 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
MIF-5A 5.447E-04 4.l35E-04 1.360E-04 O.OOOE-Ol 3.409E-07 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKB-l-l 8.599E-07 1.063E-06 l.800E-02 O.OOOE-Ol 5.227E-03 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKB-l-5 1.249E-07 1.543E-07 3.800E-04 0.000E-01 3.864E-04 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKB-2 O.OOOE-Ol O.OOOE-Ol 1. 4l0E-03 3.225E-02 8.000E-07 O.OOOE-Ol O.OOO1!;-Ol O.OOOE-Ol 
SA-KKB-3 6.226E-07 7.692E-07 1.520E-04 O.OOOE-Ol 4.S"SE-05 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
WA-3 7.665E-04 9.567!-04 3.640E-04 7. 66"E-03 4.273E-03 1.163E-Ol 6.000E-13 B.093E-04 
---------------------------------------------------------------------------------------------------
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Table C:6 Relative concentration of critical radionuclides In waste types in 
Waste Group III (one year after disposal). 

---------------------------------------------------------------------------------------------------------------
TC-99 PO-I07 SN-126 1-129 CS-135 u-235 U-238 HP-237 PU-239 ---------------------------------------------------------------------------------------------------------------

BA-KKB-4 6.935E-04 2.762E-10 3.356E-08 1.389E-06 1.158E-06 9.050E-11 1.504E-10 1.515E-10 6.536E-11 
BA-KKB-5A 2.372£-04 1.249£-08 1.517£-06 6. 273E-05 5.232E-05 4.095E-09 6.797E-09 6.848E-09 2.958E-09 
BA-KKB-5B 1.839£-04 4.144£-08 5.034£-06 2.083E-04 1.737£-04 1.357E-08 2.256E-08 2.273E-08 9.804E-09 
BA-KKG-5A-SUM 5.249E-04 2.762E-08 3.356£-06 1.389E-04 1.158E-04 9.050E-09 1.504E-08 1. 515E-08 6. 536E-09 
BA-KKL-5A 1.061E-04 1.367£-08 1.661E-06 6.875E-05 5.734E-05 1.344E-09 4.962E-09 7.000E-09 1.078E-09 
BA-KKM-5B 2.184E-04 4. 144E-08 5.034E-06 2.083E-04 1.737E-04 3.054E-09 1. 128E-08 1.591E-08 2.451E-09 
BA-KKM-9 O.OOOE-Ol 0.000E-01 0.000£-01 0.000E-01 O.OOOE-Ol 0.000E-01 2.331E-04 2.894E-04 4.461E-05 
MIF-2 0.000E-01 O.OOOE-Ol 0.000E-01 0.000E-01 0.000E-01 0.000E-01 O.OOOE-Ol 0.000E-01 O.OOOE-Ol 
SA-KKB-4 0.000E-01 O.OOOE-Ol O.OOOE-Ol 0.000E-01 0.000E-01 0.000E-01 0.000E-01 O.OOOE-Ol O.OOOE-Ol 
SA-KKB-5 O.OOOE-Ol 0.000E-01 0.000E-01 O.OOOE-Ol 0.000E-01 O.OOOE-Ol 0.000E-01 1.394E-05 1.503E-05 
SA-KKB-6 0.000E-01 0.000E-01 0.000E-01 O.OOOE-Ol 0.000E-01 0.000E-01 0.000E-01 7.121E-08 7.680E-08 
SA-KKB-7 0.000E-01 0.000E-01 0.000E-01 0.000E-01 O.OOOE-Ol 0.000E-01 0.000E-01 1.348E-06 1.454E-06 
SA-KKB-8 0.000E-01 0.000E-01 0.000E-01 0.000E-01 O.OOOE-Ol O.OOOE-Ol 0.000E-01 1.121E-03 1.209E-03 
SA-KKG-1-SUM O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 0.000E-01 O.OOOE-Ol O.OOOE-Ol 2.061E-06 2.222E-06 
SA-KKG-3 0.000E-01 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 2.121E-06 2.288E-06 
SA-KKG-4 O.OOOE-Ol 3.011E-20 O.OOOE-Ol 0.000E-01 O.OOOE-Ol 0.000E-01 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKG-5 O.OOOE-Ol 0.000E-01 O.OOOE-Ol 0.000E-01 O.OOOE-Ol 0.000E-01 O.OOOE-Ol 1.121E-05 1.209E-05 
SA-KKG-6 0.000E-01 0.000E-01 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 O.OOOE-Ol 3.182E-07 3.431E-07 
SA-KKG-7A 0.000E-01 0.000E-01 O.OOOE-Ol O.OOOE-Ol 0.000£-01 O.OOOE-Ol 0.000E-01 1.333E-06 1.438E-06 
SA-KKG-7B 0.000E-01 0.000E-01 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 0.000£-01 1.333E-06 1.438E-06 
SA-KKG-8 0.000E-01 0.000E-01 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 0.000E-01 1.970E-04 2.124E-04 
SA-KKL-1-SUM 0.000E-01 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 O.OOOE-Ol O.OOOE-Ol 1.985E-06 2.141E-06 
SA-KKL-3 O.OOOE-Ol 0.000E-01 0.000E-01 O.OOOE-Ol O.OOOE-Ol 0.000E-01 O.OOOE-Ol 5.303E-07 5.719E-07 
SA-KKL-4 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 0.000E-01 0.000E-01 O.OOOE-Ol 0.000E-01 0.000E-01 
SA-KKL-5 O.OOOE-Ol 0.000E-01 0.000E-01 0.000E-01 O.OOOE-Ol 0.000E-01 0.000E-01 1.197E-05 1.291E-05 
SA-KKL-6 O.OOOE-Ol O.OOOE-Ol 0.000E-01 0.000E-01 O.OOOE-Ol 0.000E-01 0.000E-01 3.788E-08 4.085E-08 
SA-KKL-7A O.OOOE-Ol O.OOOE-Ol 0.000E-01 O.OOOE-Ol O.OOOE-Ol 0.000E-01 O.OOOE-Ol 1.152E-06 1.242E-06 
SA-KKL-7B 0.000E-01 0.000E-01 0.000E-01 O.OOOE-Ol O.OOOE-Ol 0.000E-01 0.000E-01 1.152E-06 1.242E-06 
SA-KKL-8 0.000E-01 0.000E-01 O.OOOE-Ol O.OOOE-Ol 0.000E-01 O.OOOE-Ol O.OOOE-Ol 4.091E-05 4.412E-05 
SA-KKM-1-4 2.441E-11 0.000E-01 0.000E-01 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 O.OOOE-Ol 
SA-KKM-3 O.OOOE-Ol O.OOOE-Ol 0.000E-01 0.000E-01 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1.818E-07 1.96lE-07 
SA-KKM-4 0.000E-01 O.OOOE-Ol 0.000E-01 O.OOOE-Ol 0.000E-01 0.000E-01 O.OOOE-Ol O.OOOE-Ol 0.000E-01 
SA-KKM-5 O.OOOE-Ol 0.000E-01 0.000E-01 0.000E-01 0.000E-01 0.000E-01 0.000E-01 6.818E-06 7.353E-06 
SA-KKM-6 O.OOOE-Ol 0.000E-01 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 O.OOOE-Ol 7.121E-08 7.680E-08 
SA-KKM-7A O.OOOE-Ol 0.000E-01 O.OOOE-Ol O.OOOE-Ol 0.000E-01 O.OOOE-Ol O.OOOE-Ol 1.030E-06 1.111E-06 
SA-KKM-7B 0.000E-01 0.000E-01 0.000E-01 O.OOOE-Ol 0.000E-01 O.OOOE-Ol 0.000E-01 1.030E-06 1.111E-06 
SA-KKM-8 O.OOOE-Ol 0.000E-01 O.OOOE-Ol O.OOOE-Ol 0.000E-01 0.000E-01 0.000E-01 1.348E-05 1. 454E-05 ---------------------------------------------------------------------------------------------------------------
---------------------------------------------------------------------------------------------------

PU-241 AM-241 C-14 CL-36 HI-59 SE-79 RA-226 U-234 ---------------------------------------------------------------------------------------------------
BA-KKB-4 2.335E-10 1.923E-10 4.000E-06 2.486E-07 1.818E-05 0.000E-01 2.500E-22 3.891E-12 
BA-KKB-5A 1. 054E-08 8.702E-09 1.356E-06 1.123E-05 6.159E-06 O.OOOE-Ol 1.130E-20 1.759E-10 
BA-KKB-5B 3.502E-08 2.885E-08 1.000E-06 3.728E-05 4.545E-06 O.OOOE-Ol 3.750E-20 5.837E-10 
BA-KKG-5A-SUM 2.335E-08 1.923E-08 3.000E-06 2.486E-05 1.364E-05 O.OOOE-Ol 2.500E-20 3.891E-10 
BA-KKL-5A 1.027E-OB 6.346E-09 5.940E-07 1.230E-05 2.705E-06 O.OOOE-Ol 1. 650E-20 2.054E-10 
BA-KKM-5B 2.335E-08 1.442E-OB 1.200E-06 3.728E-05 5.455E-06 O.OOOE-Ol 3.750E-20 4.669E-10 
BA-KKM-9 4.436E-04 5.481E-04 5.840E-02 O.OOOE-Ol 4.591E-02 O.OOOE-Ol O.OOOE-Ol 0.000E-01 
MIF-2 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 
SA-KKB-4 O.OOOE-Ol O.OOOE-Ol 1. 270E-07 4.188E-06 7.205E-11 O.OOOE-Ol 0.000E-01 0.000E-01 
SA-KKB-5 8.171E-06 1.0l0E-OS O.OOOE-Ol O.OOOE-01 O.OOOE-Ol O.OOOE-Ol O.OOCE-01 O.OOOE-Ol 
SA-KKB-6 4.280E-08 5.288E-08 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 
SA-KKB-7 8. 171E-07 1.010E-06 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 
SA-KKB-8 6.615E-04 8.173E-04 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 O.OOOE-Ol 
SA-KKG-1-SUM 1.230E-06 1.519E-06 8.000E-09 O.OOOE-Ol 3.636E-05 O.OOOE-Ol 0.000E-01 O.OOOE-Ol 
SA-KKG-3 1.323E-06 1.635E-06 O.OOOE-Ol 0.000E-01 1.545E-08 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKG-4 0.000E-01 O.OOOE-Ol 1.946E-05 6.690E-04 8.977E-OB O.OOOE-Ol O.OOOE-Ol 0.000£-01 
SA-KKG-5 6.615E-06 8.173E-06 O.OOOE-Ol 0.000E-01 O.OOOE-Ol O.OOOE-Ol 0.000E-01 O.OOOE-Ol 
SA-KKG-6 1.946E-07 2.404E-07 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 
SA-KKG-7A 8.171E-07 1.010E-06 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKG-7B 8.171E-07 1.010E-06 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKG-B 1.245E-04 1.538E-04 O.OOOE-Ol 0.000E-01 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKL-1-SUM 1.222E-06 1.510E-06 2.200E-09 O.OOOE-Ol 4.091E-05 O.OOOE-Ol 0.000E-01 O.OOOE-Ol 
SA-KKL-3 3.191E-07 3.942E-07 O.OOOE-Ol O.OOOE-Ol 1.682E-07 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKL-4 0.000E-01 O.OOOE-Ol 1.206E-05 8.770E-04 6.205E-OB O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKL-5 7.393E-06 9.135E-06 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 
SA-KKL-6 2.257E-08 2.788E-08 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 0.000E-01 
SA-KKL-7A 7.004E-07 B.654E-07 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKL-7B 7.004£-07 8.654E-07 0.000E-01 0.000E-01 O.OOOE-Ol O.OOOE-Ol 0.000E-01 O.OOOE-Ol 
SA-KKL-8 2.490E-05 3.077E-05 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKM-1-4 O.OOOE-Ol 0.000E-01 O.OOOE-Ol O.OOOE-Ol 1.909E-05 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKM-3 1.051E-07 1.298E-07 O.OOOE-Ol 0.000E-01 1.545E-06 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKM-4 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 8.107E-04 O.OOOE-Ol 0.000E-01 O.OOOE-Ol O.OOOE-Ol 
SA-KKM-5 4.280E-06 5.288E-06 O.OOOE-Ol O.OOOE-Ol 0.000E-01 0.000E-01 O.OOOE-Ol O.OOOE-Ol 
SA-KKM-6 4.280E-08 5.288E-08 O.OOOE-Ol O.OOOE-Ol 0.000E-01 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKM-7A 6.226E-07 7.692E-07 O.OOOE-Ol O.OOOE-Ol 0.000E-01 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKM-7B 6.226E-07 7.692E-07 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.000E-01 0.000E-01 
SA-KKM-B 1.051£-05 1.010E-05 0.000£-01 0.000E-01 O.OOOE-Ol O.OOOE-Ol 0.000E-01 0.000E-01 
---------------------------------------------------------------------------------------------------
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Table C:7 Relative activity content of critical radionuclides in waste types in 
Waste Group I (one year after disposal). 

---------------------------------------------------------------------------------------------------------------
TC-99 PO-107 SN-126 1-129 CS-13S U-23S U-238 NP-237 PU-239 

---------------------------------------------------------------------------------------------------------------
BA-KKB-1B-SUM 3.23BE-02 1.617E-06 2.210E-04 7.606E-03 6.313E-03 3.69SE-07 6.1SSE-07 9.909E-07 2.66SE-07 
BA-KKG-1B-SUM 3.035E-02 1.51SE-06 2.0BOE-04 7.129E-03 5.917E-03 3.466E-07 5.766E-07 9.2B3E-07 2.500E-07 
BA-KKL-7 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 3.90BE-ll O.OOOE-Ol 3.043E-05 2.863E-06 
BA-KKM-7 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 7.263E-12 2.80SE-06 5.64BE-06 5.320E-07 
MIF-l O.OOOE-01, O.OOOE-Ol O.OOOE-Ol 1.276E-04 2.825E-03 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
MIF-3B O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.OooE-01 O.OOOE-Ol 8.06BE-05 O.OOOE-Ol 
MIF-4 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-01 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
MIF-5B O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 4.40BE-OS O.OOOE-Ol O.OOOE-01 5.335E-06 O.OOOE-Ol 
SA-KKB-1-2 1.B7BE-02 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 3.223E-13 1.361E-17 3.509E-OB 2.361E-OB 
SA-KKB-1-3 7.577E-03 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 2.031E-13 B.5S7E-IB 2.211E-OB 1.48BE-OB 
SA-KKB-1-4 1.lB7E-02 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1. B04E-12 7.602E-17 1. 963E-07 1.321E-07 
SA-KKM-1-SUM O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 3.72BE-13 1.594E-16 4.059E-OB 2.731E-OB 
WA-2 4.6B3E-02 3.340E-01 6.399E-01 3.030E-01 3.014E-01 2.44BE-01 2.444E-Ol B.928E-03 2.437E-01 
WA-4 B.107E-01 6.611E-01 3.359E-01 6.1B6E-01 6.1S6E-01 2.556E-01 2.S49E-01 1.909E-Ol 2.542E-Ol 
WA-S 2.562E-03 6.106E-04 3.54BE-03 B.427E-03 9.201E-03 3.85IE-02 3.849E-02 6.134E-02 3.B34E-02 
WA-6 l.277E-02 3.057E-03 1. 767E-02 4.l72E-02 4.5B9E-02 4.610E-01 4.621E-01 7.3B2E-Ol 4.604E-Ol 
---------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------

PU-241 AM-241 C-14 CL-36 NI-59 SE-79 RA-226 U-234 
----------------------------------------------------------------------------------------------------
BA-KKB-1B-SUM 9.3l6E-07 1.165E-06 4.310E-04 l.891E-03 1. 722E-03 O.OOOE-Ol 1.892E-15 1. 767E-OB 
BA-KKG-1B-SUM B.739E-07 1.093E-06 4.20BE-04 l.767E-03 1. 612E-03 O.OOOE-Ol 1. 772E-1S 1.655E-OB 
BA-KKL-7 2.B59E-05 5.022E-05 3.440E-02 2.12BE-01 1.249E-04 O.OOOE-Ol 1. 439E-17 B.253E-OB 
BA-KKM-7 5.307E-06 9.324E-06 4.3B5E-03 2.707E-02 1.604E-OS O.OOOE-Ol 2.671E-1B l.532E-OB 
MIF-l O.OOOE-Ol O.OOOE-Ol 3.363E-02 O.OOOE-Ol 3.371E-06 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
MIF-3B O.OOOE-Ol 3.895E-02 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 0.00OE-01 O.OOOE-Ol 
MIF-4 O.OOOE-01 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 9.362E-01 O.OOOE-Ol 
MIF-5B O.OOOE-Ol 2.593E-03 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 6.3B4E-02 O.OOOE-Ol 
SA-KKB-1-2 l.326E-OB 2.330E-OB 2.001E-01 O.OOOE-Ol 1.765E-01 O.OOOE-Ol 6.676E-21 3. B30E-ll 
SA-KKB-1-3 8.3B1E-09 1.473E-08 B.204E-02 O.OOOE-Ol 7.420E-02 O.OOOE-Ol 4.219E-21 2.420E-ll 
SA-KKB-1-4 7.402E-OB 1.301E-07 l.322E-01 O.OOOE-Ol 1.144E-01 O.OOOE-Ol 3.726E-20 2.137E-10 
SA-KKM-1-SUM l.560E-OB 2.741E-OB O.OOOE-Ol O.OOOE-Ol 6.866E-02 O.OOOE-Ol 7.852E-2l 4.504E-ll 
WA-2 2. SllE-01 6.511E-02 B.049E-04 1.547E-02 1.924E-05 6.9S5E-02 5.800E-09 2.446E-01 
WA-4 2.609E-01 1.770E-01 S.056E-01 7.2B6E-01 S.S97E-Ol B.537E-Ol 2.900E-09 2.540E-01 
WA-S 3.722E-02 5.478E-02 4.03SE-OB 3.B55E-OS 5.241E-08 1.159E-02 1.186E-09 3.B27E-02 
WA-6 4.S05E-01 6.611E-01 2.005E-07 1.916E-04 2.601£-07 5.763£-02 1.429E-08 4.63IE-01 
----------------------------------------------------------------------------------------------------



NAGRA NTB 88-42 - C:I0 -

Table C:8 Relative activity content of critical radionuc1ides in waste types in 
Waste Group n (one year after disposal). 

---------------------------------------------------------------------------------------------------------------
TC-99 PD-107 SN-126 1-129 CS-135 U-235 U-238 NP-237 PU-239 

---------------------------------------------------------------------------------------------------------------
BA-KKB-2 4.825E-04 1.SS9E-OB 2.13BE-06 7.33BE-05 6.091E-05 3.124E-09 5.1B8E-09 B.354E-09 2.2S4E-09 
BA-KKB-3 B.291E-04 1.07BE-09 1.4BOE-07 S.074E-06 4.211E-06 6.900E-07 1.149E-06 1.BS1E-06 4.97BE-07 
BA-KKB-6 1.094E-04 2.77BE-OB 3.B01E-06 1.303E-04 1.OB2E-04 7.391E-09 1.231E-OB 1.9B2E-OB S.331E-09 
BA-KKG-2-SUM 5.365E-04 1. 733E-08 2.381E-06 8.160E-OS 6.773E-OS 4.16SE-09 6.932E-09 1.116E-OB 3.00SE-09 
BA-KKG-3 7.607E-04 9.90BE-10 1.361E-07 4.660E-06 3.B67E-06 6.511E-07 1.083E-06 1.743E-06 4.696E-07 
BA-KKG-6 S.46BE-05 1.389E-OB 1.900E-06 6.S17E-OS S.409E-OS 3.69SE-09 6.1S6E-09 9.911E-09 2.666E-09 
BA-KKL-1A 1.B33E-03 8.737E-OB 1.20SE-OS 4.117E-04 3.417E-04 4.S02E-09 1.667E-08 3.7SSE-OB 3.609E-09 
BA-KKL-1B 7.104E-03 1.063E-06 1.456E-04 S.012E-03 4.160E-03 S.4S9E-OB 2.026E-07 4.S69E-07 4.3B6E-08 
BA-KKL-1C 2.221E-04 1.421E-OB 1.957E-06 6.681E-05 S.S4SE-05 6.966E-10 2.S86E-09 S.806E-09 5.600E-1O 
BA-KKL-6 1.094E-04 2.77BE-OB 3.B01E-06 1.303E-04 1.082E-04 1.662E-09 6.148E-09 1.386E-OB 1.333E-09 
BA-KKL-B O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 9.723E-13 O.OOOE-Ol 7.570E-07 7.122E-08 
BA-KKM-1A 2.4B7E-04 1.190E-OB 1.627E-06 S.59BE-OS 4.646E-OS 6.11SE-10 2.263E-09 S.123E-09 4.894E-1O 
BA-KKM-1B 1.S89E-03 2.379E-07 3.266E-OS 1.116E-03 9.26SE-04 1.223E-OB 4.S19E-OB 1.019E-07 9.7B6E-09 
BA-KKM-1C 2.92SE-05 1.B6BE-09 2.S71E-07 B.766E-06 7.27SE-06 9.171E-ll 3.405E-10 7.632E-10 7.339E-ll 
BA-KKM-6 4.102E-05 1.042E-OB 1.42SE-06 4.B8BE-05 4.0S7E-OS 6.233E-10 2.306E-09 S.19BE-09 4.999E-1O 
BA-KKM-B O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1. 761E-13 B.502E-OB 1.370E-07 1.290E-08 
MIF-3A O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 2.217E-OB 2.B04E-14 1.454E-04 1.624E-03 
MIF-SA 3.S53E-03 O.OOOE-Ol O.OOOE-Ol 3.B61E-03 4.S16E-03 B.SBOE-OS B.69BE-OS 1.400E-04 1.5B7E-03 
SA-KKB-1-1 6.2S9E-03 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol B.7S4E-13 3.6B3E-17 9.S30E-08 6.412E-OB 
SA-KKB-1-S 1.01SE-05 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1.777E-13 7.S01E-1B 1.934E-OB 1.301E-08 
SA-KKB-2 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKB-3 1.B99E-04 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 2.336E-12 9.374E-17 2.S43E-07 1. 711E-07 
WA-3 2.100E-03 1.203E-03 2.310E-03 2.279E-03 2.262E-03 2.482E-OS 2.47BE-OS 3.9S2E-OS 2.467E-OS 
-------------------------~---------------------------- --------------------------------------------------------~ 

----------------------------------------------------------------------------------------------------
pu-241 AM-241 c-14 CL-36 N1-S9 SE-79 RA-226 U-234 

----------------------------------------------------------------------------------------------------
BA-KKB-2 7.B64E-09 9.B49E-09 6.444E-06 1.819E-OS 2.SB2E-OS O.OOOE-Ol 1.S95E-17 1. 490E-10 
BA-KKB-3 1.740E-06 2.176E-06 1. 114E-OS 1.2S7E-06 4.467E-OS O.OOOE-Ol 3.S33E-1S 3.300E-08 
BA-KKB-6 1.B63E-08 2.331E-OB 1.347E-06 3.230E-OS S.408E-06 O.OOOE-Ol 3.7B4E-17 3.534E-10 
BA-KKG-2-SUM 1.049E-OB 1.313E-OB 7.160E-06 2.022E-OS 2.B73E-OS O.OOOE-Ol 2.131E-17 1.990E-10 
BA-KKG-3 1.641E-06 2.053E-06 1.027E-OS 1.lS5E-06 4.116E-OS O.OOOE-Ol 3.32BE-1S 3.109E-OB 
BA-KKG-6 9.317E-09 1.165E-OB 6.733E-07 1.615E-OS 2.704E-06 O.OOOE-Ol 1. B92E-17 1.767E-10 
BA-KKL-1A 3.363E-OB 3.355E-OB 2.434E-OS 1. 017E-04 9.740E-OS O.OOOE-Ol 1. 024E-16 7.607E-10 
BA-KKL-1B 4.06SE-07 4.067E-07 9.09BE-OS 1.23BE-03 3.649E-04 O.OOOE-Ol 1. 244E-1S 9.236E-09 
BA-KKL-1C S.219E-09 S.206E-09 2.945E-06 1.656E-OS 1.179E-OS O.OOOE-Ol 1.SBBE-17 1.lBOE-1O 
BA-KKL-6 1.242E-OB 1.239E-OB 1.347E-06 3.230E-OS S.40BE-06 O.OOOE-Ol 3.7B1E-17 2.B09E-10 
BA-KKL-B 7.112E-07 1.2S0E-06 7.1B2E-04 1.162E-07 5.445E-04 O.OOOE-Ol 4.29SE-19 2.464E-09 
BA-KKM-1A 4.569E-09 4.S52E-09 3.29BE-06 1.384E-OS 1.322E-OS O.OOOE-Ol 1.38BE-17 1. 035E-10 
BA-KKM-1B 9.153E-OB 9.11BE-OB 2.033E-05 2.776E-04 B.1S2E-OS O.OOOE-Ol 2.B20E-16 2.069E-09 
BA-KKM-1C 6.B4BE-10 6.B38E-10 3.870E-07 2.1B2E-06 1.547E-06 O.OOOE-Ol 2.082E-1B 1.552E-ll 
BA-KKM-6 4.659E-09 4.648E-09 5.051E-07 1.211E-05 2.028E-06 O.OOOE-Ol 1.418E-17 1.053E-10 
BA-KKM-B 1.2B7E-07 2.261E-07 1.293E-04 2.094E-OB 9.792E-OS O.OOOE-Ol 7.770E-20 4.4S7E-10 
MIF-3A 9.120E-05 1.048E-04 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1.90SE-16 1.093E-06 
MIF-5A B.776E-OS 1.028E-04 1.048E-04 O.OOOE-Ol 2.31BE-07 O.OOOE-Ol 1.4B3E-1S B.507E-06 
SA-KKB-1-1 3.S97E-08 6.320E-OB 3.602E-03 O.OOOE-Ol 9.225E-04 O.OOOE-Ol 1. B10E-20 1.03BE-10 
SA-KKB-1-5 7.319E-09 1.2B6E-OB 1.06SE-04 O.OOOE-Ol 9.SS2E-05 O.OOOE-Ol 3.684E-21 2.113E-ll 
SA-KKB-2 O.OOOE-Ol O.OOOE-Ol 9.316E-04 9.67SE-03 4.662E-07 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKB-3 9.3B1E-OB 1.64BE-07 1.096E-04 O.OOOE-Ol 2.890E-OS O.OOOE-Ol 4.721E-20 2.70BE-10 
WA-3 2.302E-OS 4.0BOE-05 S.229E-OS 4.999E-04 S.414E-04 7.S57E-03 9.755E-13 2.49BE-OS 
----------------------------------------------------------------------------------------------------
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Table C:9 Relative activity content of critical radionuclides in waste types in 
Waste Group ill (one year after disposal). 

---------------------------------------------------------------------------------------------------------------
TC-99 PD-107 SN-126 1-129 CS-135 U-235 U-238 NP-237 PU-239 

---------------------------------------------------------------------------------------------------------------
BA-KKB-4 B.632E-06 2.B04E-12 3.B49E-1O 1.3l9E-OB 1.095E-OB 5.607E-13 9.340E-13 1.504E-12 4.044E-13 
BA-KKB-SA 1.469E-OS 6.30BE-10 B.65BE-OB 2.965E-06 2.461E-06 1.263E-10 2.101E-10 3.3B3E-10 9.10BE-ll 
BA-KKB-SB 6.586E-06 1.210E-09 1.661E-07 5.693E-06 4.725E-06 2.419E-1O 4.030E-1O 6.489E-10 1.745E-10 
BA-KKG-SA-SUM B.B96E-06 3.8l8E-1O 5.240E-OB 1.796E-06 1.491E-06 7.634E-ll 1.272E-10 2.047E-1O 5.507E-ll 
BA-KKL-SA 5.003E-05 5.256E-09 7.2l5E-07 2.473E-05 2.052E-05 3.l53E-1O 1.167E-09 2.630E-09 2.527E-1O 
BA-KKM-SB 1.698E-05 2.627E-09 3.606E-07 1.236E-05 1.026E-05 1.182E-1O 4.375E-1O 9.B5BE-1O 9.474E-ll 
BA-KKM-9 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1. 160E-13 4.454E-OB B.B43E-OB B.494E-09 
MIF-2 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKB-4 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKB-S O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 8.426E-ll 3.461E-15 9.172E-06 6. 171E-06 
SA-KKB-6 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 5.111E-13 2.054E-17 5.563E-OB 3.743E-OB 
SA-KKB-7 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 2.802E-12 1. 256E-16 3.050E-07 2.052E-07 
SA-KKB-B O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 7.763E-1O 3.303E-14 B.451E-05 5.6B6E-05 
SA-KKG-1-SUM O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1.BB2E-12 7.711E-17 2.04BE-07 1. 37BE-07 
SA-KKG-3 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 6.675E-13 2.902E-17 7.267E-OB 4.B89E-08 
SA-KKG-4 O.OOOE-Ol 1.690E-21 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKG-S O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 3.BB3E-ll 1. 652E-15 4.227E-06 2.844E-06 
SA-KKG-6 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 9.517E-13 4.091E-17 1.036E-07 6.971E-OB 
SA-KKG-7A O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 3.988E-12 1.903E-16 4.342E-07 2.921E-07 
SA-KKG-7B O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 2.102E-13 1. 003E-17 2.2B9E-OB 1.540E-OB 
SA-KKG-8 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 3.473E-1O 1.486E-14 3.7B1E-05 2.544E-05 
SA-KKL-1-SUM O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 3.0BOE-12 1. 293E-15 3.353E-07 2.256E-07 
SA-KKL-3 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1.169E-12 4.907E-17 1. 272E-07 B.S61E-OB 
SA-KKL-4 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKL-S O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 2.706E-ll 1.115E-15 2.946E-06 1.9B2E-06 
SA-KKL-6 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 7.829E-13 3.254E-17 B.522E-OB 5.734E-OB 
SA-KKL-7A O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 3.163E-12 1.354E-16 3.444E-07 2.317E-07 
SA-KKL-7B O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 4.945E-12 2.1l7E-16 5.383E-07 3.622E-07 
SA-KKL-B O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 2.635E-1O 1.127E-14 2.B69E-05 1.930E-05 
SA-KKM-1-4 1.154E-12 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKM-3 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 2.003E-13 B.235E-1B 2.1B1E-OB 1. 467E-OB 
SA-KKM-4 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKM-5 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 2.361E-12 9.910E-17 2.570E-07 1.729E-07 
SA-KKM-6 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1.570E-13 6.309E-1B 1.709E-OB 1.150E-OB 
SA-KKM-7A O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 4.B74E-13 2.106E-17 5.306E-OB 3.570E-08 
SA-KKM-7B O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1.625E-13 7.022E-1B 1.769E-OB 1.190E-08 
SA-KKM-8 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 6.795E-12 2.B85E-16 7.397E-07 4.977E-07 
---------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------
PU-241 AM-241 C-14 CL-36 NI-59 SE-79 RA-226 U-234 

----------------------------------------------------------------------------------------------------
BA-KKB-4 1. 414E-12 1.76BE-12 1.lS9E-07 3.269E-09 4.645E-07 O.OOOE-Ol 2. B71E-21 2.6B1E-14 
BA-KKB-5A 3.17BE-1O 3.980E-1O 1. 955E-07 7.349E-07 7.B32E-07 O.OOOE-Ol 6.45BE-19 6.032E-12 
BA-KKB-5B 6.100E-1O 7.630E-1O 8.334E-OB 1.411E-06 3.341E-07 O.OOOE-Ol 1. 239E-1B 1.157E-ll 
BA-KKG-5A-SUM 1.925E-1O 2.407E-1O 1.lB3E-07 4.451E-07 4.744E-07 O.OOOE-Ol 3.90BE-19 3.650E-12 
BA-KKL-SA 2.355E-09 2.350E-09 6.516E-07 6.12BE-06 2.617E-06 O.OOOE-Ol 7.16BE-1B 5.327E-ll 
BA-KKM-SB B.830E-1O 8.BOBE-1O 2.171E-07 3.063E-06 B.705E-07 O.OOOE-Ol 2.6B7E-1B 1.997E-ll 
BA-KKM-9 8.264E-08 1.4S2E-07 5.205E-05 O.OOOE-Ol 3.609E-05 O.OOOE-Ol 4.160E-20 2.386E-1O 
MIF-2 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKB-4 O.OOOE-Ol O.OOOE-Ol 3.229E-07 4.B35E-06 1. 616E-1O O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKB-5 3.2B3E-06 5.76BE-06 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1. 652E-1B 9.47BE-09 
SA-KKB-6 2.041E-OB 3.5B7E-OB O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1. 027E-20 5.894E-ll 
SA-KKB-7 1.128E-07 1.9B3E-07 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 5.6BOE-20 3.258E-1O 
SA-KKB-B 3.044E-OS S.34BE-OS O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1. 532E-17 B.789E-OB 
SA-KKG-1-SUM 7.462E-OB 1. 311E-07 2.323E-09 O.OOOE-Ol 9.312E-06 O.OOOE-Ol 3.756E-20 2.155E-1O 
SA-KKG-3 2.767E-OB 4.B61E-OB O.OOOE-Ol O.OOOE-Ol 1.364E-09 O.OOOE-Ol 1. 393E-20 7.98BE-ll 
SA-KKG-4 O.OOOE-Ol O.OOOE-Ol 3.118E-06 4.B67E-05 1.269E-OB O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKG-5 1.523E-06 2.675E-06 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 7.664E-19 4.396E-09 
SA-KKG-6 3.B6BE-08 6.795E-OB O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1.947E-20 1.117E-1O 
SA-KKG-7A 1.624E-07 2.854E-07 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol B.176E-20 4.690E-1O 
SA-KKG-7B B.563E-09 1.505E-OB O.DOOE-01 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 4.310E-21 2.472E-ll 
SA-KKG-8 1. 459E-05 2.564E-05 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 7.344E-1B 4.213E-OB 
SA-KKL-l-SUM 1.260E-07 2.214E-07 1.085E-09 O.OOOE-Ol 1. 7BOE-05 O.OOOE-Ol 6.341E-20 3.63BE-1O 
SA-KKL-3 4.674E-OB B.212E-OB O.OOOE-Ol O.OOOE-Ol 1.040E-07 O.OOOE-Ol 2.352E-20 1.349E-1O 
SA-KKL-4 O.OOOE-Ol O.OOOE-Ol 4.609E-06 1.522E-04 2.091E-OB O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKL-5 1.111E-06 1.952E-06 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 5.591E-19 3.207E-09 
SA-KKL-6 3.100E-OB 5.446E-OB O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1. 560E-20 8.9S0E-ll 
SA-KKL-7A 1.279E-07 2.247E-07 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 6.436E-20 3.692E-1O 
SA-KKL-7B 1.999E-07 3.512E-07 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1.OO6E-19 5.771E-1O 
SA-KKL-8 1.066E-05 1.B73E-05 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 5.366E-18 3.078E-OB 
SA-KKM-1-4 O.OOOE-Ol I).OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1.B53E-06 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKM-3 7.692E-09 1.352E-OB O.OOOE-Ol O.OOOE-Ol 4.775E-07 O.OOOE-Ol 3.B72E-21 2.221E-ll 
SA-KKM-4 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 2.5BOE-05 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 
SA-KKM-S 9.B4BE-08 1.730E-07 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 4.957E-20 2.843E-1O 
SA-KKM-6 6.270E-09 1.102E-OB O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 3.156E-21 1.810E-ll 
SA-KKM-7A 1.957E-OB 3.439E-OB O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 9.B52E-21 5.651E-ll 
SA-KKM-7B 6.524E-09 1.146E-08 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 3.284E-21 1.884E-ll 
SA-KKM-8 3.51BE-07 4.994E-07 O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol O.OOOE-Ol 1.377E-19 7.901E-1O 
----------------------------------------------------------------------------------------------------
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Appendix D 

Compilation of thennodynamic data for 
nickel, teclmetiuln and tin. 
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General 

For the dissolution of an arbitrary chemical compound AxBy(s) 
we may write the dissociation reaction: 

where: 

AxBy(s)= the solid precipitate 
x,y = stoichiometric coefficients of components 
A,B = components 

The ionic equilibrium is detennined by the solubility product Ks defmed by: 

Ks 

where 

Ks = solubility product for the dissociation ofAxBy(s) 
a = ionic activity of the component 
A,B = components 
x,y = stoichiometric coefficients 

Based on well-known thennodynrunic theories e.g. /Moore 1972/, the solubility 
product for a certain dissociation reaction can be calculated from basic 
thennodynamic data for the different reactants and reaction products. For the above 
reaction, the solubility product can be written in tenns of the ~G -values of the 
reactants and the product: 

~ .. ~G·o log K - - '?)-;f--lPf - ...!-
s- 2 . .JV.J . R . T 

where: 

R 
T 
v· 1 

~GP 

= 
= 
= 
= 

ideal gas constant 
absolute temperature 
stoichiometric coefficient for reactants and products i 
Gibbs free energy of formation for species i at standard 
temperature and pressure 

This Inethod has been used in the calculations in addition to the solubility products 
found explicitly in the literature. In addition to the solubility products, it is 
necessary to collect data for the distribution of an eleInent between different soluble 
species and complexes. The assembly of solubility products and equilibrium 
constants, for distribution of an element between different soluble complexes is 
referred to as a thennodynrunic data-base. 
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Data compiled for nickel 

Table D:l Basic thermodynamic data for nickel found in the literature. 

I1Gp 
[kJ· mol-I] 

A~eous S~cies. 
Ni+ -44.4 

-45.63 
NiOH+ -227.6 

-227.76 
NiOH2 -404.6 
Ni(OHh- -584.6 
Ni2OH3+ -264.9 
Ni4OH44+ -968.06 
NiCI+ -179.8 
NiC03 --{)11.6 
NiHC03+ --{j43.6 
NiS04 -803.3 

Minerals: 
Ni(OHh -447.2 

-447.57 
Ni(s) 0.0 
NiO(s) -211.7 

-211.74 
NICI2(s) -259.18 

-259.20 
NiClz·2H2O(s) -760.1 

-760.7 
NiClz.4H2O(s) -1234.9 

--1235.9 
NiCI2·6HzO(s) -1713.19 

-1714.66 
NiC03(s) --{512.1 

--{512.9 
NiS04(s) --759.7 

-760.3 
NiS04·6HzO(s) -2224.54 

-2226.03 
NiS04·7H2O(s) -2461.74 
NizSi04(oliv.) -1289.0 
NizSi04(sp.) -1281.0 
NiSi03(s) -1128.0 
NiS(alfa) -79.5 
NiS . (millerite ) -86.25 
NiS2(s) -126.20 
Ni3S4(S) -312.53 
Ni3S2(S) --197.1 

-197.2 
NiFez04(s) -972.94 

-973.59 

* See list of literature in the main report 

References * 

/BERGMAN et.a1. 1984/ 
/ROBIE 1978/ 
/WAGMAN 1982/ 
/WAGMAN/ 
/SMITH 1976/ 
/BAES 1976/ 
/SMITH 1976/ 
/SMITH 1976/ 
{fURNER 1981/ 
/BALL 1980/ 
/BALL 1980/ 
/WAGMAN 1982/ 

/WAGMAN 1982/ 
/WAGMAN/ 
By definition 
/WAGMAN 1982/ 
/HELGESON/ 
/KUBASCHEWSKI 1979/ 
/ROBIE 1978/ 
/WAGMAN 1982/ 
/WAGMAN/ 
/WAGMAN 1982/ 
/WAG MAN/ 
/WAGMAN 1982/ 
/WAGMAN/ 
/NAUMOV 1974/ 
/WAGMAN/ 
/WAGMAN 1982/ 
/W AG MAN/ 
/ROBIE 1978/ 
/ROBIE 1978/ 
/ROBIE 1978/ 
/ROBIE 1978/ 
/ROBIE 1978/ 
{fARDY,GARRELS 1977/ 
/WAGMAN 1982/ 
/ROBIE 1978/ 
/MILLS 1974/ 
/MILLS 1974/ 
/WAGMAN 1982/ 
/ROBIE 1978/ 
/ROBIE 1978/ 
/ROBIE 1978/ 
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Table D:2 Equilibrium constants compiled in PHREEQE fonnat for aqueous 
and solid species of nickel. Underlined values refer to equilibrium 
constants selected for the calculations. 

Reaction formula Ox. state log K Reference * 

A~eous species: 
Ni + + H20<=>NIOH+ + H+ +II -9.46 N/W AGMAN 1982/ 

-9.66 LBL/WAGMAN 1982/ 
Ni2+ + 2H20<=>NiOH2 + 2H+ +II -20.01 /SMITH,MARTELL 1976/ 

-19.0 LBL/ROBIE 1978/ 
Ni2+ + 3H2O 
<=> Ni(OHh- + 3H+ +11 -30.03 N/WAGMAN 1982/ 

-30.0 LBL/BALL 1980/ 
2Ni2+ + H20<=>Ni20H3+ + H+ +11 -10.71 N/ 

-10.69 /SMITH,MARTELL 1976/ 
4NF+ + 4H2O 
<=> Ni40H44+ + 4H+ +11 -27.74 N/ 

-27.66 LBL/MARTELL 1976/ 
Ni2+ + CI-<=>NiCI+ +II 0.73 N(fURNER 1981/ 

-0.4 LBL/BALL 1980/ 
Ni2+ + C032-<=>NiC03 +11 6.87 N/BALL 1980/ 

6.87 LBL/BALL 1980/ 
Ni2+ + C032- + H+<=>NiHC03+ +II 12.48 N/BALL 1980/ 

12.47 LBL/BALL 1980/ 
Ni2+ + S042-..::::=>NiS04 +II 2.59 N/WAGMAN 1982/ 

2.29 LBL/BALL 1980/ 

* See list of literature in the main report 
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Table D:2 Continued 

Reaction fonnula Ox.state log K Reference *) 

Minerals: 
Ni( s )<=> Ni2+ + 2e- 0 7.78 N/BERGMAN 1984/ 

7.99 /SMITH,MARTELL 1976/ 
Ni(OH)z<=>Ni2-t + 20H- +IT -15.5 N/WAGMAN 1982/ 
NiO + 2H+<=>Ni2+ + H2O +II 12.25 N/W AGMAN 1982/ 

12.466 LBL/HELGESON/ 
NiC12<=>Ni2+ + 2Cl- +IT 8.36 N/KUBASCHEWSKI 1979/ 

8.61 LBLIROBIE 1978/ 
NiC12·2H2O 
<=> Ni2+ + 2Cl- + 2H2O +IT 3.71 N/WAGMAN 1982/ 

3.89 LBL/WAGMAN 1982/ 
NiCI2.4H2O 
<=> NF+ + 2Cl- + 4H20 +11 3.60 N/WAGMAN 1982/ 

3.78 LBL/WAGMAN 1982/ 
NiCI2·6H2O 
<=> Ni2+ + 2Cl- + 6H2O +11 2.96 N/WAGMAN 1982/ 

3.06 LBL/WAGMAN 1982/ 
NiC03(s)<=>Ni2+ + C032+ +11 -6.96 N/NAUMOV 1974/ 

-6.84 LBL/WAGMAN 1982/ 
NiS04<=>Ni2-t + S042- +IT 5.04 N/WAGMAN 1982/ 

5.33 LBL/WAGMAN 1982/ 
NiS04·6H2O 
<=> Ni2+ + S042- + 6H2O +11 -2.25 N/ROBJE 1978/ 

-2.01 LBLIROBIE 1978/ 
NiS04·7H20 
<=> NF+ + S042- + 7H2O +11 -2.24 N/ROBIE 1978/ 

-2.36 LBL/BALL 1980/ 
Ni2Si04( 0) +4H+ 
<=> 2Ni2+ + H4Si04 +11 18.9 N/ROBIE 1978/ 
Ni2Si04(s) +4H+ 
<=>2Ni2+ + H4Si04 +IT 20.3 N/ROBIE 1978/ 
NiSi03 +2H+ + H2O 
<=> Ni2+ + H4Si04 +IT -2.24 N/ROBIE 1978/ 
NiS.a1f + 4H2O 
<=> Ni2++S042-+8H++8e- +11 -40.1 /SMITH,MARTELL 1976/ 
NiS.mil. +4H2O 
<=> Ni2++S042-+8H++8e- +11 -42.85 LBL/ROBIE 1978/ 
NiS2 + 2e-<=>Ni2-t + 2S2- +11 -45.8 N/MILLS 1974/ 
Ni3S4 + 2e-<=>3Ni2-t + 4S2- +II -94.3 N/MILLS 1974/ 
Ni3S2 <=>3Ni2+ + 2S2- +II -42.61 LBLIROBIE 1978/ 
NiFe204 +8H++2e-
<=> Ni2++2Fe2++4H2O +II 31.1 N/WAGMAN 1982/ 

31.358 LBL/ROBIE 1978/ 

1) N refers to internal N agra docmnents 
LBL refers to a Lawrence Berkley Laboratories report by 
BENSON and TEAGUE 1980; see reference list. The supplementary ilGp 
values used for basic non-nickel species are given in Table D:4. 

* See list of literature in the main report 
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Table D:3 EDTA species. 

Reaction fonnula OX.state log K References* 

Ni2+ + EDTA4~=>NiEDTA2- +II 20.11 /CROSS 87/ 
H+ + EDTA4~=>HEDTA3- 11.01 /CROSS 87/ 
H+ + EDTA4-<=>H2EDTA2- 17.33 /CROSS 87/ 
H+ + EDTA4~=>H3EDTA- 20.43 /CROSS 87/ 
H+ + EDTA4-<=>H4EDTA 22.59 /CROSS 87/ 
H+ + EDTA4-<=>HsEDTA+ 24.10 /CROSS 87/ 
Ca2+ + EDTA4-<=>CaEDTA2- 11.0 /CROSS 87/ 
Mg2+ + EDTA4-<=> MgEDTA2- 9.12 /CROSS 87/ 
Na+ + EDTA4-<=> NaEDTA3- 2.48 /CROSS 87/ 

* See list of literature in the Inain report 

Table D:4 Supplementary basic thennodynamic data used in the calculations 
[kJ· mol-l]. 

Species flOP flHP Reference * 

H2O -237.190 -285.230 N/CODATA 1978/ 
-237.300 LBL/ROBIE 1978/ 

OH- -157.269 -230.015 N/NEA 1986/ 
-157.433 LBL/ROBIE 1978/ 

Cl- -131.251 -167.080 N/NEA 1986/ 
-131.358 LBL/ROBIE 1978/ 

F- -281.556 -335.35 N/NEA 1986/ 
-281.229 LBL/ROBIE 1978/ 

1- -51.740 -56.780 N/NEA 1986/ 
-51.950 LBL/ROBIE 1978/ 

S042- -744.104 -909.340 N/NEA 1986/ 
-745.129 LBL/ROBIE 1978/ 

Ca2+ -552.773 -543.000 N/NEA 1986/ 
-553.91 LBL/ROBIE 1978/ 

S2- 89.659 36.7 N/NEA 1986/ 
85.857 LBL/ROBIE 1978/ 

* See list of literature in the main report 
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Thennodynamic data compiled for technetium 

Table D:5 Basic thennodynarnic data for technetium found in the literature. 

Species Ox.state ~GP Reference * 
[kJ . Inol-1] 

Aaueous sl1ecies 
Tc1+ +II 77.188 NEA 19861) 
Tc3+ +III 105.8 NEA/RARD 1983/ 
TcQ+ +III -162.988 NEA 19861) 
TC()2+ +IV -100.6 NEA/RARD 1983/ 
TcO(OH)+ +IV -331.3 NEA/RARD 1983/ 
TcO(OHh(aq) +IV -556.0 NEA/RARD 1983/ 
TcOC03(aq) +IV -688.914 NEA/BROWN 1987/ 
TCO(C03h 2- +IV -1270.551 NEA/BROWN 1987/ 
TcOS04(a~ +IV -865.252 NEA/BROWN 1987/ 
TCO(S04h +IV -1620.942 NEA/BROWN 1987/ 
TCO(S04h4- +IV -2369.156 NEA/BROWN 1987/ 
TcOHC03+ +IV -717.779 NEA/BROWN 1987/ 
TcO(HC03h( aq) +IV -1327.196 NEA/BROWN 1987/ 
TcO(HC03h- +IV -1930.220 NEA/BROWN 1987/ 
TcO(HC03)42- +IV -2527.593 NEA/BROWN 1987/ 
TcO(HC03>s3- +IV -3119.487 NEA/BROWN 1987/ 
TcON03+ +IV -217.584 NEA/BROWN 1987/ 
TcO(N03h(aq) +IV -329.602 NEA/BROWN 1987/ 
TcO(N03h- +IV -438.081 NEA/BROWN 1987/ 
TcO(N03)42- +IV -543.535 NEA/BROWN 1987/ 
TcO(N03)S3- +IV -646.307 NEA/BROWN 1987/ 
Tc02(aq) +IV -325.592 NENGUENNEC 1973/ 
TcOCl+ +IV -240.698 NEA/BROWN 1987/ 
TcOCI2(aq) +IV -378.856 NEA/BROWN 1987/ 
TcOC13- +IV -515.872 NEA/BROWN 1987/ 
TcOC142- +IV -651.974 NEA/BROWN 1987/ 
TcOCls3- +IV -787.278 NEA . ./BROWN 1987/ 
TCO(S04)46- +IV -3110.462 NEA/BROWN 1987/ 
TCO(S04)S8- +IV -3845.148 NEA/BROWN 1987/ 
(TcO(OHhh +IV -1149.2 NEA/RARD 1983/ 
TC043- +V -505.3 NEA/RARD 1983/ 
TC042- +VI -562.2 NEA/RARD 1983/ 
H2Tc04 +VI -613.6 NEA/RARD 1983/ 
HTc04- +VI -611.9 NEA/RARD 1983/ 
TC04- +VII -623.8 NEA/RARD 1983/ 
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Table D:5 Continued. 

Species 

Minerals 
Tc(s) 
TcOH(s) 
Tc(OH)z(s) 
TC304(S) 
Tc(OHh 
TC407(S) 
TcO(OH)z(c) 
Tc(OH)4(C) 
Tc(OH)4(am) 
TCS2(C) 
TC02(C) 
NaTc04 
KTc04 
HTc04(C) 
TC207 
TC2S7(C) 

ox. state 

° +1 
+11 
+11,+111 
+ill 
+1I1,+IY 
+IV 
+IV 
+IV 
+IV 
+IV 
+VII 
+VII 
+VII 
+VII 
+VII 

-D:8 -

f10P 
[kJ. mol-I] 

0.0 
-234.7 
--461.2 
-863.8 
-658.5 

-1324. 
-596.556 
-836.3 
-835.5 
-216.0 
-382.2 
-877.0 
-919.2 
-589.8 
-935.6 
-581.0 

Reference * 

NEA/RARD 1983/ 
NEA/RARD 1983/ 
NEA/RARD 1983/ 
NEA/RARD 1983/ 
NEA/RARD 1983/ 
NEA/BROWN 1987/ 

NEA/fORSTENFELT / 
NEA/RARD 1983/ 
NEA/RARD 1983/ 
NEA/RARD 1983/ 
NEA/RARD 1983/ 
NEA/RARD 1983/ 
NEA/RARD 1983/ 
NEA/RARD 1983/ 

1) The f1G values of these species given in the NEA data-bank do not 
correspond to the values found in the original references. 

* See list of literature in the nlain report 
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Table D:6 Equilibrium constants in PHREEQE fonnat for aqueous and solid 
species of technetium. The underlined data have been selected for 
the database used in the calculations. 

Reaction formula Ox. state logK Reference * 

Aqueous species 
Tc02+ + 2H+ + 2e~=>Tc2+ + H2O N-lII 10.41) /NEA 1986/ 

5.75 /ALLARD 1983/ 
Tc02+ + e~=>TcO+ N-lIII 10.931} /NEA 1986/ 

6.25 /NILSSON 1985/ 
TcQ2+ + 2H+ + e~=>Tc3+ + H2O N-+ill ~ NEA/RARD 1983/ 
Tc02+ + H20<=>TcO(OH)+ + H+ N -1.14 NEA/RARD 1983/ 

-1.4 /NILSSON 1985/ 
-1.4 /ALLARD 1983/ 

TcQ2+ + 2H20 
<=> TcO(OHh(aq) + 2H+ N -3.325 NEA/RARD 1983/ 

-3.4 /NILSSON 1985/ 
-3.4 /ALLARD 1983/ 

Tc02+ + C03~=>TcOC03 N 10.6 NEA/BROWN 87/ 
Tc02+ + 2C03~=>TcO(C03h2- N 20.0 NEA/BROWN 87/ 
Tc02+ + S04~=>TcOS04 IV 3.6 NEA/BROWN 87/ 
TcQ2+ + 2S04~=>TcO(S04h2- N 5.63 NEA/BROWN 87/ 
TcQ2+ + 3S04~=>TcO(S04h4- N 6.35 NEA/BROWN 87/ 
TcQ2+ + C032-+ H+<=>TcOHC03+ 
Tc02+ + 2C032- + 2H+ 

IV 15.6 NEA/BROWN 87/ 

<=> TcO(HC03h(aq) N ~ NEA/BROWN 87/ 
TcQ2+ + 3C032- + 3H+ 
<=> TcO(HC03h- N 43.0 NEA/BROWN 87/ 
Tc02+ + 4C032- + 4H 
<=> TcO(HC03)4 IV 55.2 NEA/BROWN 87/ 
Tc02+ + 5C032- + 5H+ 
<=> TcO(HC03)s3- IV 66.4 NEA/BROWN 87/ 
TcQ2+ + N03~=>TcON03+ IV 1.07 NEA/BROWN 87/ 
Tc02+ + 2N03~=>TcO(N03h(aq) N 1.27 NEA/BROWN 87/ 
T ()2+ I '211..TO --_ ..... T~O/1l..TO ) - IV 0.85 t~nAlBnonTN 0,..,' 1 C 'T J.1"I 3 ...... - ...... 1. ~ \1. '4 3 'L .c. l'\. VVi 011 

Tc02+ + 4N03- + TcO(N03)4 N -0.10 NEA/BROWN 87/ 
Tc02+ + 5N032~=> TcO(N03)53- N -1.52 NEA/BROWN 87/ 
TcQ2+ + H20<=>Tc02(aq) + 2H+ N -2.14 NEA/GUENNEC 73/ 
Tc2+ + Cl~=>TcOCI+ N 1.55 NEA/BROWN 87/ 
Tc02+ + 2Cl~=>TcOC12(aq) IV 2.76 NEA/BROWN 87 
Tc02+ + 3Cl~=>TcOC13- N 3.77 NEA/BROWN 87/ 
Tc02+ + 4Cl~=>TcOC142- N 4.62 NEA/BROWN 87/ 
TcQ2+ + 5CI~=> TcOC153- N 5.33 NEA/BROWN 87/ 
TcQ2+ + 4S04~=>TcO(S04)46- N 5.86 NEA/BROWN 87/ 
Tc02+ + 5S04~=>TcO(S04)s8- N 4.21 NEA/BROWN 87/ 
2TcQ2+ + 4H20 
<=> (TcO(OHhh + 4H+ N -0.133 NEA/RARD 83/ 
Tc02+ + 3H2O 
<=> TC043-+ 6H+ + e- N-lV -53.76 NEA/RARD 83/ 
Tc02+ + 3H20 
<=> TC042- + 6H+ + 2e- IV-lVI -43.80 NEA/RARD 83/ 
Tc02+ + 3H2O 
<=> H2 TC04 + 4H+ + 2e- N-+VI -34.72 NEA/RARD 83/ 
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Table D:6 Continued. 

Reaction fonnula Ox. state 10gK Reference * 

Tc02-t + 3H2O 
<=> HTc04- + 5H+ + 2e- IV~VI -35.09 NEA/RARD 1983/ 
Tc02-t + 3H2O 
<=> TC04- + 6H+ + 3e- IV-VII -33.00 NEA/RARD 1983/ 

-36.5 /NILSSON 1985/ 
-36.5 /ALLARD 1983/ 
-32.6 /SILLEN 1964/ 

Minerals 
Tc(s )<=> Tc2+ + 2e- O-'IV -13.523 NEA/RARD 1983/ 
TcOH <=>Tc2-t + OH-+ e- I-II -27.09 NEA/RARD 1983/ 
Tc(OHh<=>Tc2+ + 20H- II -39.22 NEA/RARD 1983/ 
TC304 + IH+<=>3Tc02+ + OH- + 4e-

II ,III-VII 
-70.91 NEA/RARD 1983/ 

Tc(OHh + H+<=>TcO+ + 2H2O ill 3.702 NEA/RARD 1983/ 
TC407 + 3H+<=>4Tc02+ + 30H-+ 2e-

ill,IV--VII 
-78.80 NEA/RARD 1983/ 

TcO(OHh( c )<=> Tc02-t + 20H- IV -31.78 NENBROWN 1987/ 
** Tc(OH)4(C) + H+ 
<=> Tc02-t + 3H2O IV -4.23 /NEA 1986/ 
** Tc(OH)4(am) + H+ 
<=> Tc02-t + 3H2O IV -4.09 NEA 

(fORSTENFELDT / 
TCS2(C) + H2O 
<=> Tc02-t + 2S2- + 2H+ IV -93.19 NEA/RARD 1983/ 
TC02(S) + H20 <=>Tc02-t + 20H- IV -35.8 NEA/RARD 1983/ 
NaTc04<=>Tc04-+ Na+ VII 1.058 NEA/RARD 1983/ 
KTc04<=>Tc04-+ K+ VII -2.734 NEA/RARD 1983/ 
HTc04(c)<=>Tc04-+ H+ VII 5.438 NEA/RARD 1983/ 
TC207 + 10H+ + 6e-
<=> 2Tc02-t + 5H2O VII 79.1 NEA/RARD 1983/ 
TC2S7 + 8H2O 
<=> 2Tc04- + 7S2- + 16H+ VII -325.6 NEA/RARD 1983/ 

1) These 10gK values are wrong, see comments for Table D:5. Because of this 
they are not included in the PHREEQE database. 

** Excluded in the calculations due to uncertain identification of these phases 
* See list of literature in the main report 
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Compilation of thennodynrunic data for tin 

Table D:7 Literature data compiled on thennodynamic properties of tin 
species [kJ· mol-I]. 

Species ~GP ~HP Reference* 

Sn2+ -29.861 Smith, Martell 1976 
-26.255 Pourbaix 1966 
-27.591 -8.90 NEA 1986 

SnOH+ -253.48 Pourbaix 1966 
-254.80 -286.2 Wagman 1982 

HSnOz- -410.03 Pourbaix 1966 

SnZ0 32- -590.28 Pourbaix 1966 

Sn4+ 2.72 Pourbaix 1966 

Sn032- -574.96 Pourbaix 1966 

Sn(OH)z(s) -492.04 Pourbaix 1966 
-491.62 -578.6 Latimer 1952 

(-492.0) 

Sn(OH)4(S) -951.86 Pourbaix 1966 
-951.9 -1131.8 NEA 1986 

SnO(OH)+ -474.05 Wagman, Evans 1968 

SnF+ -335.14 Benson, Teague 1980 

SnFz(s) -621.32 -661.07 Wicks, Black 1963 

SnO(OH)F -788.6 Wagman 1982 

SnCI+ -164.80 -164.80 Wagman 1982 

SnCl2 -299.50 -329.70 Wagman 1982 

SnCI3- -430.00 -487.00 Wagman 1982 

SnC142- -561.16 Smith, Martell 1976 

SnOHCI -392.00 -453.50 Wagman 1982 
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Table D:7 Continued. 

Species flOP MIP Reference * 

SnOHCI· H2O(s) -648.52 Wagman, Evans 

SnI2(S) -163.60 -162.70 Wicks, Black 1963 

SnS(s) -98.3- -100.0- NEA 1986 
(-106.5) (-108.4) 

SnS2(S) -145.25 -153.55 Kubaschewski 1979 

Sn504(s) -908.85 -1014.62 Kubaschewski 1979 

SnS042+ -724.2 Wagman 1982 

Sn(S04h -1481.8 Wagman 1982 

Sn(S04h(s) -1395.0 -1629.25 Kubaschewski 1979 

CaSn03(s) 21.609 -72.802 Kubaschewski 1979 

lie See list of literature in the lnain report 
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Table D:8 Equilibrium constants for tin species at different ionic strengths I, 
explicitly stated in the literature. 

Reaction I log K Reference * 

Sn2+ + H20 <=> SnOH+ + H+ 0 -3.4 Baes, Mesmer 1976 
0.1 -4.1 Pettine 1981 

-3.6 
Sn2+ + 2H20 

Kragten 1978 

<=> Sn(OHh + 2H+ 0 -7.06 Baes, Mesmer 1976 
0.1 -7.9 Pettine 1981 

-7.3 Kragten 1978 
Sn2+ + 3H20<=>Sn(OHh-+ 3H+ 0 -16.61 Baes, Mesmer 1976 

0.1 -17.5 Pettine 1981 
-16.62 Kragten 1978 

2Sn2-t + 2H2O 
<=> Sn2(OH)z2-t+2H+ 0 -4.77 Baes, Mesmer 1976 

-4.99 Kragten 1978 
3Sn2+ + 4H2O 
<=> Sn3(OH)42++4H+ 0 --6.88 Baes, Mesmer 1976 

-7.33 Kragten 1978 

Sn2-t + F- <=> SnF+ 1.0 4.08 Smith, Martell 1976 
6.20 Kragten 1978 

Sn2+ + 2F- <=> SnF2 1.0 6.68 Smith, Martell 1976 
8.30 Kragten 1978 

Sn2+ + 3F- <=> SnF3- 1.0 9.5 Smith, Martell 1976 
9.90 Kragten 1978 

Sn2+ + CI- <=> SnCI+ 1.51 Smith, Martell 1976 
1.20 Kragten 1978 

Sn2+ + 2CI- <=> SnCl2 2.25 Smith, Martell 1976 
1.0 1.08 Pettine 1981 

1.75 Kragten 1978 

Sn2+ + 3CI- <=> SnCI3- 2.0 Smith, Martell 1976 
1.50 Kragten 1978 

Sn2+ + 4CI- <=> SnC142- 1.5 Smith, Martell 1976 
1.3 Kragten 1978 

Sn2-t + S042- <=> SnS04 1.0 1.29 Pettine 1981 

Sn2-t +2S042- <=> Sn(S04h2- 1.0 1.65 Pettine 1981 

Sn2-t +EDTA-4 <=> Sn-EDTA2- 18.30 Kragten 1978 

Sn4+ + EDTA-4 <=> Sn-EDTA 34.50 Kragten 1978 
\ 

Sn2-t + DTPA-4 <=> Sn-DTPA2- 20.70 Kragten 1978 

* See list of literature in the main report 
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Table D:9 Equilibrium constants selected for tin in aqueous alkaline solutions 
in PHREEQE fonnat. Note that dissolved species are given as the 
association reaction, while nlinerals (solid species) are given as the 
dissociation reaction. 

Reaction log K ~HP 
[kcal'lnol-1] 

Aaueous species 
Sn"4 + H20 - H+ <=> SnOH+ -1.75 1.89 
Sn2-t + 2H20 - 2H+ <=> Sn(OHh -7.06 
Sn2-t + 2H20 - 3H+ <=> Sn(OHh- -16.61 
Sn2:+- - 2e- <=> Sn4+ 30.31 
Sn2+ + 3H20 - 6H+ - 2e- <=> Sn032- -28.74 

Sn2-t + 2H20 - 3H+ - 2e- <=> SnOOH+ -4.88 
Sn2-t + F- <=> SnF+ 4.55 
Sn2-t + 2H20 - 3H+ + F--2e- <=> SnOOHF 0.89 
Sn2-t + CI- <=> SnCI+ 1.04 2.67 
Sn2-t + 20- <=> SnCl2 1.65 3.19 

Sn2-t + 3CI- <=> SnCI3- 1.52 5.53 
Sn2-t + 4CI- <=> SnC142- 1.5 
Sn2-t + H20 + CI- - H+ <=> SnOHCl -0.70 1.84 
Sn2-t + S042- <=> SnS04 1.29 
Sn2+ + 2S042- <=> Sn(S04h2- 1.65 

Sn2+ + S042-- 2e- <=> SnS042+ -8.31 
Sn2-t + 2S0 4 2- - 2e- <=> Sn(S04h -5.95 
Sn2-t + EDT A4- <=> Sn-EDTAl- 18.30 
Sn2-t + DTP A 4- <=> Sn-DTPA2- 20.70 
Sn2-t + EDT A 4- - 2e- <=> Sn-EDTA 64.81 

Solid species 
Sn(OHh(s) <=> Sn2+ + 20H- -26.17 26.22 
Sn(OH)4(S) <=> Sn2-t + 40H- -- 2e- -51.69 48.47 
SnF2(s) <=> Sn2-+- + 2F- -5.36 -4.43 
SnOHCI·H20(s) <=> Sn2+ + OH-+ CI-+ H2O -16.67 
SnI2(s)12(s) <=> Sn2+ + 21- -5.70 3.62 

SnS(s) <=> Sn2-+- + S2- 3.32 32.53 
SnS2(S) <=> Sn2-t + 2S2- - 2e- -51.99 52.12 
SnS04(s) <=> Sn2+ + S042- -24.01 23.04 
Sn(S04h(s) <=> Sn2-t + 2S042- - 2e- 21.15 47.40 
CaSn03(S) <=> Sn2-+-+60H-+Ca2+-3H2O-2e- 146.0 -239.4 
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Table D:10 Additional basic thennodynamic data used in the calculations. 
[kJ· mol-I]. 

Species !)'Gp MIP Reference * 

H2O -237.190 -285.230 CODATA 1978 
OH- -157.269 -230.015 NEA 1986 
Cl- -131.251 -167.080 NEA 1986 
F- -281.556 -335.35 NEA 1986 
1- -51.740 -56.780 NEA 1986 
S042- -744.104 -909.340 NEA 1986 
Ca2+ -552.773 -543.000 NEA 1986 
S2- 89.659 36.7 NEA 1986 

* See list of literature in the main report 
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APPENDIXE 

Waste types containing metallic waste 
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This Appendix gives a description of the waste types containing metallic waste. 
The external volume of the packages, the matrix volume in the package and the 
volume of waste as well as the metallic waste volume are presented. The amount of 
metal in the packages is shown in the tables. 

The predominant metal sources are carbon steel and stainless steel; these are added 
together since carbon steel and stainless steel are expected to have the same 
corrosion rate under anaerobic conditions. Other metal sources of importance are 
nickel-based alloys and zircaloy. Small runounts or alunlinium, zinc and copper also 
exist in the waste. 

Table E:l Waste types in Waste Group I containing metallic waste. 

Unit 1) BA-KKL-7 BA-KKM-7 SA-KKB SA-KKB SA-KKB 
-1-2 -1-3 -1-4 

Number of packages 3418 635 40 10 30 
External volulne m3/pack 0.285 0.26 20.1 20.1 20.1 
Matrix volume ln3/pack 0.2 0.205 14.6 14.6 14.6 
Waste volume m3/pack 0.014 0.0095 0.184 0.232 0.684 
Metal volume m3/pack 0.014 0.0095 0.184 0.232 0.684 
Stainless steel kg/pack 0 0 1450 1830 5400 
Carbon steel kg/pack 0 0 0 0 0 
Steel total kg/pack 0 0 1450 1830 5400 
Inconel kg/pack 0 0 
Zircaloy kg/pack 90 62 
Aluminium kg/pack 
Zinc kg/pack 
Copper kg/pack 
Surf/voI2) m2 ·m-3 40 40 40 40 40 
Corrosion area m2 0.56 Q.38 7.36 9.28 27.36 

Unit 1) SA-KKM SA-KKM SA-KKM WA-4 WA-5 WA-6 
-1-1 -1-2 -1-3 

", 

Number of packages 13 5 18 2620 27248 7860 
External volume m3/pack 20.1 20.1 20.1 1.71, 0.68 1.18 
Matrix volulne m3/pack 14.6 14.6 14.6 1.05 0.213 0.4 
Waste volulne m3/pack 0.156 0.397 0.407 0.122 0.204 0.418 
Metal volume m3/pack 0.156 0.397 0.407 0.122 0.004 0.066 
Stainless steel kg/pack 1230 3140 128 210 7 335 
Carbon steel kg/pack 0 0 3072 0 13 103 
Steel total kg/pack 1230 3140 3200 210 20 438 
Inconel kg/pack 49 
Zircaloy kg/pack 586 
Aluminium kg/pack 4 8 
Zinc kg/pack 3 5 
Copper kg/pack 
Surf/voI2) m2 ·m-3 40 40 40 80 80 80 
Corrosion area m2 6.24 15.88 16.28 9.76 0.32 5.28 

1) Units are in cubic metres per package [m3/pack], kilograms per package 
[kg/pack], square metres per cubic Inetre [m2. m-3] and square metres [m2]. 

2) Ratio between metal surface and Inetal volume [m2 . m-3] 
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Table E:2 Waste types in Waste Group II containing metallic waste. 

Unitl) BA-KKL-8 BA-KKM-8 SA-KKB SA-KKB SA-KKB-3 
-1-1 -1-5 

NUlnber of packages 858 153 16 28 72 
External volume m3lpack 0.285 0.26 20.1 20.1 20.1 
Matrix volume In3/pack 0.2 0.205 14.6 14.6 14.6 
Waste volume m3/pack 0.0004 0.0004 0.5 0.072 0.526 
Metal volulne m3/pack 0.0004 0.0004 0.5 0.072 0.526 
Stainless steel kg/pack 0 0 118 570 530 
Carbon steel kg/pack 3 3 3812 0 3610 
Steel total kg/pack 3 3 3930 570 4140 
Inconel kg/pack 
Zircaloy kg/pack 
Aluminium kg/pack 
Zinc kg/pack 
Copper kg/pack 
Surf/voI2) m3 ·m-' 80 80 40 40 40 
Corrosion area m2 0.032 0.032 20 2.88 21.04 

1) Units are in cubic metres per package [ln3/pack], kilograms per package 
[kg/pack], square metres per cubic metre [m2 . m~] and square metres [m2]. 

2) Ratio between metal surface and Inetal volume [ln2 . m-3] 
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