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Abstract 

The near-field of a high-level vaste repository is an extreacly 

complex environment which results froa aany simultaneous physical, 

cheaical and hydrological processes. Analysis of this environaent is 

hindered, not only by the nuaber of processes involved but also by 

their synergistic/coapetitive interactions and their variations in 

space and time. This report describes a study of the Swiss disposal 

concept used in "Project Gewaehr 1985" safety analysis which attempts 

to quantify as many of these processes as possible. 

The main components of the near-field are the waste glass matrix, 

the thick steel canister and the surrounding backfill of compressed 

bentoiiite. 

In this report it is concluded that mineralogical alteration of 

the backfill will be negligibly small over the million year period 

considered. Its physical and cheaical properties can thus be relied on 

for such a period. The canister will retain its integrity for > 10 3 y 

and thereafter will act as an Eh/pH buffer. The near-field buffers 

ensure more alkaline and reducing conditions than in the far-field. 

Complete degradation of the glass matrix will take > 10 5 years and 

nuclide release will be limited by their congruent dissolution although 

it may be further constrained by low solubility. Diffusion of 

dissolved nuclides through the backfill is so slow that many species 

decay to insignificance within it. The large uptake capacity of the 

bentonite also significantly extends the release duration for longer 

lived, non-solubility limited nuclides thus decreasing output maxima. 

Possible perturbing factors itich as radiolysis and hydrogen production 

by anoxic corrosion are of little importance but modelling of 

speciation / solubility in the near-field and, in particular, colloid 

formation and mobility are identified are areas in which more work is 

required. 
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Although the aain analysis aias to err on the side of 

conservatisa, the extent of such pessiaisa is assessed in a "realistic" 

appraisal of the near-field. This suggests that the engineered 

barriers will prevent any radiologically significant releases over 

periods in excess of a Billion years which would strengthen their role 

in the aultiple barrier safety concept. 
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Zusa—enfassung 

Das Nahfeld eines Endlagers hochaktiver Abfäll? bildet ein sehr 

komplexes Systea, weil gleichzeitig eine Hrnnigfaltigkeit von 

physikalischen, cheaisehen und hydrologischen Prozessen betrachtet 

werden muss. Die Analyse wird nicht nur durch die Anzahl der zu 

berücksichtigenden Prozesse erschwert, sondern auch durch deren 

Wechselwirkungen, die synergistische und/oder konkurrierende Effekte 

zur Folge haben können, und durch die Variabilität in Raus und Zeit. 

Dieser Bericht beschreibt die diesbezüglichen Arbeiten für das 

schweizerische Endlagerkonzept, wie sie ia "Projekt Gewähr 1985" ia 

Rahaen der Sicherheitsanalyse verwendet wurde und versucht Möglichst 

viele der Prozesse quantitativ zu fassen. 

Die Hauptkoaponenter des Nahfeldes sind die Glasaatrix, der 

Stahlbehälter und das hüllende Verfüllaaterial aus koapriaiertea 

Bentonit. 

Eine Schlussfoljerur.g dieses Berichtes ist, dass die 

•ineralogische Veränderung das Verfüllaaterials über die betrachtete 

Zeitperiode von einer ».iJlijn Jahren vernachlässigbar klein ist. 

Vährend dieses Zeitrauaes tonn aan sich soait auf seine physikalischen 

und chemischen Eigenschaf tea abstützen. Der Behälter wird seine 

Integrität über aehr als K 5 Jahre behalten und anschliessend als ein 

Eh/pH-Puffer wirken. Die Puf«r des Nahfeldes bewirken alkalischere 

und reduzierendere Bedingung?n als sie ia Fernfeld gegeben sind. Die 

vollständige Auflösung der Gla aatrix wird aehr als 10 5Jahre dauern 

und die Radionuklidfreitetzu; g wird durch ihre kongruente Auflösung 

begrenzt, wobei die Freisetzung zusätzlich durch niedrige Löslichkeiten 

eingeschränkt sein kann. Dia Diffusion gelöster Nuklide durch das 

Verfüllaaterial ist derart lan^aa, dass viele Nuklide in iha auf 

unbedeutende Konzentrationen zerfallen. Die grosse Sorptionskapazität 

des Bentonits bewirkt auch eine erhebliche Verlängerung der 

Freisetzungszeit aus 6cm Nihfeld für längerlebige und nicht 
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löslichkeitsliaitierte Nuklide. Dadurch verden die Haxiaa der 

Freisetzungsraten herabgesetzt. Von venig Bedeutung sind Mögliche 

störende Einwirkungen vie Radiolyse und VasserstoffProduktion durch 

anoxische Eisenkorrosion. Gebiete, die näherer Untersuchung bedürfen, 

sind jedoch die Modellierung von Speziation / Löslichkeit in Nahfeld 

und besonders die Kollidbildung und Kolloidaobilitftt. 

Obwohl die Analyse hauptsächlich zu« Ziel hat konservative 

Asussagen zu aachen, wird versucht, den Grad der Konservativ!tat in der 

Beschreibung des Nahfeldes "realistisch" abzuschätzen. Diese 

Abschätzung zeigt, dass die ingenieuraässigen Barrieren eine 

radiologisch bedeutsam« Freisetzung Ober Zeiträume von mehr als einer 

Hillion Jahren verhindern und dass dadurch die technischen Barrieren im 

Konzept des Hehrfachbarrierensysteas einen grösseren Stellenwert bei 

der Sicherheitsanalyse erhalten. 
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Résumé 

Le champ proche d'un dépôt final pour déchets de haute activité 

est un système extrêmement complexe, en raison des nombreux processus 

physiques, chimiques et hydrogéologiques à considérer simultanément. 

L'analyse de ce système s'avère difficile non seulement du fait de la 

multitude des processus à considérer, mais aussi en raison de leurs 

interactions synergiques et/ou concurrentes ainsi que de leurs 

variations dans l'espace et le temps. Ce rapport décrit une étude 

relative au concept suisse de stockage final, tel qu'il a été 

concrétisé dans l'analyse de sûreté du Projet Garantie 1985, qui essaie 

de quantifier le plus de processus possible. 

Les principales composantes du champ proche sont la matrice 

rocheuse, le conteneur en acier et le matériau de colmatage de 

bentonite comprimée, qui l'enveloppe. 

Une des conclusions à laquelle parvient ce rapport est que 

l'altération mlnéralogique du matériau de colmatage sera, pour la 

période de temps considérée d'un million d'années, si faible qu'on 

pourra la négliger. On peut donc se fier ses caractéristiques 

physiques et chimiques pendant cet espace de temps. Le conteneur 

conservera son intégrité pendant plus de 103 ans et agira ensuite comme 

tampon Eh/pH. Les tampons du champ proche garantissent des conditions 

plus alcalines et réductrices que dans le champ éloigné. La 

dégradation complète de la matrice de verre durera plus de 10 ans et 

la libération des radionucléides sera limitée par leur dissolution 

congruente, bien qu'elle puisse être en plus retenue par de faibles 

solubilités. La diffusion des nucléides dissouts travers 1« matériau 

de colmatage est si lente que de nombreux nucléides s'y désintègrent en 

des concentrations insignifiantes. L'importante capacité d'absorption 

de la bentonite prolonge également considérablement la duré« de 

libération hors du champ proche des nucléides de longue vie et non 

limités par solubilité, baissant ainsi les maxima des taux de 

relâchement. Des facteurs de perturbation possibles, comme la 
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radiolyse et la production d'hydrogène par corrosion anaérobie du fer, 

sont de faible importance. En revanche, la modélisation de la 

spéciation/solubilité dans le champ proche et notamment la formation et 

la mobilité de colloides sont autant de domaines nécessitant encore 

beaucoup de recherches. 

Bien que l'analyse vise essentiellement la prudence, on tente 

d'évaluer le degré de prudence d'une description "réaliste" du champ 

proche. Cette évaluation montre que les barrières techniques 

empêcheront tout relâchement radiologiquement important sur des espaces 

de temps de plus d'un million d'années renforçant airsi leur rôle dans 

le concept du système des barrières de sécurité multiples. 
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Vorvort 

Im Rahmea des Projektes Entsorgung verden im EIR Arbeiten zur 

Analyse der Ausbreitung radioaktiver Elemente aus einem Endlager 

durchgefiihrt. Diese Untersuchungen verden in Zusammenarbeit und mit 

teilveiser finanzieller Unterstutzung der NAGRA vorgenonmen. Die 

vorliegende Arbiet ist als Referenzbericht im Rahmen des Projektes 

"Gevahr 1985" zu sehen. Sie erscheint gleichzeitig als EIR-Bericht und 

als NAGRA-Technischer-Bericht. 
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1 INTRODUCTION 

Many geochemical studies of radionuclide transport from nuclear 

waste repositories have concentrated on the "far field" - the ar^a 

sufficiently remote from the waste packages that perturbations to the 

natural groundwater chemistry due to radiation, temperature and 

leaching of introduced materials can be considered negligible. It is 

obvious, however, that in order to define the input to the far-field in 

any realistic manner, the geochemistry of waste/groundwater interaction 

in the "near-field" must be evaluated. As a particular example, 

elemental solubility limits may impose an important constraint on the 

maximum concentration of particular species (especially the actinides) 

but such solubility is generally very dependent on pH, redox conditions 

and bulk solution chemistry - all of which are likely to be greatly 

altered from far-field conditions in the immediate vicinity of high 

level radioactive waste. 

The near-field is thus, by definition, that part of the disposal 

system which is significantly perturbed by the presence of the 

repository. It includes the waste itself, all engineered barriers and 

that region of the surrounding rock which undergoes mechanical or 

geochemical alteration due to induced stresses, temperature changes or 

geochemical interactions. The extent of this latter zone will vary 

with time depending on factors such as local hydrology, chemical 

buffering capacity of fissure infill, magnitude of "matrix diffusion" 

effects etc. In practice, however, it is convenient to consider the 

near-field to be localised in the region of rock which has been 

mechanically perturbed by construction of the emplacement drift which 

would locate the near-/far-field boundary about '•wo tunnel radii from 

the drift wall (e.g. Kelsall et al., 1984). This assumption will be 

reasonable provided no major geochemical perturbation (e.g. a 

radiolytic redox front) penetrates beyond this boundary. 



- 11 -

In this report the geochemistry of the near-field is evaluated. 

It attempts to quantify all important processes affecting engineered 

barrier integrity, nuclide release rates from the waste matrix and 

subsequent transport rates through the near-field. Due to the great 

geochemical complexity of this region resulting from the range of 

materials present, possible synergistic and/or competitive reactions 

between them and perturbations from time-dependent temperature and 

radiation fields, derived numerical data generally have a large degree 

of associated uncertainty. The approach is, however, aimed at 

producing data which are, at least, conservative from a safety 

assessment point of view and at evaluation of the degree of 

conservatism by comparison with a more geochemically realistic case. 

This report is based on an earlier pilot study (McKinley, 1984a) 

which has been considerably expanded in order to make the treatment 

directly applicable to the Swiss repository safety analysis - "Project 

Gewaehr 1985". 
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2 OVERVIEW OF NEAR-FIELD PROCESSES 

The reference Swiss disposal scheme involves emplacement of 

vitrified high-level waste, encapsulated in cast steel, in a granitic 

host rock at a depth of about 1300 m. Waste containers are positioned 

horizontally in the centre of 3.7 m diameter drifts which are 

backfilled with compacted bentonite (Fig. 1). For the safety analysis 

in project Gewaehr, a repository containing 5895 waste canisters is 

considered (Nagra, 1985). The material inventory in the waste and 

engineered barriers surrounding each canister is summarised in table 1. 

The near-field also includes the mechanically damaged rock around the 

tunnel which is considered to extend about 1 tunnel diameter (4 m) 

beyond the drift wall. 

Table 1: 

Material inventory in the near-field (per canister) 

Material 

Glass 

Steel fabrication con 

Fabrication void 

Canister 

backfill 

a) Bentonite (dry) 

b) Pore space (watei 

itainer 

filled) 

Volume (mJ) 

0.15 

0.01 

0.03 

0.9 

52.8 

32.7 

20.1 

Mass (kf 

405 

75 

-

6.5x103 

-

8.8xl04 

2.0x104 



/ 

/ 

3.70/ 
/ 

/ 

V 

Backfill (Bentonite) 

/ / / / / / / / 

Fig. 1: Waste emplacement geometry (dimensions in metres) 
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The evolution of the near-field can be considered as proceeding in 

a number of stages (e.g. NEA, 1981; IAEA, 1984; Snellman, 1984): 

1. Water re-invades zones of the repository host-rock which have been 

partially drained during the operational phase. The hydrogeology of 

the fissure system begins to stabilise and the bentonite buffer 

begins to absorb water and swel1.. 

2. The gradual wetting of the buffer is coupled to spreading of 

radiogenic heat from the waste through the buffer. After a thermal 

peak which occurs within the first few years, the temperature 

profile through the bentonite gradually decays away over a period of 

several hundred years in line with the decrease in thermal output 

from the waste. During the same time period the bentonite becomes 

saturated and exerts a swelling pressure on the surrounding rock and 

the waste package, sealing any remaining "construction gaps" in the 

backfill structure. 

3. From first wetting, hydrothermai alteration of backfill (e.g. 

montmorillonite to illife) will commence, the rate of which will be 

controlled by reaction kinetics (temperature dependent) and the rate 

of supply of particular solutes (e.g. K for the conversion above). 

When the wetting front contacts the iron waste canister, corrosion 

will occur which will initially be oxic but quickly become anoxic as 

trapped air is used up. The rate of corrosion may be affected by 

the build-up of layers of solid reaction products (oxy-hydroxides) 

or by the limiting rate of supply of corrodents or loss of dissolved 

or jaseous products by diffusion through the backfill. 

4. After the canister has been corroded to a certain extent (more than 

5 cm) the canister will fail mechanically and fluid will then 

contact the waste matrix. Even after canister failure, however, 

continued corrosion of unreacted Fe and buffering by corrosion 

products will exert an influence on the chemistry of the water in 

contact with the waste glass. 

5. Corrosion of the vitrified waste will occur by a process of 

congruent dissolution with some associated precipitation of 

secondary mineral phases. Preferential leaching of particular 

nuclides would only occur in the very early stages of corrosion. 

During steady-state leaching the rate of release of specific 
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nuclides would be controlled either by the rate of matrix 

dissolution or by limits set by the total solubility of the element 

in question. 

6. The leachate thus formed is transported to the far-field by 

diffusion through the remnant canister and corrosion products and 

the bentonite backfill. The rate of such transport will be 

dependent on diffusion rates in the bentonite pores, the magnitude 

of retardation processes occuring (e.g. sorption, ultra-filtration, 

ion-exclusion, etc.) and on the water flow field in the 

heterogeneous host rock. The resultant radionuclide release rates 

into water conducting rock zones provide the input functions for the 

far-field transport calculations. Ii the supply by diffusion of 

radionuclides through the backfill is relatively small and 

significant quantities of water flow in the water conducting *.uies, 

an additional dilution may result. 

In the following sections the processes mentioned above are 

analysed quantitatively in order to derive release functions to the 

far-field for all significant waste components. 

A diagrammatic representation of the various components of the 

near-field and the dominant reactions occuring is presented in Fig. 2. 

It is important fo realise, however, that although individual processes 

are usually studied in isolation, competitive and/or synergistic 

reactions between processes may be important in the near-field. For 

example hydrothermal alteration of bentonite may affect canister 

corrosion either by direct interaction between bentonite and the 

canister material or by resultant changes in the diffusive fluxes of 

oxidants or corrosion products. Radiolysis of pore water and leachate 

will occur to some extent but the magnitude of the resultant effect on 

far-field nuclide concentration is dependent on a number of factors 

including canister life time, effective surface area of the waste glass 

and the chemical buffering efficiency of other components of the 

near-field. (These factors are considered in more detail in the 

following sections). 
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Fig, 2: Schematic diagram of geochemical and radiolytic processes 

in the near-field (not to scale) 
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3 HODEL ASSUMPTIONS AND BACKGROUND DATA 

The model aims to examine all important phenomena if, the 

near-field affecting radionuclide release rates. This doess however, 

depend on a number of simplifying assumptions: 

1. The near-field can be analysed around a single canister. Ii is 

quite possible that, in real life, particular flow paths could pass 

more than one canister. Hence, for a general case, a "domino 

effect" could be envisaged - for example where radiolytic oxidants 

from a single failed canister cause sequential, premature failure of 

downstream canisters. For the particular reference case considered, 

hovever, no such effect was identified and, indeed, for supply 

limited processes (such as illitisation or solubility limited 

releases) this approach is conservative as it ignores the likely 

decreases in reaction or release rate in downstream canisters. 

Finally, it should be noted that the Gewaehr reference hydrology 

assumes a very steep flow path through the repository which would 

make flow past several canisters unlikely. If less steep paths were 

considered, the consequent decrease in water flux would also have to 

be taken into account. 

2. Only a base case scenario, in which all components perform as 

expected, resulting in a homogeneous, smoothly evolving system is 

considered (Fig. 3a). While shall deviations from this scenario can 

be incorporated into parameter variations, it must be noted that 

major perturbations requiring different conceptual models are 

possible. For example, preferential water flow paths (e.g. Fig. 3b) 

may be present although such zones (e.g. kakirites) would be 

detectable during repository construction and avoided during 

emplacement. Such flow heterogeneity is considered briefly in 

chapter 10. Large scale physical disruptions (e.g. Fig. 3c) might 

also occur but are considered to be very unlikely and have been 

examined in the scenario analysis in Project Gewaehr (Nagra, 1985). 
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3. Hicrobial effects are considered negligible. Although the 

possibility of microbial contamination of HLV repositories has been 

increasingly acknowledged in the last few years (e.g. Vest and 

McKinley, 1984; Vest et al., 1985), the few attempts to evaluate the 

effects of such contamination quantitatively have been extremely 

simplistic (e.g. McKinley et al., 1984a; 1985). In the absence of 

better information, therefore, such effects will be considered minor 

relative to "inorganic" processes. For project Gevaehr, individual 

microbial processes have been reviewed (Luescher and Bachofen, 1984) 

and an overview of geomicrobiology in the Swiss HLV disposal context 

reported (McKinley et al., 1985). 

4. Constant hydrologic/hydrochemical conditions. Although the 

timescale considered in this report as within the range of 

reasonable extrapolation (about 10 years) is short by geological 

standards, many perturbations in the large scale hydraulic regime 

might be expected - e.g. due to the effects of ice ages. As far as 

the near-field hydrology is concerned, however, the very lov 

hydraulic conductivity of both the host rock and the backfill may be 

reasonably expected to minimise the consequences of such changes 

over the timescale involved. The reference case groundwater 

chemistry at repository depth has been specified by Schweingruber 

(1984b) and is shown in table 2. As this chemistry is buffered, to 

some extent, by rock/water interaction - especially for the critical 

Eh/pH parameters - i t is probably again reasonable to assume that 

any natural changes in this composition will be small and can be 

ignored in this study. 
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Table 2: Reference Deep Crystalline Groundwater Composition 

(from Schweingruber, 1984b) 

Component Concentration (ng/1) 

Na + 4038 

K + 45 

Hg 2 + 2.6 

Ca 2 + 870 

Sr 2+ 21 

Fe(tot) .45 

Mn(tot) 3.1 

CI " 6620 

F" 3.6 

S 0 4
2 " 1560 

Si02 17 

CO 2- 117 
3 

Temp = 55 degrees C pH = 6.8 log pC02 = -1.7 

Eh = -230 - -60 mV 

The most important additional background data required for the 

model are the radiogenic temperature rise profiles in the various 

regions of the near-field. The radiogenic temperature transient 

predominantly results from the decay of short-lived nuclides and hence 

the highest heat flux through the backfill occurs at the time when 

water is beginning to infiltrate this material. The water saturation 

profile in the bentonite will thus result from the competing effects of 

wetting from the outside and thermally induced outwards flux and will 

be coupled to the temperature profile as the thermal conductivity of 

bentonite is very dependent on the water content. Rigorous modelling 

of this coupled system is extremely difficult on account of 
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considerable uncertainties and gaps in required background data. The 

rate of various barrier degradation reactions will, however, increase 

with increasing temperature and hence calculation or upper limits for 

temperatures within this region will be conservative for safety 

analysis purposes. A simplified conceptual model is thus adopted in 

which the bentonite is assumed to be "dried out" (to 2X water content) 

throughout the thermal transient hence thermal conductivity is 

minimised resulting in calculation of exaggerated temperatures in the 

glass, canister and inner regions of the bentonite. This model 

consequently results in slightly underestimated temperatures in the 

outer part of the bentonite and in the surrounding rocks but these have 

been evaluated from larger scale models which use a simplified 

"smeared" source. 

The results of such calculations assuming 40 y waste cooling 

before emplacement, which are described in detail elsewhere (Hopkirk et 

al., 1983; Nagra, 1985), are listed in table 3. 

The data presented in Tab. 3 are for a case where three air gaps 

(1 cm wide) are assumed at the overpack/bentonite and bentonite/rock 

interfaces and in the middle of the bentonite mass itself. The 

temperature maxima thus calculated in central regions are about bX 

higher than if this conservative assumption were not included. 

It is evident from these data that although temperatures exceeding 

100 degrees C occur in the near-field their duration is relatively very 

short (< 50 years in all regions outside the steel container). 
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Table 3; Temperatures in the near-field 

(Hopkirk et al., 1983) 

Zone 

Vitrified waste 

(axis) 

Steel canister 

Bentonite: 

. 5cm from 

canister 

. Inner side of 

the middle gap 

. Outer side of 

the middle gap 

At tunnel wall 

Maximum 

temperature 

(°C) 

195 

153 

146 

101 

94 

76 

Time of max. 

temperature 

(years after 

^placement) 

1.1 

1.5 

1.5 

3.2 

3.6 

11.2 

Temperature 

50 years after 

emplacement 

(°C) 

115 

100 

95 

85 

80 

73 

Ambient rock temperature 55 degrees C. 
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4 NEAR-FIELD HYDROLOGY 

In the safety analysis for project Gevaehr, hydrology is 

characterised by a set of models of sequentially decreasing spatial 

extent and increasing spatial resolution based on the assumption of an 

equivalent porous medium. On the largest scale, the regional hydrology 

model describes groundwater flov in an area extending from the Alps to 

the Rhine which provides the boundary conditions for a more detailed 
2 

local model on a 1000 km scale and which, in turn, provides boundary 

conditions for near-field hydrologic models. 

From the local model a hydraulic gradient of 1.2% and an angle of 

70 degrees between the water flow vector and the plane of the 

repository are given as the base case (Kimmeier et al., 1984). Taking 

an average permeability of 10 - 1 1 m/s and a repository area of 1.2 km2, 

the total water flow through the repository is calculated to be 

4.2 nP/y. Evaluation of the water flow in the near-field which can 

supply or remove solutes from the waste package is, however, complex 

and must take into account: 

a) Variation in hydraulic properties between far-field and near-field. 

The act of boring the emplacement drifts causes some stress relief 

in the adjacent rock with consequent increase of hydraulic 

conductivity. Typically a region extending 1-2 tunnel radii beyond 

the tunnel walls may have conductivities more than one order of 

magnitude higher than the undisturbed rock but such conductivities 

may be considerably anisotropic (Kelsall et al., 1984). The tunnel 

itself is infilled with highly compacted bentonite which has an 

extremely low hydraulic conductivity and, in fact, the advective 

component of solute transport can generally be considered negligible 

relative to molecular diffusion. The perturbations to the flow 

lines in an otherwise homogeneous system due to these variations in 

conductivity are shown in fig. 4. 
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b) Heterogeneity of flov in the host rock. In the Gevaehr reference 

case (Nagra, 1985) flov is assured to occur predominately in 

disturbed crush zones or lineaments. These so-called kakirites are 

modelled to be 1 m vide and intersect the emplacement drifts at 

right angles every 75 metres with alternating hydraulic 

conductivities of 1.25xl0~9 and 10~10 m/s respectively (Fig. 5). 

For the sake of conservatism, as in the Gevaehr reference case, it 

vill be assumed that the entire flux through the repository is 

available for solute exchange vith the vaste canisters, equivalent to 

G.71 litres/canister year. 

The representation of the complex advective/diffusive system by a 

simple advective flux is obviously simplistic but is conservative for 

the following barrier alteration / nuclide release calculations. 
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Fig. 4; Effect of the near-field on local hydrology 
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5 BACKFILL: STABILITY AND CHEMICAL BUFFERING 

The reference backfill is a Wyoming bentonite (MX-80) which 

predominantly consists of sodium montmorillonite (about 75%) with 

quartz (about 15%) and feldspar (about 5-8%) ...id traces of carbonate 

(about 1.4%), organic carbon (about 0.4%) and pyrite (about 0.3%) 

(Mueller-Vonmoos and Kahr, 1983). The bentonite will be emplaced as 

compacted blocks which will swell on saturation to a final "reduced" 

dry density of about 1.7x10 kg/m which corresponds to a porosity of 

about 0.38 (cf. Nagra, 1985, Vol. 4). 

Sodium montmorillonite is thermodynamically unstable in the 

groundwaters expectea in a deep repository in crystalline rock and will 

undergo hydrothermal alteration (considered to be predominantly through 

conversion to illite) with resultant changes in both the properties of 

the solid phase and the chemistry of the aqueous phase (eg. Dudson and 

Chapman, 1981; Pusch, 1983 a; b; c). The actual illitisation mechanism 

is poorly understood but is assumed to initially proceed with A13+ for 

Si4+ substitution followed by K+ uptake and subsequent layer collapse 

(Anderson, 1983) but the nature of proposed mixed-layer intermediates 

is rather uncertain (Nadeau et al., 1984; Wilson and Nadeau, 1985). 

Although, in natural conditions, bentonites have been known to survive 

for about 4 x 10^y, the rate of illitisation is greatly increased by: 

a) Increasing temperature 

b) Increasing K+ concentration 

c) Extremes of pH (< 6 or > 10). 

High concentrations of other solutes (e.g. divalent cations) may 

further decrease the illitisation rate or encourage the formation of 

other reaction products (e.g. chlorite). 
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It has been shown that the process of illitisation is rapid (in a 

geological sense) only at temperatures above 100 degrees C and has been 

noted that below about 60 degrees C the rate is "extremely low" 

(Anderson, 1983). For a particular case in which K availability would 

have allowed 100% alteration of a montmorillonite zone in 10 5y, the 

observed conversion rate was less than 0.3% in 10 6 y (Chapman et 

al., 1984). Temperatures in excess of 60 degrees C exist over 

significant parts of the "backfill" flow path for only the first few 

hundred years. Assuming tha'., extremely conservatively, the 

illitisation reaction is effectively instantaneous for the first 1000 y 

and is limited only by the rate of supply of K+ ion from groundwater, 

the total extent of alteration can be readily calculated (cf. sample 

calculation in Anderson, 1983). In the reference cas>, assuming 50 meq 

of K+/100 g (dry montmorillonite) required for reaction, the total flux 

of 0.71 1/canister/y containing 45 mg/1 K+ would convert only 

about 1.6 kg of montmorillonite to illite over this period out of a 

total inventory of 6.6x10 kg. Even if kinetic effects and limitations 

of solute transport into the backfill are totally ignored, conversion 

of 50% of the original montmorillonite to illite would take 

about 2x10 y due to control by the rate of K+ supply. It is thus 

apparent that, over the timescales for which the near-field could be 

reasonably modelled (about 10° y), tha illitisation process would not 

occur to a significant extent. In any case, it may be noted that the 

alteration of montmorillonite to illite (or especially intermediate 

mixed layer minerals) would probably not cause much degradation in 

either the hydrologic or geochemical properties required for the 

backfill (Chapman et al., 1984). 

Apart from illitisation, some dissolution of bentonite minerals 

may occur. For example, the silica network may dissolve until it 

reaches a saturation concentration. This concentration would depend on 

temperature, mineralogy, degree of crystallinity, surface chemistry and 

solution phase composition (eg. Lahann and 

Roberson, 1980; Marshall, 1980; Marshall and Varakomski, 1980). 

Conservatively assuming that the maximum aqueous SiO- concentration 

results from saturation of amorphous silica, the equation used by 
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Chapman et al. (1982) derived from Kimstidt and Barnes (1980) can be 

used: 

log (C )--= 0.338 - 7.89-10 "4(T') - $40 (i) 
Si T' 

where C . is the equilibrium concentration of dissolved 

silica (molal) 

and T' is the temperature (K). 

This equation is defined for pH values around neutral but, from 

the speciation / solubility data of Stumm and Horgan (1981) should hold 

for ph < 9. The equilibrium solubility of [Si02] would be about 

0 20 g/1 at 55 degrees C and 0.37 g/1 at 100 degrees C. Although the 

kinetics of this reaction are slow, the very large surface area 

available and the slow diffusion rates through the backfill make 

assumption of equilibrium reasonable (Rimstidt and Barnes, 1980). As 

the reference groundwater is undersaturated with respect to amorphous 

silica, transport of this material from the backfill will occur. The 

calculated removal in an advective water flux of 0.71 1/canister/year 

is small relative to the total bentonite inventory (about 130 kg in 

10 years). Precipitation of this material as less-soluble silicates 

in the surrounding rock cc.jld have a "clogging" or sealing effect but, 

as such clogging in the near-field would be expected to reduce solute 

transport, it is probably conservative not to consider it further. 

The final factor which must be considered in the evaluation of 

bentonite stability are effects due to interaction with the waste 

package itself. Possible processes which could be considered are: -

1) Effects of the radiation field 

2) Direct reaction between bentonite and the canister 

3) Interaction of bentonite with waste glass / glass leachate 

following canister failure. 
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The radiation field outside the canister, resulting from neutrons 

and gammas, has been quantitatively modelled by STEAG/MCI (1984). Even 

over the first 1000 y when dose rates are highest, resultant radiolysis 

of water is calculated to produce a total of only 1.5x10 moles of H 

and an equivalent amount of "oxidant". These amounts are negligible 

relative to the inventories from corrosion and trapped air 

respectively. Alpha radiolysis following canister failure could be 

much more significant but its effects are buffered by the canister 

corrosion products. 

The initial surface dose rates are about 50 mrad/hr for gammas and 

about 5 mrat/hr for neutrons but these drop off by an order of 

magnitude within 200 years. Such surface doses can be considered 

insignificantly small as far as direct radiation damage effects to 

minerals are concerned (Dudson and Chapman, 1981) while doses in the 

bulk of the bentonite will be even smaller due to geometric and 

self-shielding effects. 

One factor not included in the STEAG/NCI (1984) analysis was 

radiolytic production of acid from dissolved nitrogen. The order of 

magnitude of acid production could be estimated from the empirical 

relationship given by Burns et al. (1982): 

N * 2 C 0 R [1-exp (-1.45x10"
5GDt)J ... 

where N is the molarity of nitric acid produced 

C 0 is the concentration of N. in air (moles/litre) 

R is the ratio of the volume of air to volume of liquid 

D is the dose rate (H rad/hr) 

G is the reaction "G value" (about 1.9 molecules/ 

100 eV) 

t is the irradiation time (hours) 
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In the Project Gevaehr reference water, the N 2 concentration is 

taken to be 41 mg/1 (Schweingruber, 1984b) and thus C R = 1.5 xlO-3 

moles/litre. From the surface dose rate immediately after emplacement 

given above, the concentration of HNO., produced after one year can be 

calculated as about 3.6 x 10 - 1 1 molar. This value is negligible 

relative to the H+ and NO., concentrations in the reference water. 

The direct reaction of canister material with bentonite under 

appropriate hydrothermal conditions has been relatively little studied. 

Most work which has been reported has involved relatively short 

experimental durations and has concentrated on measurement of the 

canister corrosion rate. The corrosion rate of steel appears to be 

either little-affected or decreased by the presence of bentonite or 

other clays as long as microbial populations are not introduced 

(e.g. Heitz and zur Hegede, 1982; Simpson, 1983; Graefen and 

Heitz, 1984). At temperatures of 150 degrees C and above, fairly rapid 

formation of iron-rich clay layers (iron smectite) is observed which 

may be protective and lower the canister corrosion rate 

(e.g. Anantatmula et al., 1984) but such layers would be relatively 

thin (about mra-cm) and the total quantity of bentonite involved in this 

reaction would be negligible. 

Although the influence of bentonite on waste-glass corrosion rates 

has been studied to some extent (cf. chapter 7), no data on the effect 

of waste leachate on bentonite stability appears to have been reported. 

On the basis of the expected high Na+ content of waste glass and its 

negligible coi <*nt of K+, it would be expected that the glass leachate 

would tend to inhibit the illitisation process. Direct reactions in 

the complex glass/steel/bentonite system to form secondary minerals is 

likely but, due to the small quantity of glass relative to bentonite 

(cf. Table 1), the net effect of such reactions on the performance of 

the backfill can reasonably be discounted. 
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Very fev data are available on the evolution of vater chemistry in 

the bentonite following saturation vith deep groundwater. Snellman 

(1984) stated that the bentonite can be expected to act as an effective 

pH buffer raising pH to 8.3-8.5 but the experimented data presented in 

this report suggest that this buffering effect is very weak. From this 

admittedly limited experimental information, a range of pH in the 

bentonite region of 7-8.5 was specified for Project Gewaehr and is used 

in all further calculations in this report. Subsequent to Gewaehr, 

further analysis by Vanner (1985) has suggested that the pH may in fact 

be buffered to even higher values. This is discussed in more detail in 

Chapter 10. 
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6 CANISTER CORROSION 

The proposed reference case cast steel canister is 

thermodynamically unstable in the presence of water and will undergo 

various hydrothermal "corrosion" reactions. Such reactions are often 

represented by Eh/pH (Pourbaix) diagrams (Pig. 6) or simple chemical 

equations: -

Fe + 2H20 5==t Fe(OH)2 + H 2 (2) ) 
3Fe + 4H 20^=£ F e ^ + 4H 2 (3) ) "anoxic" 

Fe + h^O + l/202 ̂ = £ Fe(OH)2 (4) j 

3Fe + H O + 3/20 ^ = i Fe 0 + H (5) ) "oxic" 

As is discussed in detail by Pourbaix (1974), however, this diagram is 

strictly applicable only to pure materials (eg. unalloyed Fe, pure 

H O ) in a homogeneous environment (eg. no gradients of dissolved 

oxygen or pH) and under standard equilibrium conditions 

(ie. 25 degrees C, 1 atm pressure). Nevertheless, as a first 

approximation, this approach has been used to examine worst case 

corrosion in environments in which water content is limited 

(e.g. ONVI, 1983). For the case of emplacement in a crystalline rock 

like granite, simple stoichiometric evaluation of water requirements 

for corrosion are not particularly useful but it might be noted that 

total distruction of 6.5x10* kg of steel canister under anoxic 

conditions (e.g. (3) above) would require about 2.8x10* kg of water 

equivalent to 3.9x10* y of the reference water flux. Such a 

calculation allows some estimation of the constraints on corrosion in a 

low flow environment but ignores the possibility of enhanced vater 

input due to the drawdown potential of the chemical reaction coupling 

to the external system via the Bentonite capillary network and possible 

two-phase flow (H20/H2). Although of possible importance, constraints 

due to low water availability are net considered further at present due 

to lack of appropriate quantitative data. In addition, total corrosion 

of the entire canister is not required for loss of containment as 
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nechanical failure vill occur due to the external pressure (from 

hydrostatic pressure and bentonite "veiling). 

For the purposes of this report it is necessary to evaluate 

realistically, under the specified conditions, 

a) The time taken for "failure" (ie. water penetration) of the 

canister to occur. 

b) The chemistry of the solution phase in this region both before and 

after canister failure. 

In the Swiss programme the topic of canister corrosion under 

relevant conditions has been investigated in experimental 

(e.g. Simpson, 1983; 1984), theoretical literature (Heitz and zur 

Megede, 1982; Graefen and Heitz, 1984; Grauer, 1984) and 

thermodynamic (Heusler, 1985; Neretnieks, 1985) studies. Taking 

into account mechanical design data (STEAG/HCI, 1984), a 

conservative life of > 1000 y was calculated for the canister before 

mechanical failure occurs (Nagra working group on container 

technology, 1984). In this calculation it was assumed that, in the 

first 1000 y, 32 kg of Fe was corroded by residual oxygen in the 

backfill (eq. 4 above) and 173 kg by sulphate/sulphide in the 

backfill and groundwater which may be represented by reactions such 

as: -
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Fig. 6; Pourbaix diagramme for Fe corrosion at STP (Pourbaix, 1974) 

(lines (a) and (b) delimit 'ue water stability field) 
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Fe • 2H+ • S 2 --> FeS + H2 (6) 

4fre • SO2 - + 4H 0 --> FeS • 3Fe(OIH + 20H~ (7) 
4 2 2 

In real life this interaction would probably require microbial 

mediation (e.g. HcKinley et al., 1985). The total corrosion from this 

source was calculated to be equivalent to an average corrosion depth of 

4.5 mm in 1000 y. Introducing a factor of x2 to take into account 

pitting and localised corrosion processes, the maximum penetration is 

calculated to be about 9 mm. To this is added an empirical corrosion 

rate of 20 mm in 1000 y for anoxic reaction with vater (eqs. (2) and 

(3) above) based on laboratory measurements (Nagra working group on 

container technology, 1984). Total corrosion of approx. 30 mm in 1000 

y is comfortably less than the "corrosion allowance" of 50 mm which 

could be lost before mechanical canister failure. 

The assumptions involved in the calculation above are: 

1) That all the trapped oxygen in the tunnel section around each waste 

package is lost only by reaction with the canister. This is 

conservative as it ignores direct escape of gas, loss by dissolution 

and diffusion out of the bentonite and reaction with other 

reductants in the groundwater and the backfill itself. It is, 

nevertheless, probably reasonable given that corrosion during the 

operational phase is not taken into account. 

2) Sulphide/sulphate in the bentonite is freely available and microbial 

transformation of sulphate in groundwater to sulphide is fast. The 

rate of corrosion is thus determined by SO, /S diffusion rates 

through the bentonite backfill (cf. Hopkirk et al., 1985). Both of 

the base assumptions are likely to be very pessimistic 

sulphate/sulphide in the bentonite is likely to be strongly bound up 

in minerals which are reasonably stable under expected conditions 

(e.g. pyrite (FeSj), Muller-Vonmoos and Kahr, 1983) while microbial 

processes are likely to be restricted due to constraints set by 

available nutrients or energy sources (e.g. McKinley et 



- 36 -

al., 1984; 1985). 

3) Empirical corrosion rates from laboratory experiments can be 

directly extrapolated to repository conditions and timescales. Most 

of the experimental work reviewed did not attempt to realistically 

include chemical buffering effects of the bentonite giving rise to 

more alkaline conditions which would be expected to decrease 

corrosion rates (e.g. Pourbaix, 1974). In addition, direct reaction 

between bentonite and steels may occur (e.g. Anantatmula et al., 

1984) forming protective layers. Evidence from natural analogues of 

the corrosion of iron/steel in anoxic environments (e.g. Chapman et 

al., 1984; Grauer, 1984) suggest that the corrosion rate used could 

be an order of magnitude higher than that realistically expected. 

Thus, although the minimum canister life of 1000 y will be assumed 

to hold for all canisters after which all fail mechanically, more 

realistically a life > 10^ y would be expected for an average canister. 

In addition, canister failures would be expected not to occur 

simultaneously, but rather to be spread over a period of time 

(e.g. KBS, 1983; Sutcliffe, 1984; Doctor et al., 1985). From the point 

of view of safety analysis, however, such a spread in failure times 

will only be significant if (a) the time of first canister failure 

occurs before decay of short-lived fission/activation products, (b) the 

spread in failure times is comparable to the leach-time of the glass 

matrix or (c) if "prompt" release of a portion of the waste inventory 

is possible (e.g. KBS, 1983). In all cases, however, ignoring such a 

spread in failure time will be conservative. 

Physically it will be assumed that mechanical failure of the 

canister will cause its complete disruption so that it then serves no 

barrier function. More realistic models of the failed canister are 

considered in chapter 10. Despite mechanical failure, however, the 

canister material or resulting corrosion products will remain in the 

near-field and will serve an important buffering role. 
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Assuming the backfill is stable and acts as a barrier to colloid 

transport, the physical removal of the corrosion products can only 

occur by dissolution and solute diffusion. The equilibrium Pe 

concentration in the near-field will depend on the actual suite of 

corrosion products present which is very difficult to define and which 

will change with time. As Fe(III) salts are extremely insoluble 

(e.g. Schweingruber, 1984a), the iron in solution will be mainly in the 

II oxidation state. Therefore, to allow estimation of iron removal 

rates, it will be assumed that the main reaction is anoxic corrosion 

(eq. (2) above) resulting in the production of Fe^+ in solution and 

"Fe(OH) " solid phase. Assuming that any variation in the solubility 

product for Fe(OH) with temperature within the range involved is 

negligible and taking log Ks = -15 (Smith and Kartell, 1976), the 

equilibrium aqueous concentration of Fe is 10 M (5x10 g/1) for 

the bentonite system buffered at a pH of 8.5. For the reference water 

flux of 0.7 1/canister/year, it may be noted that only 3.5 kg of Fe 

would be removed in 10^ y which is negligible compared to the initial 

canister mass (6.5x10 kg). 

Due to the very strong pH dependance of Fe 2 + solubility, 

approximately half of the total canister mass could be removed in 10^ y 

if the pH was buffered at 7. In the absence of such a buffering 

mechanism, however, near-field pH would rise due to hydroxide 

dissolution and the effective Fe solubility would depend on the 

diffusion profile of OH- in the bentonite. 

Passage of water through the porous canister corrosion products 

alters the aqueous chemistry considerably. Both pH and redox 

conditions would probably be buffered by the mixeo Fe(II/III) 

oxy-hydroxide solid phases for example, 

Fe(0H)_ ^ = ^ Fe 2 + • 20H~ (8) 
2(s; 

Fe(0H) / s = £ FeOOH x + H+ + e" (9) 
2(s) (s) _ 

3 Fe(0H) F ^ Fe_0., . + 2h\0 • 2 H+ • 2e (10) 
2(s) 3 4<s) 2 
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From consideration of reaction (8) in pure water, expected pH was 

calculated tc be about 9, which is slightly higher than that expected 

due to bentonite buffering, but this could be lowered by reactions such 

as (9) or (10) although the extent of such reactions would be limited 

by the lack of appropriate electron acceptors (oxidants) in the 

reference system. Thermodynamic calculations of Fe corrosion in a pure 

water system (Heusler, 1985) predict an equilibrium pH in the range 

'̂  7-8.5 for relevant pressure/temperature conditions. Prediction of Eh 

is complicated by the large range of corrosion products possible, as an 

important factor is the relative kinetic rate of competing reactions. 

It should be conservative, however, to assume that the value lies 

between limits defined by the Fe/Fe 0 and Fe_0, /Feft^ couples for pH 

7-8.5 which, from Fig. 6, give extreme values of about -120 to -500 mV. 

These extremes can, however, be misleading and equations describing Eh 

as a function of pH are much more relevant (ie. the range is a 

parallelogram and not a rectangle on a Eh/pH plot). 

The affinity of porous Fe oxy-hydroxides for trace cations is so 

great that such materials are often used as "scavengers" for almost 

quantitative removal of many species from solution (eg. rare earths, 

lanthanides, actinides). The aqueous chemistry is likely to thus be 

significantly simplified by the effectively irreversible jptake of many 

low concentration species with the exception of the more 

electropositive cations, highly complexed species and most anions 

(McKay, 1971; Tolgyessy and Varga, 1974). 

Exact specification of the water chemistry inside the canister is 

very important as this will greatly affect the leach rates of 

particular nuclides (cf. next chapter). As yet, however, there are 

insufficient laboratory data to allow this chemistry tc be rigorously 

modelled. For the base case calculations, therefore, the water 

chemistry will be assumed to be identical to the reference groundwater 

in terms of major ions with only changes in the Eh and pH (Table 4). 

The redox controlling Fe couples assumed by Schweingruber (1984b) for 

deep groundwater are also taken to buffer Eh in the bentonite pore 
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water while the remnant canister and oxides haematite and magnetite are 

assumed to ensure even more reducing conditions in and around the 

canister. 

Table 4: Chemical buffering in the near- and far-fields 

PH 

E°(mV)* 

Canister 

7-8.5 

0 to 220 

Backfill 

7-8.5 

220 to 407 

Far-field 

6.8 

670 to 340 

* Redox conditions assumed to be given by Eh = E° -59 pH (mV) 

nb E° = 0 iron/magnetite or fL/H+ equilibria 

E° = 220 haematite/magnetite equilibrium 

E° = 407 ferric hydroxide/siderite equilibrium 

for far-field equilibria see Schweingruber (1984a;b). 
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Finally, an important factor vhich must be considered is the 

consequences of hydrogen production from anoxic corrosion reactions 

(e.g. eqs. (2) and (3)). For the reference corrosion rate of 25 Mm/y 

and pessimistically assuming that the net reaction is 

3 Fe + 4H90 --> Fe.,0, + 4H2 , about 28 moles of H 2 would be produced 

each year. Corrosion of the entire canister would produce about 

1.6xl(r moles of H equivalent to about 3.5xlu m at STP. As yet the 

rigorous two-phase flow calculation (influx of water and outflux of IL) 

required to define maximum gas pressure reached inside the bentonite 

has not been performed due to uncertainties in important background 

data. The physical consequence of such hydrogen production can, 

however, be considered in some detail and assessed semi-quantitatively 

(see also Neretnieks, 1985). 

Considering only molecular diffusion of dissolved hydrogen through 

water saturated bentonite, it can be calculated that a flux of 

about 0.2 mol/canister/year would result from a hydrogen over-pressure 

of about 130 bar (hydrostatic load) becoming 

about 0.5 mol/canister/year for an overpressure equal to the 

lithostatic load (Neretnieks, 1985). As this release flux is less than 

the reference production rate, very high pressures might be predicted 

for the near-field but, in fact, this pressure rise will be constrained 

by a number of processes: 



- 41 -

a) As hydrogen pressure increases it will surpass the capillary 

pressure in the larger pores and gas flow will occur. Although such 

flow would naturally be expected to show a linear dependence on 

pressure gradient, the opening of sequentially smaller pores will 

introduce an additional dependency on absolute pressure which will 

increase flow to an extent dependent on pore size distribution and 

connectivity. Although experimental data are still limited, they do 

show strong indications of this process (Pusch and Forsberg, 1983; 

Pusch et al., 1985). This mechanism itself would prevent very high 

pressures building up while, additionally, if the overpressure 

approached the bentonite swelling pressure (< 300 

bars - Pusch, 1980a;b;c; Bucher and Spiegel, 198'-; Nagra, 1985) it 

is likely that the larger pores would begin to swell thus 

introducing a further non-linearity into the flux/overpressure 

relationship. 

b) The corrosion reaction will be less favourable thermodynamically as 

the pressure of the reaction product (H ) builds up (Heusler, 1985; 

Neretnieks, 1985). The reaction would thus slow down as pressure 

increased until an equilibrium was reached. Limiting pressures of a 

couple of hundred bars or less have been calculated but 

uncertainties in the specification of controlling reactions and the 

thermodynamic data base, especially true for such a heterogeneous 

reaction, imply that such data must be treated as semi-quantitative 

at best. Such reaction inhibition in an effectively closed system 

is additional to the expected decrease in reaction rate with time 

due to build up of layers of corrosion products which, alone, might 

be expected to decrease the rate of hydrogen production by at least 

an order of magnitude. 

c) If H is produced faster than it can escape and its concentration 

rises above solution saturation limits, a gas "bubble" will form at 

the canister/backfill interface which, as it swells, may physically 

limit the area of contact between water and Fe which will reduce the 

net H production rate. The size of the bubble will thus increase 
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till a steady state is reached where H„ production from the area of 

canister still corroding i<; balanced by loss by diffusion/flow. 

Although not part of the present reference case, it should be 

noted that the corrosion rate could be further minimised by 

encouraging the latter process by including a layer of fine silica 

sand around the canister. This would break capillary continuity 

between the corroding canister and external water sources and ensure 

more uniform gas coverage of the canister surface (cf. also 

Neretnieks, 1985). 

d) Other hydrogen-loss processes will occur. Some hydrogen will be 

produced initially in atomic form which diffuses quite readily 

through steel (diffusion coefficient in iron about 10 -10 m /s) 

and could lead to a build up of hydrogen in the canister void 

spaces. In addition, although H2 is quite kinetically stable, it is 

a strong reducing agent which may react chemically with components 

of the bentonite (cf. Curtis and Gancarz, 1983) especially given an 

appropriate catalyst such as might be provided by chemolithotropic 

bacteria (McKinley et al., 1985). 

In conclusion, therefore, hydrogen gas production does not appear 

to present a likely mechanical problem in the near-field and may, 

indeed, serve to further reduce corrosion rates and provide an 

additional chemical reducing agent. 
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7 RELEASE FROM THE WASTE MATRIX 

For the reference case canister integrity would not be lost for at 

least 1000 y and, under more realistic conditions, might last much 

longer. Taking the most conservative case, however, of mechanical 

failure after about 1000 y, the glass matrix would then come into 

contact with alkaline, reducing water effectively saturated in Fe and 

dissolved silica. 

The leaching/dissolution of waste-containing borosilicate glass 

(composition is given on table 5) is very complicated, mechanisms and 

kinetics varying ith pH, temperature, available surface area, 

dissolved silica concentration, time etc. (eg. Grauer, 1983; 1985). 

Experimental data directly applicable to the geochemical environment 

defined here appear to be virtually non-existent, limited mainly to two 

component systems (e.g. glass-bentonite - Banba and Nakamura, 1984; 

Grauer, 1985). It may be noted, indeed, that most reported 

experimental data are obtained in very high water volume or flow 

conditions which are probably inapplicable to expected low-flow 

environments (eg. Chapman et al., 1982). On the basis of a simple 

"congruent" dissolution model, a matrix dissolution rate constrained by 

silica saturation could be used to define the source term of waste 

components which would be very low. This approach is, however, neither 

realistic nor conservative as "static" rock/glass/water interaction 

experiments indicated that dissolution/remineralisation processes occur 

continuously in such environments (eg. Savage, 1981; 1984). For the 

sake of the model, all component radionuclides are, conservatively, 

assumed to be "available" for dissolution following matrix breakdown. 

This approach ignores two important factors: 

a) The secondary minerals often have a very high affinity for sorption 

of specific nuclides and hence limit releases (eg. Kuhn et al., 

1983) 
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b) Minerals formed may incorporate significant amounts of waste 

components in their lattices - in some cases at much higher 

concentrations than in the original waste glass (eg. 

Savage, 1981, 1984; Savage and Chapman, 1982). As these secondary 

minerals are thermodynamically stable in the given conditions, 

incorporated nuclides can be regarded as effectively immobilised 

until the geochemical environment is significantly changed. 

The partitioning of specific waste components between secondary 

minerals and the aqueous phase could, in principal, be calculated using 

equilibrium thermodynamics geochemical models but, as yet, insufficient 

background data are available to support such an approach. 
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Table 5; Cogema glass specification * 

Component 

SiO. 
i 

B2°3 
A1203 

Na20 

CaO 

Fe203 

NiO 

Cr2°3 
P 2O 5 

Zr02 

Li20 

ZnO 

*FP oxides 

Actinide 

oxides 

Metallic 

particles 

weight 

45.2 

13.9 

4.9 

9.8 

4.0 

2.9 

0.4 

0.5 

0.3 

1.0 

2.0 

2.5 

11.1 

0.9 

0.7 

g/container 

Am 423 

Cm 33 

Pu 80 

Np 573 

U 1920 

container weight ^480 kg glass weight 405 kg/container 

* (COGEMA, 1982), Tech. Spec. 

*FP = fission product 
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By use of Occam's Razor, the simplest possible model of waste 

matrix breakdown which is conservative on the basis of available data 

is adopted. In this it is assumed that dissolution rate is independent 
-7 2 

of time (zeroth order) and equal to 10 g/cm /day. The surface area 

of glass available at the time of canister failure is poorly defined 

and very dependent on fragmentation e.g. during cooling procedures 

following glass fabrication. For this model the area is assumed to be 

21.4 m*- corresponding to a surface area increase of about xl2.5 

relative to the unfractured glass block (Grauer, 1983) based on 

analysis of cooling stresses (e.g. Laude et al., 1982) and thus the 

glass degradation rate corresponds to about 7.8 g/year or a total 

corrosion time of 5.2x10 years. It may be noted that a slightly more 

realistic model (used for evaluating the source term for far-field 

models) in which the change in surface area with time (modelling the 

glass fragments as spheres) only increases this corrosion time by a 

factor of about 3 (Hartley, 1985). The possibility certainly exists of 

the available surface area being larger than that used in these 

calculations (e.g. due to stress-corrosion cracking - Ringvood and 

Willis, 1984) but the leach model is still likely to be conservative 

(cf. chapter 10). 

In order to evaluate nuclide release rates, their inventories at 

the time of canister failure (Table 5) are assumed to be homogeneously 

distributed throughout the glass matrix. Congruent dissolution is 

assumed for all nuclides - although incongruent dissolution is often 

observed in laboratory experiments it is probably an artifact of the 

short timescales and hence congruent release is more appropriate to the 

timescales considered here (e.g. Grauer, 1983; 1985). The calculated 

congruent release rates of the actinide decay chains and the 

fission / activation products at 1000 years are shown in tables 6 and 7 

respectively. 
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One additional factor Wiich must be taken into account is 

elemental solubility as this will set an absolute constraint on solute 

release rates from the near-field. In order to rigorously specify 

solubility limits, however, the aqueous chemistry of the solvent must 

be well defined and, as discussed in the previous chapter, this is an 

area of considerable uncertainty. For the reference canister 

equilibrium chemistry defined, the solubilities of relevant elements 

can be estimated either by extrapolation from thermodynamic 

calculations for the far-field (Schweingruber, 1983; 1984c; 1984d) to 

the Eh/pH conditions expected or from the literature 

(Table 11 - cf. also Appendix 1). As solute transport through the 

near-field occurs predominantly by diffusion, the release of solubility 

limited nuclides will also depend on leachate volume within the 

canister and rates of diffusive transport. Nevertheless, to illustrate 

the importance of solubility, release rates are also calculated 

assuming saturation of the entire water flux through the repository 

(0.71 1/canister/year) and are also shown in tables 6 and 7. Assuming 

that only release of dissolved species is significant (i.e. that 

colloid or particulate transport is negligible - cf. Appendix II), the 

lower value of conguent release rate and solubility controlled release 

rate (shown underlined in tables 6 and 7) will set a limit on the 

radionuclide source term. In cases where solubility is considered to 

limit release, excess nuclide released from the waste matrix is 

considered to precipitate immediately (cf. also Hopkirk et al., 1985; 

Hartley, 1985). 
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Table 5: Inventories of actinides, activation- and fission-

products (per canister, 1000 years after emplace

ment) from Nagra (1985) 

Decay 

chain 

1 

2 

3 

4 

Nuclide 

Cm-245 

Am-241 

Np-237 

U-233 

Th-229 

Cm-246 

Pu-242 

U-238 

U-234 

Th-230 

Ra-226 

Am-243 

Pu-239 

U-235 

Pv-231 

Pu-240 

U-236 

Th-232 

Half-

l i f e (y) 

8.5 E3 

4.32E2 

2.14E6 

1.59E5 

7.34E3 

4.73E3 

3.76E5 

4.47E9 

2.44E5 

7.54E4 

1.60E3 

7.38E3 

2.41E4 

7.04E8 

3.28E4 

6.54E3 

2.34E7 

1.40E10 

Inventory 

(mol) 

3.5E-3 

2.7E-1 

3.6 

1.0E-3 

2.1E-6 

3.4E-4 

2.3E-2 

8.0 

1.3E-2 

4.9E-5 

2.4E-7 

3.5E-1 

3.1E-1 

1.4E-1 

1.9E-6 

1.9E-1 

8.1E-2 

5.3E-6 

Nuclide 

Be-10 

C-14 

Ca-41 

Ni-59 

Ni-63 

Se-79 

Sr-90 

Zr-93 

Nb-94 

Mo-93 

Tc-99 

Pd-107 

Ag-108m 

Sn-121m 

Sn-126 

1-129 

Cs-135 

Cs-137 

Sm-147 

Sm-151 

Ho-166m 

Half-

l i f e (y) 

1.6E6 

5.7E3 

1.3E5 

8.0E4 

1.0E2 

6.5E4 

29 

1.5E6 

2.0E4 

3.5E3 

2.1E5 

6.5E6 

1.3E2 

50 

1.0E5 

1.6E7 

2.3E6 

30 

1.1E11 

93 

1.2E3 

Inventory 

(mol) 

2.6E-5 

1.9E-5 

8.7E-5 

1.1E-2 

1.8E-6 

9.3E-2 

6.1E-10 

1.1E1 

3.9E-4 

6.6E-6 

1.1B1 

2.5 

2.8E-8 

4.2E-11 

3.6E-1 

1.8E-3 

3.2 

2.0E-8 

1.5 

7.0E-5 

5.4E-6 
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Table 6: Actinide release rates (per canister, 1000 years 

after emplacement) 

Nuclide Release rate limited 

by congruent dissolution 

(mol/y) (Bq/y) 

Solubility limited 

release rate 

(mol/y) (Bq/y) 

Cm-245 

Am-241 

Np-237 

U-233 

Th-229 

Cm-246 

Pu-242 

U-238 

U-234 

Th-230 

Ra-226 

Am-243 

Pu-239 

U-235 

Pa-231 

Pu-240 

U-236 

Th-232 

6.7E-8 

5.3E-6 

7.0E-5 

2.0E-8 

4.0E-11 

6.7E-9 

4.4E-7 

1.6E-4 

2.5E-7 

9.5E-10 

4.7E-12 

6.9E-6 

6.0E-6 

2.8E-6 

3.7E-11 

3.8E-6 

1.6E-6 

1.1E-10 

1.0E5 

1.6E8 

4.3E5 

1.7E3 

7.2E1 

1.9E4 

1.5E4 

4.7E2 

1.4E4 

1.7E2 

3.9E1 

1.2E7 

3.3E6 

5.3E1 

1.5E1 

7.7E6 

9.0E2 

1.0E-4 

3.2E-5 

1.5E-5 

1.4E-9 

2.1E-13 

4.2E-10 

3.3E-6 

3.3E-9 

1.9E-9 

2.8E-12 

1.0E-8 

7.2E-5 

2.1E-5 

4.3E-8 

3.3E-11 

1.2E-8 

2.8E-8 

1.9E-11 

1.1E-9 

5.0E7 

4.6E8 

8.7E0 

1.7E-2 

7.6E2 

9.2E6 

1.2E2 

5.6E-3 

1.5E-1 

1.8E3 

6.0E8 

3.8E7 

2.4E4 

6.2E-4 

4.8E3 

5.7E4 

1.1E-2 

1.0E-3 
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Table 7: Fission/activation product release rates 

(per canister, 1000 years after emplacement) 

Nuclide Release rate limited 

by congruent dissolution 

(mol/y) (Bq/y) 

Solubility limited 

release rate 

(mol/y) (Bq/y) 

Be-10 

C-14 

Ca-41 

Ni-59 

Ni-63 

Se-79 

Sr-90 

Zr-93 

Nb-94 

Mo-93 

Tc-99 

Pd-107 

Ag-108m 

Sn-121m 

Sn-126 

1-129 

Cs-135 

Cs-137 

Sm-147 

Sm-151 

Ho-166m 

5.1E-10 

3.7E-10 

1.7E-9 

2.2E-7 

3.5E-11 

1.8E-6 

1.2E-14 

2.2E-4 

7.6E-9 

1.3E-10 

2.2E-4 

4.9E-5 

5.5E-13 

8.2E-16 

7.0E-6 

3.5E-8 

6.2E-5 

3.9E-13 

2.9E-5 

1.4E-9 

1.1E-10 

4.2E0 

8.5E2 

1.7E2 

3.6E4 

4.6E3 

3.7E5 

5.5E0 

1.9E6 

5.0E3 

4.9E2 

1.4E7 

1.0E5 

5.6E1 

2.2E-1 

9.3E5 

2.9E1 

3.6E5 

1.7E2 

3.5E0 

2.0E5 

1.2E3 

7.1E-5 

high 

7.1E-3 

7.1E-5 

1.2E-8 

7.1E-9 

7.1E-5 

7.1E-10 

7.1E-9 

7.1E-3 

2.3E-8 

7.1E-9 

7.1E-5 

8.3E-20 

7.1E-10 

high 

high 

high 

7.1E-9 

3.3E-13 

7.1E-9 

5.9E5 

_ 

7.2E8 

1.2E7 

1.6E6 

1.4E3 

3.2E10 

6.3E0 

4.7E3 

2.7E10 

1.4E3 

1.4E1 

7.2E9 

2.2E-5 

9.4E1 
_ 

— 

_ 

8.5E-4 

4.7E1 

7.8E4 
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Table 8: Near-field solubilities (cf. Appendix I) 

Element Log. solubility (nol/1) 

a) Literature data 

Be -A 

Cs high 

Ca -2 

C high 

Ho -8 

I high 

Pb -6 

Mo -2 

Ni -A 

Nb -8 

Pd -8 

Ra -8 

Rn high 

Sm -8 

Se -8 

Ag -A 

Sr -A 

Sn -9 

Zr -9 

b) Extrapolated from MINEQL/EIR-Data 

Tc -7.5 

Ac -2 

Th -5.5 

Pa -5.5 

U -9 

Np -8 

Pu -6.5 

Am -2 

Cm -2 
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The molar nuclide release rates are also shown on these tables 

expressed as activities (in becquerels (Bq) which correspond to 

disintegrations per second; Ci = 3.7X101 Bq). In order to put these 

values in context it might be noted that the concentrations of natural 

radionuclides in normal drinking water are (Nagra, 1985): 

Uranium 0.1 - 20 p.p.b (2x10 

Thorium 0.01 - 1 p.p.b. (4X101 

Pottasium-40 0.01 - 0.4 p.p.b. (3xl03 

One possible perturbation which could potentially upset the 

analysis above would be the effects of radiolysis. Although these 

effects are complicated to model, from the analysis in Appendix III it 

can be concluded that the extent of radiolysis would be very limited 

and is much less than results from spent fuel disposal cases 

(e.g. KBS, 1983; Nagra, 1985, Appendix to Vol. 5). Even if an 

oxidising micro-environment were to exist at the glass surface, net 

oxidants produced would be well buffered by the canister corrosion 

products. For redox sensitive elements any net effect would be 

positive from a safety point of view as the effective controlling 

solubility would be the minimum value along the near-field transport 

path. 

5x10 Bq/1) 

4x103 Bq/1) 

lxlO5 Bq/1) 
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8 RADIONUCLIDE TRANSPORT THROUGH THE NEAR-FIELD 

For the reference case safety analysis in Project Gewaehr (Nagra, 

1985), little credit is taken for nuclide retardation in the near-field 

(except for shorter lived nuclides which are assumed to decay to 

insignificance within the bentonite). The source-term for the 

far-field migration model (Hartley, 1985) assumes: 

- initiation of waste-form leaching after 1000 years 

- release rate into the far-field equal either to the congruent 

leach rate from the matrix or solubility limit under far-field 

conditions (whichever the least). Only for the solubility of 

Tc was some credit taken for the redox buffering capacity of 

the canister corrosion products. 

The real system is illustrated in fig. 7. Waste leachate diffuses 

through about 25 cm of corrosion products and then through about 1.4 m 

of bentonite to reach the tunnel walls. In a rigorous treatment not 

only have all the processes affecting migration in the corrosion 

products, bentonite and decompressed zone to be taken into account 

separately but also the transfer between these zones has to be 

modelled. This may be especially difficult at the transition from 

porous diffusion in bentonite to flow in the heterogeneous host grarite 

where additional complications arise due to bentonite swelling into any 

open fissures in the tunnel wall. In addition marked chemical profiles 

may exist along the diffusion path which may cause continuous variation 

of speciation and retardation en route (e.g. McKinley and Vest, 1984). 
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Waste leachate 

Corrosion products 

Bentonrte 

Bentonite 

Decompressed zone 

Water carrying fissures 

Pig. 7: Solut» transport in the near-field. 
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Various numerical models of solute transport through the bentonite 

have been developed (Hopkirk et al., 1985) and these are considered as 

parameter variations in Project Gevaehr (Nagra, 1985). These models 

illustrate, however, the great importance of boundary condition 

selection and modelling approach and hence their results must be 

carefully interpreted. In this section, some results of such models 

are reviewed in order to illustrate the role played by this barrier. 

The models are described in detail by Hopkirk et al. (1985) but 

are basically one or two dimensional numerical solutions to the 

diffusion equation for a homogeneous porous medium. In this treatment 

the dynamic (or apparent) diffusivity (Da) is used which is given by 

De 

Da = 

is the effective diffusivity 

(reference value 2x10"^" m2/s 

- cf. Nagra, 1985, Vol 4) 

is the porosity 

is the dry density (kg/m^) 

is the distribution coefficient (mVkg) 

The "realistic" sorption data used in these calculations are listed in 

Table 9 along with calculated retardation factors. This approach is 

obviously simplistic as the bentonite pore structure is very 

complicated and, apart from sorption processes, diffusivity may be 

affected by the size and charge of nuclide species in solution. 

Nevertheless, the approach does seem compatible with the few rigorously 

defined experimental diffusion measurements reported (Nagra, 1985, 

Vol. 4). 

The nuclide source inside the bentonite (ignoring the physical 

effects of canister corrosion products) is calculated assuming 

congruent leaching constrained by near-field solubility limits (Table 

8). 

where De 
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Three external boundary conditions have been modelleJ. In the 

first it is assumed that the concentration of all nuclides is zero at 

the external bentonite surface (i.e. infinite water flux). This 

boundary condition maximises the concentration gradient over the 

bentonite annulus and conservatively overpredicts radionuclide 

migration - to such an extent that, for some elements, the release rate 

is much larger than could possibly be transported in the reference 

water flux of 0.7 1/year. Nevertheless, such calculations shov that 

even in these circumstances strongly retarded (large R) short half-life 

(large decay constant , x ) nuclides decay to insignificance during 

transport through the backfill. Nuclides released at maximum fluxes 

< 10 "l-* moles/canister/year include the shorter lived actinide parents 

Pu-240, Am-241, Am-243, Cm-245, C.-246 and the fission products Ni-63, 

Sr-90, Ag-108, Sn-121, Cs-137, Sm-151 and Ho-166 (Nagra, 1985, Vol. 5). 

A more realistic, but still conservative, boundary condition considers 

the outside of the bentonite to be a water mixing tank with the 0.7 1 

of water flowing past the canister each year. The build-up of nuclide 

concentration at the outer boundary decreases the gradient and now the 

maximum flux is that which would saturate the groundwater. This can be 

readily seen for solubility limited nuclides such as Se-79 and Pd-107 

which are poorly retarded, as the model maximum release (Fig. 8) is 

nearly equal to the saturation value (Table 7). For a nuclide such as 

Tc, its 40x greater retardation results in a transient time 

sufficiently long for a small decay effect to be noticable. The matrix 

limited nuclides (i.e. non solubility limited) are modelled to be 

released at rates much less than the theoretical meximum value given in 

table 7. The 10-* year leach time is not sufficiently long for any of 

these nuclides to build up a concentration gradient sufficiently large 

to give steady state transport. In effect,the bentonite buffer acts as 

a large resevoir for the long lived nuclides, spreading their releases 

over much longer time periods and thus decreasing maximum values. For 

shorter lived nuclides decay during transit lovers the release maxima 

further. 

Figure 8 has been used to select nuclides for far-field models. 

Very conservatively, a limit of 10 Bq/g/canister can be taken as 

significant which would identify Se-79, Tc-99, Pd-107, Sn-126 and 

Cs-135 as key fission products. It can be not*»H that 10 Bq/canister 

corresponds to only about 14 Bq/1 which is well belov the natural 

concentration of radionuclides in the drinking water listed in chapter 

7 even neglecting th<> orders of magnitude dilution and possible decay 
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occuring during geosphere transport. 

This simple analysis shows that the bentonite barrier prevents the 

release of many nuclides ever reaching significant levels and indicates 

that, using a reasonable mixing tank external boundary condition, the 

maximum release rates of fission products would not result in activity 

levels at the near-/far-field boundary above those found in natural 

waters. 

Application of the mixing tank model to the actinide chains shows 

that although releases are greatly delayed, no decrease in maximum flux 

for the long-lived, solubility limited parents (U-238, Np-237) would 

occur (Hopklrk et al., 1985). 

Further work has examined a more realistic external boundary 

condition in which the transfer resistance from the bentonite to the 

flowing groundwater is included and the effects of flow heterogeneity 

in a 2 dimensional model (Nagra, 1985; Hopki k et al., 1985). Results 

so far are rather preliminary but indicate that the localisation of 

most groundwater flow in kakirites (cf. Fig. 5) would greatly increase 

diffusion path length and may further decrease release fluxes, 

especially of shorter lived nuclides. 
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Fig- 8: Nuclide release fluxes to the far-field 

using a mixing tank boundary (from Nagra, 1985). 
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Table 9; Sorption data for bentonite backfill 

(from McKinley and Hadermann, 1984) 

Element Kd (m3/kg) 

Ac 

Am 

Be 

Cs 

Ca 

C 

Cm 

Ho 

I 

Pb 

Mo 

Np 

Ni 

Nb 

Pd 

Pu 

Pa 

Ra 

Rn 

Sm 

Se 

Ag 

Sr 

Tc 

Th 

Sn 

U 

Zr 

5 

5 

.01 

.2 

.2 

.005 

5 

2.5 

.005 

1 

.005 

1 

1 

2.5 

.005 

5 

1 

.2 

0 

2.5 

.005 

.5 

.2 

.25 

1 

.05 

1 

5 

2.3 E4 

2.3 E4 

4.6 El 

9.0 E2 

9.0 E2 

2.4 El 

2.3 E4 

1.1 E4 

2.4 El 

4.5 E3 

2.4 El 

4.5 E3 

4.5 E3 

1.1 E4 

2.4 £i 

2.3 E4 

4.5 E3 

9.0 E2 

1 

1.1 E4 

2.4 El 

2.3 E3 

9.0 E2 

1.1 E3 

4.5 E3 

2.3 E2 

4.5 E3 

2.3 E4 

+ "realistic" value 

R = 1 + 
1-e 

pKd 

e • porosity (0.38) 

p •» specific density 

(2.76xl03 kg/m3) 

(cf. NAGRA, 1985 

+ "realistic" value 
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9 OVERVIEW OF THE REFERENCE CASE 

For the disposal option described in section 2 it seems 

reasonable, on geochemical grounds (with support from experimental and 

natural analogues data) to conclude that: 

a) The bentonite backfill will be raineralogically stable for 

periods > 106 y and will act as both a diffusive barrier and 

a chemical buffer over this period. 

b) The canister will retain its integrity for > 1000 y and 

thereafter (for at least 10" y) will act as an important 

redox buffer. 

c) Complete degradation of the glass matrix will take > 10 y 

and congruent nuclide dissolution will set an absolute 

constraint on release rates. 

d) The near-field will be more reducing and more alkaline than 

the far-field and low solubility under these conditions 

constrains the release of several important nuclides. 

e) The 1000 y period of assured canister integrity and 

retardation during diffusive transport through the bentonite 

will allow many of the important nuclides in the original 

waste inventory (e.g. Cs-137, Sr-90, Ni-63, isotopes of Cm 

and Am etc.) to decay to completely insignificant levels 

within the repository tunnels. The large sorption capacity of 

the bentoniie also spreads the release of "matrix controlled" 

nuclides thus decreasing flux maxima. 

f) Hydrogen production during corrosion is unlikely to cause 

problems and, especially if a capillary breaking sand layer is 

included, may even serve to decrease the rate of canister 

corrosion. 

g) Radiolysis is not expected to be an important factor and any 

radiolytic redox front would be confined within the canister 

corrosion products. 
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From a safety analysis point of viev the tvo most important areas 

of uncertainty are the applicability of equilibrium thermodynamics to 

specify solubility limits for such systems and possible colloid 

transport. The treatment in this report reflects the current 'state of 

the art' in these areas and is justified by the number of conservatisms 

in the reference case relative to a realistic near-field as considered 

in the next section. 
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10 REALISTIC MODELLING OF THE NEAR-FIELD 

For the type of safety analysis presented in Project Gevaehr it is 

more important that the treatment is obviously conservative with 

respect to predicted doses than that it treats all important processes 

realistically. In order to perform a sensible sensitivity analysis or 

to compare different sites or disposal options, however, much more 

realistic models must be developed (e.g. McKinley, 1984b; 

NEA/DOE, 1985). Although it is evident that data are very limited for 

even the simple, conservative reference case treatment, some of the 

factors which could be incorporated into more realistic models and 

their possible significance are discussed in this section. 

The first factor to take into account is a more realistic 

appraisal of near-field hydrology. The extent of conservatism involved 

is difficult to estimate but given that about 902 of the total water 

flux occurs in distinct zones (kakirites) which would be avoided during 

emplacement and that emplacement tunnels plus decompressed zone 

correspond to only about 10% of the repository area, overestimation of 

solute transfer may be as much as one or two orders of magnitude. 

Thus, calculations of solute input / release using an advective flux of 

0.01 1/canister/year might be considered more realistic. 

A direct consequence of this would be that the period of bentonite 

stability would be calculated as > 10^ y and its chemical buffering 

might be reasonably assured for > 10& y. Further, taking the low water 

availability and buffered alkaline conditions into account, canister 

life might be extended to about 10 y (especially if a sand layer is 

included to decouple the corrosion reaction from induced capillary 

flow). This would not seem unreasonable, given the data from natural 

analogues (Chapman et al., 1984). Such extended canister life would 

directly affect medium-lived (about 1000 y), poorly sorbed nuclides in 

particular. Nuclides such as C-14 and Mo-93 would then decay to 

insignificant levels before canister failure (although it is likely 

that the doses which are currently calculated for such species are 

primarily artifacts of overly-conservative fat-field assumptions). 
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Since the Gewaehr project was submitted, Vanner (1985) has 

calculated that the bentonite buffer pH may be significantly higher (up 

to about 9.6) than the range adopted for the reference case. This work 

is still at an early stage and supporting laboratory data are 

particularly poor but its consequences are far reaching and need to be 

examined in detail. In this report only a fev general observations can 

be made: -

a) Assuming that pH is buffered to values > 9, the silica 

dissolution calculation is no longer valid and would tend to 

underestimate solubility. From the plot of Stumm and Morgan 

(1981, p. 541), an increase of pH from 8.5 to 10 is seen to 

increase silica solubility by about an order of magnitude (at 

25 degrees C). In a near-field context this might be somewhat 

offset by the polynuclear form of the dominant aqueous species 

(e.g. Si/0, (OH), ) which may be sufficiently large to be 

strongly retarded in the bentonite pore structure. Even 

though the magnitude of this solubility increase is within the 

likely conservatism of the near-field hydraulics assumptions, 

more detailed studies of this factor are required. 

b) Increasing pH discourages canister corrosion and decreases 
2+ 

Fe solubility giving further support to the expectation of 

enhanced canister life and the long term (> 10 y) presence of 

buffering corrosion products. 

c) Increasing pH and associated increase in dissolved silica 

would decrease the glass matrix breakdown rate and further 

limit release of "matrix controlled" nuclides. 

d) The change in aqueous chemistry will alter elemental 

solubilities and speciation in the bentonite region. As 

corrosion products would buffer pH to a lower value, a pH 

gradient would exist between the two regions with a further 

gradient from bentonite into the surrounding disturbed rock. 

Precipitation might occur in both these zones but the former 

is not so important as it lies within the bentonite. Colloid 

formation along the external pH gradient (e.g. silica) is also 

possible and needs to be examined in more detail. 
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In the reference case it is, in effect, assumed that the failed 

canister is completely porous, presenting no diffusive resistance and 

acting only as a chemical buffer. In reality the failed canister may 

look more like the sketch in Fig. 9. Mechanical canister failure could 

occur in the region of the void space in the fabrication canister 

(possibly along a veld) and penetration of a single crack would be 

sufficient to allow water (or possibly even hydrogen gas) flow into 

this space to equalise pressures. Although initial reaction of the 

waste glass with the inflowing fluid would be relatively rapid, 

oxidation of the mechanical crack and interior canister surfaces would 

tend to close all void spaces with corrosion products (which are much 

less dense than the original steel) thus greatly limiting the extent of 

reaction. As the glass is thermodynamically unstable, alteration may 

proceed even in the absence of significant solute transport out of the 

canister but the secondary minerals (e.g. smectites) formed will tend 

to act as diffusive barriers which will greatly limit the rate of 

reaction. For such a scenario the time required for glass alteration 

might be extremely long which would directly decrease the rate of 

release of "matrix controlled" elements. In addition, the secondary 

minerals formed will probably incorporate many of the nuclides into 

their structure (acting as thermodynamically stable secondary waste 

forms) or will strongly retard diffusing nuclides. 

Release and transport of nuclides for this case is extremely 

complex, especially for "solubility limited" nuclides, as the volume of 

free water within the canister is difficult to evaluate and may be very 

small (due to swelling of the corrosion products). The diffusion path 

itself is both long and geometrically complex (Fig. 9) passing through: 

a) glass corrosion products 

b) cracks in the canister (infilled with corrosion products and 

bentonite) 

c) bentonite backfill 



- 65 -

d) disturbed rock zones (fissures possibly infilled vith 

alteration products or bentonite - Fig. 7) before finally 

reaching areas in vhich advective transport predominates -

e.g. kakirites. 

Based on the simple 2D calculations (Hopkirk et al., 1985, 

Nagra, 1985) it would seem unlikely that significant releases of any 

but the very long lived species vith large initial inventories 

(e.g. U-238, Np-239 and possibly Cs-135, 1-129 and Pd-107) would occur 

and even this vould be only after very long periods of time (> 10 y). 

Realistic evaluation of the near-field indicates that it might 

provide effectively complete containment. Although releases could 

occur after long periods of time, natural geological evolution renders 

any modelling of such periods purely speculative and it is probably 

reasonable to ignore any numerical values calculated beyond about 

10* y. Before such conclusions can be accepted, however, much more 

detailed modelling of the near-field is required. In addition to the 

normal evolution scenario, low probability processes (e.g. due to 

slippage along a shear zone) could also be evaluated. 
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11 FUTURE RESEARCH REQUIREMENTS 

The near-field Modelling described in this report is very crude 

and suffers fron a lack of both mechanistic models of particular 

processes and supporting background data. As far as the reference case 

model is concerned, the main lacks are detailed evaluation of the 

limits on colloidal transport in compressed bentonite and good 

near-field solubilities for some important species (e.g. Se, Tc, Pd, 

Sn, U and Np). The latter is particularly complex as it involves 

detailed determination of the pH, redox conditions and major ion 

concentrations in the near-field and, indeed, evaluation of the 

applicability of equilibrium thermodynamics to this region. 

Realistic modelling of the near-field is an important perequisite 

for sensitivity analysis or system optimisation which has not been 

seriously tackled to date and should receive much more support. In 

addition to the requirements for the reference case above, development 

of more sophisticated models of waste glass alteration / nuclide 

incorporation into secondary minerals and solute transport in the 

near-field are needed. The indication that the near-field may itself 

provide sufficient containment from a safety point of view (in the 

absence cf catastrophic scenarios) greatly strengthens the multiple 

barrier concept and would appear to be worth following up, in a more 

rigorous analysis. 
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APPENDIX I 

Solubility limits in the near-field 

Par-field solubility limits for some elements have been reasonably 

veil specified by Schweingruber (1984c) for a reference groundwater 

chemistry but the chemical environment in the near-field is much less 

veil defined. For critical species (the actinides and Tc) solubility 

limits are derived from the general studies of Schveingruber 

(1983, 1984d) with extrapolation to account for the differences in 

Eh/pH conditions between near- and far-fields (cf. Table 1). 

Table 1 Eh/pH conditions 

Region Eh extremes (mV) * pH 

Far-field -230 to -60 6.8 

Backfill -300 to -80 7.0 - 8.5 

Canister -500 to -120 7.0 - 8.5 

* cf. Table 6 in main text 

For most other nuclides of interest solubility limits are taken 

directly from the general literature and have a very large associated 

uncertainty due to both inherent data limitations and/or their 

specification for different Eh/pH conditions. In all cases, however, 

the values presented should be on the high side of real values and 

hence conservative for safety assessment purposes (if not extremely 

over-conservative in some cases). Far-field reference solubility 

limits are presented in table 2 and near-field estimates are summarised 

on table 3. 
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The derivation of the near-field solubility limits (Table 3) is 

nov summarised, by element, alphabetically. 

Actinium (Ac) is expected to have similar aqueous chemistry to Am 

being found in solution entirely in the III oxidation state. Due to 

lack of better data, therefore, solubility equal to the very 

pessimistic Am value is assumed. 

Americium (Am) solubility is based on the highest value in 

Schveingruber's (1983) Eh/pH plot (his Fig. 18) for canister conditions 

(Table 1) although data are strictly applicable only for a temperature 

of 25 degrees C. This assumes Am(OH) to be the limiting solid and 

conservatively ignores possible oxyhydroxides or carbonates which might 

considerably lover solubility (cf. also NRC, 1983). 

Beryliurn (Be) has been very little (if at all) studied in relevant 

environments and hence a value from Pourbaix (1974) for a pure vater 

system is assumed. 

Caesium (Cs) is very soluble, forming no insoluble compounds with 

common anions. No solubility limit is thus defined for this element. 

Calcium (Ca) is soluble and aqueous concentration would be limited by 

formation of carbonates and sulphates. Assuming the reference 

groundwater to be Ca saturated, however, a "ballpark" solubility limit 

can be defined. 

Carbon (C) speciation in the neat-field is somewhat uncertain as, in 

addition to the aqueous C0„/HCO..""/C0 system, organic and gaseous 

compounds are possible (even if unlikely). Total solubility is 

expected to be rather high (> 10 M) but no limit is defined here. 

Curium (Cm) has very similar chemistry to Am and, due to lack of better 

data, equal solubility is assumed. 

Holmium (Ho) data are extremely sparse. Solubility is assumed equal to 

the slightly more studied lanthanide Sm. 

Iodine (I) is expected ar, J under near field conditions which is very 

soluble in the absence of specific getters (e.g. Cu, Ag) and hence no 

solubility limit is defined. 
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Lead (Pb) is not particularly soluble, especially in the presence of 

sulphide when the extremely insoluble PbS is formed. The solubility 

from NRC (1983) for a reducing, high ,)K environment sould be reasonably 

conservative for near-field conditions. 

Molybdenum (Mo) data are very sparse and hence a pure water value from 

Pourbaix (1974) is assumed. 

Neptunium (Np) solubility is derived from the Eh/pH plot (his Fig. 12) 

of Schweingruber (1983) as the value from high pH/Eh end of the 

canister range is slightly more conservative than that from NRC (1983). 

Nickel (Ni) solubility is based on the thermodynamic study of Early et 

al. (1984) for the high pH Grande Ronde Basalt ground/ater 

interpolating for the appropriate canister Eh range. If sulphide is 

present, this solubility may be over conservative by many orders of 

magnitude. 

Niobium (Nb) chemistry in groundwater is extremely uncertain and, 

although anionic complexes are lound in pure water, its sorption 

behaviour is found to be very similar to Zr and the lanthanides. 

Natural water concentrations are very low and a solubility similar to 

Sm is assumed although this must be taken to be little more than a 

guess. 

Palladium (Pd) complexafion in natural waters is similarly unknown and 

again natural concentrations are low. Por lack of better data, 

solubility is assumed equal to that of chemically similar Ir in pure 

water based on the data of Pourbaix (1974). 

Plutonium (Pu) has extremely complex aqueous chemistry which is 

reflected in the speciation plots (his Pigs. 14-16) of Schweingruber 

(1983). The solubility limit is derived from this work (Fig. 16) at 

the low pH/low Eh limit of bentonite conditions which is considerably 

more conservative (by more than 2 orders of magnitude) than the 

equivalent NRC (1983) value. It must be noted that und»r very reducing 

conditions much higher solubility would be predicted. 

Protactinium (Pa) has similar chemistry to Th and is assumed to hav* 

equal rolubility in the absence of better data. 
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Radium (Ra) solubility is estimated using the assumption in NRC (1983) 

that it is controlled by RaSO and taking into account the greatly 

increase; sulphate concetration (by a factor of about 1.6xl(r) in the 

reference pore Vcter (Table 5 in main text) relative to the NRC assumed 

value. 

Radon (Rn) dissolution in groundwater will be limited but, as gas phase 

loss f rom the near-field msy also occur, no limit is defined for this 

element. 

Samarium (Sm) solubility is derived from that calculated by Early et 

al. (1984) for Grande Ronde reference vater. Although the Eh/pH 

conditions for this water and the near-field are similar it must be 

noted that more potential complexing ligands would be available in the 

near-field. 

Selenium (Se) data are extremely limited and the NRC (1983) value is 

adopted although it is acknowledged to be little more than a guess. 

Silver (Ag) is reasonably soluble in pure water and the value given is 

from Pourbaix (1974). This is very conservative as the relatively high 

chloride concentration in the pore water would be expected to 

precipitate relatively insoluble AgCl. 

Strontium (Sr) solubility would be expected to be limited by the 

somewhat insoluble sulphate and carbonate. The limit presented assumes 

control by the sulphate which is about 4 orders of magnitude more 

soluble than the equivalent Ra compound and is conservative relative to 

assumed control by the carbonate (NRC, 1983). 

Technetium (Tc) is interpolated from the analysis by Schweingruber 

(1984d). The limit given is from the extteme low pH/high Eh end of the 

csnister conditions range and more likely conditions would considerably 

decrease this solubility. 

Thorium (Th) solubility is derived for the lorf pH end of the canister 

range from the data of Schveingruber (1983, his Fig. 5). It may be 

noted that the higi. solubility and predominance of anionic complexes 

predicted by the thermodynamic model is in marked contrast to very low 
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measured concentrations and high sorption measured or observed in 

natural systems. Thus although (HPO ) 2 ~ is a potential complexing 
h 

agent vhich may be enhanced in glass leachate, the limit presented is 

still likely to be very conservative. 

Tin (Sn) is predicted to be extremely insoluble under near-field 

conditions but some anomalously high concentrations appear to have been 

measured in natural systems. The limit given is from NRC (1983) but it 

is acknowledged to be somewhat uncertain. 

Uranium <U) solubility is rather low under reducing conditions but is 

sensitive to the concentration of complexing ligands. The limit is 

derived for the high pH end of the canister range from the plot (his 

Fig. 6) of Schweingruber (1983) as the U calculations have been quite 

closely checked against observed concetrations. This value must, 

however, be regarded as uncertain in the absence of more detailed 

information on near-field ligand concetrations. 

Zirconium (Zr) data are very poor but suggest a very low solubility. 

Although it is not well supported, the NRC (1983) value is adopted. 

It should be emphasised that the values presented in Table 3 are 

conservative estimates and, in view of the i-ncertainties involved, 

solubilities are generally rounded-off to the nearest order of 

magnitude. For some elements solubility would be expected to play no 

role in the near-field (i?.g. Ba, Sr, Ag cf. Table 10 in main text) 

and hence the value given may be grossly over-conservative but still 

will not affect the analysis. The most sensitive data are for species 

vhich are solubility controlled to much less than the congruent leach 

rate (e.g. Se, Tc, Pd, Np and U) as releases will be very sensitive to 

solubility variations. Any experimental work envisaged to fill the 

large gaps in present data should concentrate on these species. 
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Table 2 Solubility limits in the far-field 

Element Solubility limit (M) 

Am 

Cm 

Np 

Pd 

Pu 

Pa 

Ra 

Se 

Tc 

Th 

Sn 

U 

5 E-5 

5 E-5 

2 E-9 

1 E-8 

1 E-7 

1.6 E-8 

1 E -4 

1.3 E-8 

1.0 E-6 

1.6 E-8 

8 E-9 

2.5 E-9 

realistic values used by Hartley (1985) 
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Table 3 Solubility limits for the near-field 

Element log solubility (M) 

Ac 

Am 

Be 

Cs 

Ca 

C 

Cm 

Ho 

I 

Pb 

Mo 

Np 

Ni 

Nb 

Pd 

Pu 

Pa 

Ra 

Rn 

Sm 

Se 

Ag 

Sr 

Tc 

Th 

Sn 

U 

Zr 

-2 

-2 

-4 

high 

-2 

high 

-2 

-8 

high 

-6 

-2 

-8 

-4 

-8 

-8 

-6.5 

-5.5 

-8 

high 

-8 

-8 

-4 

-4 

-7.5 

-5.5 

-9 

-9 

-9 
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When several isotopes of a particular element are present, individual 

isotopic solubility limits are given by 

c(i> = C*»+ <K> M(i) sat R 

2 M(i) 
i 

where Csat (K) is the solubility limit of element K, C(i) is the 

solubility of isotope i of such element, M(i) is the inventory of 
K. 

isotope i in the volume considered while E implies the sum over 
i 

all isotopes i of element K. The use of this equation and alternative 
'production rate' weighting of isotopic solubilities is discussed in 

detail by Hartley (1985). 

It should be noted that in the use of such solubility limits two 

factors are usually not taken into account: -

a) contributions of stable isotopes to overall elemental 

solubility (e.g. it might be reasonable to expect that natural 

waters may already be saturated by trace species such as Se,U, 

Pb or Pd) 

b) coprecipitation of several elements of similar chemistry may 

occur if any one of them is oversaturated in solution. 

Although the main reason for not including these processes is lack 

of appropriate data, it is apparent that ignoring them will lead to a 

conservative overprediction of radioisotope solubility. 
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APPENDIX II 

Colloid formation and transport in the near-field 

Colloids can be defined as particles in the size range of nm to urn 

which exist as stable or metastable suspensions in solution. At the 

lower size limit this would overlap with the dimensions of large 

polymers (e.g. humic and fulvic acids) while the upper limit is 

comparable with the dimensions of microbes or kinetically unstable 

suspensions of mineral fragments (e.g. fine clay particulates). 

Colloids have been widely discussed as potential perturbing factors 

which could cause simultaneous failure of several of the multiple 

barriers in current repository concepts but, to date, very little 

quantitative modelling of such effects has been reported. 

As far as the near-field model is concerned, processes possibly 

affected by colloids would be: -

a) the rate of breakdown of the technical barriers 

b) alteration of aqueous chemistry and nuclide speciation 

c) nuclide uptake and transport through the near-field. 

The key questions are therefore: -

a) are colloids expected to be present in the near-field? 

b) how will they interact with the ambient chemical system? 

c) are colloids mobile in the near-field? 

As far as the first question is concerned, the answer is almost 

certainly affirmative. The sources of colloids include (Avogadro and 

De Narsily, 1984): -
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i) Glass degradation (cf. also Bidoglio et al., 1984; Evart et 

al., 1984) 

ii) Canister corrosion 

iii) Backfill 

iv) Naturally orcuring colloids in groundwater 

(e.g. Snellman, 1982) 

v) Polymerisation / precipitation processes (Olofsson et 

al., 1984; Nevton and Rundberg, 1984) especially at marked Eh 

or pH fronts (cf. chapter 10). 

Organic polymers have also been observed following groundwater 

radiolysis (Gray, 1984) but this resulted from the anomalously high 

natural CH concentrations in the samples involved and would not be 

generally expected. 

The chemical influence of such colloidal particles 

(e.g. ion-exchange or catalytical properties) has rarely been 

investigated explicitly (e.g. Kim, 1985) but. undoubtably they have 

been present although unobserved in many relevant experiments. In view 

of the fairly empirical use of available experimental data, therefore, 

it is probably reasonable to assume that any colloidal effects on 

overall chemistry are already accounted for. Colloids will, however, 

serve as substrates for nuclide uptake and fine dispersions of material 

such as iron oxyhydroxides (possibly resulting from microbial processes 

- HcKinley et al., 1985) would certainly act as effective sorbants for 

many nuclides. 

The most important possible role of colloids in the near-field is 

providing a means for material (e.g. canister corrosion products) or 

nuclide transport at rates above those set by solubility limits. In 

the models considered in the main text it was assumed that colloid 

migration was negligible in the bentonite based on: -
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1. direct experimental evidence (e.g. Nowak, 1984) of low colloid 

mobility in compressed bentonite 

2. experimental data suggesting that the average spacing between 

clay particles in compacted bentonite is about 20 A* (2 nm) -

e.g. Pusch, 1980c. 

It should be emphasised, however, that uncertainty is present in 

both these areas - the timescale of experimental studies is too short 

to detect slow colloid migration while rapid transport of a small 

percentage of the colloids present would be below sensitivity limits 

but could greatly affect the results of safety models. In addition, 

the pore structures of clays is very poorly understood (e.g. Kim, 1985) 

and recent gas penetration studies indicate that continuous networks of 

larger diameter pores may be present to a significant extent (Pusch and 

Forsberg, 1983; Pusch et al., 1985). Analysis is further complicated 

by the charge distribution on clay surfaces which could mean that the 

'effective' pore diameter for charged colloids is much less than for 

neutral species. Finally it should be mentioned that the term 

micro-colloid has been recently applied to 'particles' with diameters 

< 10 & (Kim, 1985). Such species would be expected to be very mobile 

within the bentonite pores but it is not yet apparent if such extremely 

small aggregates have significantly long lifes in solution and hence 

are effectively indistinguishable from species in true solution (or, 

indeed, if they are not simply experimental artifacts). 

In conclusion, therefore, colloids are expected to be present in 

the near-field around the waste matrix and the canister and their 

chemical effects are tacitly taken into account in the simple empirical 

models of glass and canister corrosion used for the base case. The 

largest potential perturbation from this source would occur if colloids 

formed were kinetically stable and could migrate through the bentonite 

- although current evidence suggests this is unlikely. If the 

bentonite buffer pH is high (cf. chapter 10) then colloid formation at 

a pH cront outside the bentonite may be significant and should be 

studied in more detail. 
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APPENDIX III 

Radiolysis and radiation damage in the near-field 

The only effect of this radiation field on the 

canister/backfill/groundvater system which will be evaluated is aqueous 

phase radiolysis. Leaching experiments indicate that radiation damage 

to the solid phases present from the fluxes involved is negligible (eg. 

Barkatt et al., 1983; Nash et al., 1983) and, even in the extreme 

environment of the Oklo natural reactor, such effects seem to be of 

minor significance (Curtis and Gancarz, 1983). 

Radiolysis of even pure water is a very complex process producing 

a range of molecular, ionic and free radical species. Although the 

most important primary process in all aqueous systems is probably the 

ionisation of water: 

H O — > H„0+ + e~ 
2 2 

the subsequent chain of reactions to yield final products is very 

dependent on a number of parameters including concentrations of all 

dissolved species, temperature and the nature of the radiation involved 

(cf. Allen, 1961; Spinks and Woods, 1964; Vereschinskii and 

Fikaev, 1964; Thomas, 1969). 

In most environments, nevertheless, major molecular products 

include H2 and H202 and, if the former is lost either as a gas or 

through rapid aqueous phase diffusion, a net oxidising environment may 

result (eg. Christensen and Bjergbakke, 1982 a;b; Eriksen and 

Jacobsson, 1983; Grenthe et al., 1983). Radiolysis of dissolved gases 

(N2, CO2) may also result in a considerable decrease in pH (McVay and 

Pederson, 1981; Burns et al., 1982; Barckatt et al., 1983; Nash et 

al., 1983). 

When canister integrity is finally lost and groundwater contacts 

the waste matrix itself, radiolysis resulting from alpha and beta 

particles must be considered. The average ranges of such particles in 

glass can be estimated to be about 15 ftm and 1 mm respectively based on 

ranges for these particles in uranite (Curtis and Gancarz, 1983) with 
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corrections for the difference in density involved. The equivalent 

ranges in water are about 30 Aim and 2 mm respectively (Curtis and 

Gancarz, 1983). These ranges are so short that the total dose to water 

is critically dependent on the surface area and porosity of the 

leaching glass; parameters which are, unfortunately, very poorly 

defined. 

To examine the possible magnitude of this effect, an extremely 

pessimistic "worst case" will be considered in which it is assumed 

that, on contact with groundwater, the waste matrix is instantly 

transformed into micro-crystalline secondary minerals with a total 

intergranular porosity of IX. Taking the density of the alteration 

products as 2.5 g/ml and assuming that particle absorption is directly 

proportional to density, about 0.5% of the total alpha/beta energy will 

be lost in the aqueous phase. Burns et al. (1982) indicate that the 

beta dose rate will be small relative to that from alpha particles 

after about 500 y. From their data, the integral alpha decay rate 

( / a ) as a function of time after emplacement (t - in years) can be 

simplistically estimated as: 
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16 
10 /t~ a/g 

^ 4 • 1021 / T a/canister 

for 103 < t < 106 y. 

This equation can be differentiated to give the alpha dose rate as 
2.10^1 

^ — = = — a/year/canister. At the time of earliest possible canister 
/t 19 

failure (1000 y) this dose rate would be equivalent to ̂ 6 x 10 a/year 
which, for an average alpha energy of 5 MeV, results in a solution dose 

18 rate of about 1.6 x 10 MeV/year. The amount of primary production of 

H is a complex function of water chemistry but for the simple 

calculations involved, a "G value" of about 0.45 molecules/100 eV will 

be used (Allen, 1961; Spinks and Woods, 1964; Vereschinski and 

Pikaev, 1964; Thomas, 1969). At t = 1000 y, therefore, the rate of H 

production is thus about 7 x 10 2* molecules/year or about 

0.01 moles/year. Assuming that this hydrogen is totally lost to the 

system, a resulting 0.01 mol/year net gain of "oxidant" (H>02
 s a v) 

would result. Assuming that all this "oxidant" reacts with ambient 

Fe 2 + to form Pe3+, 0.02 moles/year (• 1.1 g/year) of Pe2+ could be 

oxidised. Taking the decrease of dose with time into account, it is 

calculated that about 10 5 g of Pe2+ could be oxidised to Fe 3 + in a 106 

year period following loss of containment. This corresponds to only 

about IX of the total canister mass. 

The calculation above is extremely conservative in that the 

geometry assumed neglects the confining pressure due to swelling of 

backfill and corrosion products allowing much more energy loss in the 

aqueous phase than would be expected in any real-life situation and, 

even if such geometry did occur, the extremely high surface area 

available would be expected to greatly enhance recombination reactions 

and thus minimise the extent of H. production. In addition, further 

potential sources of reductant exist in the bentonite backfill and rock 

matrix which have not been taken into account in this calculation 

(Eriksen and Jacobsson, 1983; Torstenfelt et al., 1983). 
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To illustrate the amount of conservatism involved in the worst 

case analysis, the extent of radiolysis from the geometric surface of 

the fractured glass blocks used for the leaching analysis can be 

calculated. The surface area is taken to be 21.4 m? which, given an 

alpha range of 15 u, results in an "effective volume" of 3.3 x 10"^ m3 

(only about 0.2% of the total volume). Repeating the dose calculation 

above would predict that only about 40 kg of Fe(II) would be required 

to buffer the oxidant produced. 


