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THE CORROSION RESISTANCE OF A COPPER CANISTER FOR SPENT NUCLEAR FUEL -

FOLLOW-UP 

Report from the Swedish Corrosion Institute Reference Group Einar Mattsson 

(Chairman of the Reference Group) 

1. Background 

KBS Technical Report 90 (KBS 90) presents the Swedish Corrosion Institute's 

evaluation of copper as a canister material for spent nuclear fuel. The 

evaluation is made from the viewpoint of corrosion and applies to the concept 

and the premises defined by KBS in 1977. 

In connection with the circulation of the copper concept for review and 

comment, certain viewpoints and questions concerning corrosion of the copper 
• 

canister have emerged. Furthermore, KBS has commissioned a number of supple-

mentary corrosion studies and even considered some modification of the con­

cept. Under contract to SKBF/KBS, the Swedish Corrosion Institute has under­

taken to update its evaluation in the light of the facts, viewpoints, ques­

tions and changes that have emerged since KBS 90 was published in 1978. 

In order to discharge its undertaking, the Swedish Corrosion Institute has 

once again appointed a reference group of specialists mainly from the field 

of corrosion and materials technology. The meetings of the group have been 

attended by an observer from the Swedish Nuclear Power Inspectorate. The 

reference group has the following composition: 

Professor E. Mattsson 

G. Engstrom, Mining Engineer 

L. Ekbom, Lie. Eng. 

Docent 

G. Eklund 

Professor I. Grenthe 

Docent 

R. Hallberg 

Professor I. Neretnieks 

M. Trolle, Mining Engineer 

Professor N-G Vannerberg 

Professor G. Wranglen 

Swedish Corrosion Institute 

Swedish Corrosion Institute 

Swedish Defence Research 

AGA AB Innovation 

Royal Institute of Technology 

University of Stockholm 

Royal Institute of Technology 

Swedish Nuclear Power Inspectorate 

Chalmers University of Technology 

Royal Institute of Technology 

Chairman 

Secretary 

Observer 
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This report is a supplement to KBS 90. A detailed account has only been 

provided here with regard to new information and conditions. The j udgments 

made in this report are based on the premises submitted by the client and on 

known facts concerning the reactions in question. 

The reference group is unanimous in its opinion. Professor G. Wranglen, who 

submitted a special statement appended to the KBS 90 report, has motivated 

his concurrence with the opinion of the reference group expressed here in a 

supplementary statement (appendix 9). 

2. Premises for the evaluation 

In the main, the same premises as those described in KBS 90 apply. KBS has, 

however, pointed out certain discrepancies, which are reported in the follow­

ing subsections . 

• 
2.l __ Proeosed method of storaJte 

According to the original proposal, spent nuclear fuel from the reactor shall 

be enclosed in a canister made of unalloyed copper (fig. 1), known as "Oxygen 

Free High Conductivity Grade", OFHC (Swedish designation SIS 14 50 11). Now 

the question is asked what the consequences will be if phosphorus-deoxidized 

copper, PHC, with a low phosphorus content (max. 20 ppm) is used. This latter 

material is cheaper and more suitable with respect to canister fabrication. 

According to the previous concept, the copper canister shall have a wall 

thickness of 200 mm. KBS now also wants an evaluation of the feasibility of 

reducing wall thickness to 10, 60 or 100 mm. In all alternatives, the outside 

diameter of the canister is to be 800 mm and its length 4 500 mm. 

According to the premises in KBS 90, the canister's lid is to be applied by 

means of electron beam welding. KBS now asks whether the corrosion properties 

of the welded joint differ from those of the parent metal, both when the lid 

is joined by means of electron beam welding and when the lid is joined by 

means of diffusion welding through hot isostatic pressing. 

According to the previous proposal, the fuel contained in the canister shall 

be embedded in cast lead. KBS now proposes as an alternative that this lead 

be replaced with hot-isostatically pressed copper powder. 
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The canisters are to be surrounded by a buffer mass of bentonite. KBS wishes 

to know how a layer of copper powder between the canister and the buffer 

would affect the corrosion conditions. 

2.2_ Co~Eosition of the_groundwater_ 

The groundwater's chemical composition and its redox status have been investi­

gated at three different sites studied for their suitability as potential 

sites for the final repository, namely: Gidea, Fjallveden and Svartboberget 

(appendix 1) (1). The composition of the groundwater as a function of depth 

has been determined, generally in several boreholes on each site. A large 

quantity of measurement data have thereby been obtained. In view of these 

measurement data, the client has found reason to adjust the water analyses 

that were assumed in KBS 90 to apply for the evaluation. The adjusted water 

analysis premises are presented in table 1. The expected concentration inter­

vals given there have served as a basis for the evaluations presented here; 

however, the fact that the chloride concentration can, in exceptional cases, 

be as high as 6 000 mg/1 has been taken into consideration. The values given 

in table 1 for Eh are assumed to pertain to pH values within the stability 

range of the water. 

2.3 Groundwater flow 

In a special statement appended to KBS 90, G. Wranglen asserts that "In 

general, the calculations concerning the flow of the groundwater in and 

around a repository which have been carried out under the aegis of the KBS 

project must be characterized as being highly uncertain." This question has 

therefore been studied by KBS (2). The fractures in the rock that will sur­

round the waste repository generally have a width that is less than 0.5 mm. 

Since the bentonite swells, it penetrates into the rock fractures around the 

borehole, the deeper the greater the fracture width. Calculations have shown 

a penetration depth of 2.8 m during a period of 10
6 

years. Penetration of the 

bentonite into the fractures around the borehole during this period of time 

has been calculated to be equivalent to about 2% of the bentonite volume in 

the borehole, i.e. a negligible loss. This means that the bentonite can be 

expected on good grounds to remain in the borehole. The flow of water through 

the buffer will therefore be negligible and only diffusion through the water 

content of the buffer mass need be taken into account. In fact, penetration 

of the bentonite into fractures around the borehole is rather an advantage, 

since it counteracts ion transport to and from the canister. 
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According to new calculations carried out by Neretnieks et al (3), the annual 
inflow of species through the buffer to the canister surface is roughly equal 
to the species content of 0.1-3 litres of the groundwater that surrounds the 
storage hole. The volume figure depends on the fracturing of the rock on the 
storage site; a value of(T has been deemed to be slightly higher than will 
probably be the case. 

2.4 Buffer mass 

The buffer mass that surrounds the canister in the repository consists of 
compacted bentonite that swells on contact with water. Each borehole contains 
about 17.4 tonnes of bentonite. Its volume is about 11.3 m3 . When the reposi­
tory is sealed, it is estimated that each borehole will contain about 2 m3 of 
air entrapped in the pores of the buffer mass etc. 

The buffer is produced by precompacting sodium bentoni te, which has been 
subjected to oxidation treatment prior to the compaction to reduce its con­
tents of sulphide and organic matter. The remaining sulphide is said to be 
present in the form of pyrite (FeS

2
). The sulphide content after oxidizing 

treatment is said to be no more than 200 mg S/kg, and the content of sulphate 
2-is said to be equivalent to max. 2 700 mg S/kg, i.e. 0.81% so

4 
. The organic 

matter content of the buffer is said to be less than 200 mg/kg, mainly poorly 
biodegradable matter. 

The tunnel fill consists of a sand-bentonite mixture containing 15% bentonite, 
and each borehole corresponds to a tunnel section with a volume of about 

3 80 m. Iron(II)phosphate (vivianite) may also be added to the tunnel fill in 
order to eliminate the oxygen present in the pores of the fill when the 
repository is sealed. Two cases will be evaluated: tunnel fill with and 
tunnel fill without addition of iron(II)phosphate. 

2.S __ Canister_te~erature 

Due to its radioactivity, the waste generates heat which raises the tempera­
ture of the waste and thereby of the canister and its immediate surroundings. 
Heat generation is relatively high at the start, but declines relatively 
rapidly during the first 100 years. 
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For a canister containing spent nuclear fuel, the maximum temperature at the 
0 

outer surface of the canister is stated to be 80 C; after 1 000 years, the 

temperature has dropped to so 0 c. This applies in the case of a single-storey 

repository, i.e. a repository with canisters on only one level in the rock. 

In the case of a two-storey repository, it is estimated that it would take 
0 

several thousand years for the temperature to have dropped to 50 C. Thanks to 

the thickness and high thermal conductivity of the canister material, the 

temperature can be regarded as being equal over the entire surface of the 

canister. 

2.6 __ Radiolysis 

If the groundwater around the canister is subjected to atomic radiation, 

radiolysis of the water may occur. This can lead to the formation of e.g. 

hydrogen and oxidants. If these radiolysis products are not removed, an 

equilibrium will soon be reached whereby the further production of hydrogen 

and oxidants ceases. If the radiolysis products are removed, however, for 

example by the hydrogen's diffusing away and the oxidants' reacting with 

copper and oxidizing it, the radiolysis can continue. Under the assumption 

that the oxidation of copper takes place rapidly, the radiolysis rate is 

determined by the rate at which the hydrogen diffuses away. The quantity of 

hydrogen transported away as well as hydrogen formed by radiolysis during 

different periods of storage has been calculated by Christensen and Bjergbakke 

(4). The results obtained for copper canisters of different wall thicknesses 

are presented in table 2. The radiolysis calculations for the wall thicknesses 

10 and 60 mm pertain to the situation when the energy is assumed to be ab-
2+ 

sorbed in 720 1 of water containing 5 ppm Fe The calculations for 100 and 

200 mm are very approximate, since the radiolysis in these cases is of a very 

small extent; the values in the two last-named cases are too high, however, 

since recombination of the radiolysis products has not been taken into con­

sideration. 

2.7 Canister life 

KBS has expressed a wish for the following evaluations for copper canisters 

with a wall thickness of 10, 60, 100 and 200 mm, respectively: 
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time to first corrosion penetration in worst case 

probable time to first corrosion penetration 

probable time function for occurrence of subsequent corrosion penetra­

tions. 

Corrosion of the copper canister 

3.l __ Oxidants_for coyyer 

In the presence of oxidants, copper can be oxidized and thereby be attacked. 

The effect of different possible oxidants is explored in KBS 90. The most 

obvious oxid:rnt in this case is oxygen dissolved in the groundwater, this 

during the period immediately following sealing of the repository. 

Other possible oxidants are e.g. sulphur(VI) in sulphate, hydrogen(!) in 

water and sulphide, sulphur(-!) in pyrite, nitrogen(V) in nitrate or iron(III) 

in various minerals. The oxidants sulphur(VI) in sulphate and hydrogen(!) in 

water are particularly important, since their concentration is relatively 

high in the canister's environment. KBS 90 particularly emphasized oxidation 

of copper by oxygen with the formation of copper oxides and by hydrogen(!) in 

the presence of sulphide with the formation of Cu
2
s. It should be observed, 

however, that these two reactions cannot occur simultaneously as the former 

is possible only at high redox potentials above about SO mV (SHE) and the 

latter only at low redox potentials, below about -200 mV (SHE). The effect of 

nitrate can be disregarded, since the nitrate concentration in the canister's 

surroundings is so low. 

In KBS 90, it is asserted that the oxidation of copper by sulphate is negli­

gibly low, even over geological periods of time, but can be catalyzed by 

sulphate-reducing bacteria. The reviewers have questioned whether it is not 

possible for copper to be oxidized by sulphate at a considerable rate even in 

the absence of micro-organisms. 

The water analyses at certain potential storage sites have further indicated 

higher chloride concentrations than previously assumed. In view of this, it 

should be checked whether higher chloride concentrations can permit the 

oxidation of copper by hydrogen(!) in water. 
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The two questions mentioned above will be dealt with in this report. For 

further information the reader is referred to KBS 90. 

3. 1. 1 Oxidation of copper by sulphate 

The thermodynamic possibilities of oxidation of copper by sulphate have been 

elucidated in KBS 90. It was found that a direct oxidation of copper by 

sulphate according to the following formula is not thermodynamically possible: 

Among thermodynamically possible reactions is the following: 

2Cu(s)+S0~ 2-(aq)+2Fe 2+(aq)+H20 ➔ Cu2S(s)+Fe203+2□H-(aq); 

tG0 = - 74,9 kJ [ 2] 

The •common denominator for these possible reactions is that they involve the 

participation of an Fe(II) species - in solid form or in solution - as a 

reducing agent. 

Further research (appendix 2) has furnished additional evidence for the fact 

that these reactions in the absence of catalysts proceed so extremely slowly 

at temperatures below about 200°C that the oxidation is negligibly low even 

over geological periods of time. 

However, micro-organisms can catalyze the reduction of sulphate, whereby the 

sulphide formed can react with copper: 

As is reported in KBS 90, the micro-organisms require access to degradable 

organic matter for their life processes, so that with an excess of sulphate, 

the supply of such organic matter is determining for the reaction rate. In 

the calculations of the microbial formation of sulphide from sulphate in the 

borehole and tunnel fills, it has been assumed that 5.6 mg of organic matter 

gives rise to 1 mg of sulphide. Furthermore, organic matter in the ground­

water has been assumed to give rise to an increase of the sulphide concentra­

tion by 1 mg S per litre, this through microbial reduction of sulphate. 
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The present standpoint is therefore that it must be regarded as highly improb­

able that copper will be oxidized to any appreciable extent by sulphate 

during the storage period, aside from the oxidation caused by the action of 

the micro-organisms. 

3 .1. 2 Oxidation of copper by hydrogen(I) in the presence of chloride 

The thermodynamic possibilities for the oxidation of copper by hydrogen(I) in 

the presence of chloride have been studied by Wallin (appendix 3). It has 

thereby been found that even at such a high chloride concentration as 

35 000 mg/1, such a reaction is only thermodynamically possible at pH values 

less than 2. At such low pH values, the reaction can take place according to 

the following formula: 

[ 4] 
• 

Since the groundwater on the repository site is estimated to have a pH of 7-9 

and since the bentonite buffers the pH to 8-9, it is thus not thermodynami­

cally possible for freely exposed copper surfaces to be corroded by hydro­

gen(!) in water with chloride concentrations of up to 35 000 mg/1. 

Low pH values can occur locally in crevices, however, which could lead to the 

risk of crevice corrosion of copper in chloride-rich water. If there is a 

risk of groundwater with a high chloride content, great attention should 

therefore be paid to avoiding crevices on the outside of the canister, for 

example at joints. Any gap that might arise between the canister wall and the 

bentonite is not, however, expected to lead to crevice corrosion, since the 

bentonite prevents a low pH in the gap by virtue of its buffering effect. 

3.2 _______ Stress_corrosion_cracking 

In KBS 90, the risk of stress corrosion cracking is deemed to be nil in 

canisters of OFHC copper. The reviewers have questioned, with reference to 

certain laboratory studies (5, 6), whether the risk of stress corrosion 

cracking can be completely ruled out in this case. Furthermore, as mentioned 

in section 2.1, KBS has proposed that the OFHC copper be exchanged for PHC 

copper, which is judged to have somewhat poorer resistance to stress corrosion 

cracking than OHFC copper. For this reason, KBS has had a stress corrosion 

cracking study of OHFC and PHC copper carried out, both in groundwater of the 

type that can be expected in the repository and in solutions with different 
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concentrations of NO
2 

, which has been found to be capable of inducing stress 

corrosion cracking in pure copper. The studies, which have been carried out 

employing the constant strain method, have been conducted by Benjamin, Hardie 

and Perkins at the University of Newcastle-upon-Tyne (7). 

The studies have shown that stress corrosion cracking is improbable both in 

OFHC and PHC copper in groundwater of the type concerned here, this both at 

room temperature and at 80°C. On the other hand, both of the copper types 

possess some sensitivity to stress corrosion cracking in nitrite-containing 

aqueous solution with a nitrite content of more than 69 mg/1. However, this 

only applies at high redox potentials (+344 mV, in the hydrogen scale at pH 

8.5), which do not occur in the repositories in question here. In the studies, 

PHC copper exhibited slightly greater sensitivity to stress corrosion cracking 

than OFHC copper. 

The studies have thus shown that stress corrosion cracking is improbable in 

canisters of OFHC copper or PHC copper under the specified storage conditions. 

3. 3 _____ Oxidized 5tuanti t_y of_ CO££er __ 

The quantity of copper that can be oxidized by oxidants formed through radio­

lysis is reported in table 2, where results are given for different values of 

canister wall thickness and exposure time. 

The quantity of copper that can be oxidized by oxygen initially present in 

storage holes and tunnels (without the addition of vivianite) and supplied by 

the surrounding groundwater has been calculated (appendix 4). The results are 

given in table 3. The same applies to the quantity of copper oxidized by 

hydrogen(!) in the presence of sulphide. In both cases, it is assumed that 

the copper is oxidized to Cu(I). 

As is evident from section 3. 1. 1, it is deemed highly unlikely that copper 

will be oxidized by sulphate to any appreciable extent during the storage 

period, beyond the oxidation mediated by the presence of the micro-organisms 

and taken into account in table 3. In this table, the quantity of copper that 
2-

could theoretically be oxidized by so
4 

supplied is also given under the 

apparently unreasonable assumption that this reaction takes place. The calcu­

lations have been carried out by Neretnieks and are presented in appendix 5. 

They have taken into account the so
4

2
- content of: 
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2-the bentonite in the borehole; 0.81% so
4 

2-the bentonite mixture in the tunnels, assuming that the so
4 

content of 
3 

approx. 80 m of tunnel fill reaches each canister and that the tunnel 

fill contains 15% by weight bentonite 
2-the surrounding groundwater, whereby it has been assumed that the so

4 
content of\..2.4 1 ~·t··groundwater with 15 mg so

4 
2

- per litre reaches the 
,., __ ._ . ..,_,,· 

canister every year. 

2-
The quantity of so

4 
that is supplied to the canister surface can be reduced 

by the following measures: 

By applying a granite plug in the mouth of the borehole; the granite 

plug should have a length of 1 rn and such a diameter that the gap between 

the borehole wall and the granite plug is 0.5 cm. With such a plug, the 
2-

supply of so
4 

from the tunnel to the canister surface is limited to 

about 1/6 of the values given in table 3. 

By exchanging the bentonite grade 
2-

S04 ) for sulphur-poor bentonite 

assumed in the premises (with 0.81% 

containing e.g. 0.027% SO 
2

- The 
4 

so
4 

2
- quantities that can then be supplied to the canister have been 

calculated and are also given in table 3. 

In addition, it should be taken into account that at an 

given level, the thermodynamic possibilities of reaction 

2-
S04 supply above a 

2-between Cu and so
4 

are limited by the supply of Fe(II) species, which, according to section 

3.1.1, are a fundamental prerequisite for the reaction. Fe(II) species can be 

supplied from the borehole and tunnel fills, from the borehole' s rock wall 
2+ and from the groundwater, which is assumed to contain rnax. 5 ppm Fe . Approx-

imate calculations have shown that the supply of Fe(II) to the canister 

surface is 
2-

0. 81% so
4 

2-considerably less than the supply of so
4 

when bentonite with 

formula 2 . 

is used, all expressed in equivalent quantity of Cu according to 

A more thorough investigation is required for a quantitative 

determination of the limiting effect of the supply of Fe(II). 

3.4 Form of the attack 

The corrosion attack that can occur in the copper canister due to the action 

of the oxidants is only of importance if it has the character of local corro­

sion. Our prime concern here is for pitting. As is described in KBS 90, the 

relationship between pit depth (P) and time (t) can be expressed by means of 

the equation 
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where 

P = A(t-t )n, 
0 

11 

t is the incubation time before pitting starts 
0 

A is a constant 

n is a constant whose value is between 0 and 1. 

In agreement with this equation, the time to corrosion penetration increases 

sharply with wall thickness. If the wall is sufficiently thick, the growth of 

the pit in depth ceases practically altogether with time. The continued 

attack then takes the form of a widening of existing pits and an initiation 

of new pits. After a very long time, the attack therefore assumes the charac­

ter of a corroded surface zone with local variations in depth. The ratio 

between maximum pit depth and average penetration is usually called the 

pitting factor (Pf). 

The maximum pit depth can be obtained by multiplying the average penetration 

by the pit ting factor. In KBS 90, the pit ting factor was set equa 1 to 25, 

which was the largest value observed in Denison-Romanoff's large study of the 

corrosion of copper in different types of soil in the United States during an 

exposure period of 14 years (8). This value was regarded as conservative, 

since theoretical analyses in KBS 90 show that the pitting factor decreases 

with time. This is also confirmed by the Denison-Romanoff study. 

In order to furnish further support for the estimate of the size of the 

pitting factor, KBS has commissioned a study of the pitting factor for: 

archaeological artifacts of copper material 

a piece of native copper from the United States 

three earth electrodes for lightning conductors 

The archaeological artifacts and the native copper from the United States 

have been studied by Bresle et al (9). The archaeological artifacts consisted 

of bronze objects and copper coins. Conditions on the exposure site have been 

of a varying nature and have not, as a rule, been able to be defined exactly. 

The exposure time varied between 300 and 3 000 years. The largest pitting 

factor measured in this highly varying material is about 3. The piece of 

native copper, which had lain in the soil for at least 8 000 years, probably 

much longer, exhibited a pitting factor of 2-6. 
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The three earth electrodes, which consisted of copper plates, had been exposed 

in soil for 50-80 years. The earth electrode plates have been examined by 

Hallberg (appendix 6) and Sund (appendix 7), who have found a pitting factor 

of max. 5 in these cases. 

It can be questioned with reason whether the investigated objects are repre­

sentative of the copper canister in its bentonite environment 500 m below the 

surface of the ground. The fact nevertheless remains that in none of the 

cases did the measured pitting factor exceed or even come close to 25, which 

is the value used in the calculations reported in KBS 90. In view of this, 

and of the previously mentioned fact that the pitting factor can be expected 

on theoretical grounds to decline with time, the value of 25 may be regarded 

as very conservative. A more probable value is 5. 

3.5 Growth of the attack ------------------------------

On the basis of the quantity of copper in each canister that, according to 

the calculations, can be oxidized (see tables 2 and 3), the depth of the 

attack caused by reactants supplied from the outside (table 4) and the average 

corrosion of the canister (table 5) have been calculated as a function of the 

exposure time, thus the time function of the depth of the attack has been 

determined, this under the assumption that the attack is uniformly distributed 

over the entire canister surface. However, as in KBS 90, the attack caused by 

reactants originating from the tunnel has been assumed to be concentrated to 

the top end of the canister, i.e. to 1/ 10th of its surface. The results for 

different wall thicknesses of the copper canister are reported in table 5. 

The maximum pit depth can be calculated from the average penetration by 

multiplying by a pitting factor. The calculations for the probable case have 

been done using a pitting factor of 5, while the calculations for an extremely 

unfavourable case have been done with a pitting factor of 25, all in agreement 

with section 3.4. 

2-
Corrosion attack as a result of oxidation of copper by so

4 
has been deemed 

improbable. Nevertheless, the corrosion depth for the improbable case that 

such a reaction should take place has been calculated and is given in tables 

6 and 7 for the following conditions: 
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use of bentonite with 0.81% so
4 

2
- without granite plug in mouth of 

borehole 

use of bentonite with 0.81% so
4

2
- with granite plug in mouth of borehole 

use of bentonite with 0.027% so
4

2
- without granite plug in mouth of 

borehole 

In these calculations, the limiting effect of the supply of Fe(II) has not 

been taken into account, which means that the stated depths of attack are too 

large, in the first case far too large. 

3.6 Weld corrosion 

The question has been raised as to whether the welded joints have a corrosion 

rate that differs from that of the parent metal. In electrochemical studies 

of electron-beam-welded versus diffusion-welded copper, carried out by the 

Swedish Corrosion Institute, no such difference has been found. Metallographic 

etching studies carried out by Modin (appendix 8) have not furnished evidence 

for such a difference either. However, in the metallographic investigations, 

pores have been observed in the joints. Naturally, it is important that such 

defects be avoided wherever possible; this applies in particular to pores and 

crevices that are open to the canister's surroundings. In order to avoid such 

pores, every canister should undergo inspection of the welded joints. 

In connection with diffusion welding by means of hot isostatic pressing, 

special measures should be adopted to avoid high oxygen concentrations in the 

welded joints. If the method is to be applied to the canister, it is proposed 

that the susceptibility of this type of weld to stress corrosion cracking 

should be checked by testing of a number of welded joints employing the 

constant strain method. 

3.7 Effect of perforation of one canister on the corrosion of nearby 

canisters 

If the canister wall is perforated due to corrosion, welding defects or the 

like so that water comes into contact with the enclosed nuclear fuel waste, 

alpha radiation from the waste causes radiolysis of the water. Hydrogen and 

hydrogen peroxide are thereby formed. Hydrogen peroxide is a powerful oxidant 

that alters the redox potential of the water in the surroundings from reducing 

to oxidizing conditions. 
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Neretnieks has calculated the movement of the redox front downstream a long 

the fractures in the rock (10). The results show that the redox front under, 

judging from what is 

100 m during 10
6 

known, unfavourable conditions would be able to move 

years in rock of relatively low fracture content. These 

calculations have not, however, taken into consideration the fact that corro­

sion products formed in connection with corrosion of the waste inside the 

canister counteract the radiolysis and that a portion of the radiolysis 

products react with the copper and with the uranium oxide in the first perfo­

rated canister. The propagation of the redox front is therefore expected to 

be several orders of magnitude less. Since the canisters in the repository 

are intended to be spaced at a distance of 6 m, it would therefore probably 

take about 10
6 

years before the radiolysis products from one perforated 

canister affect the corrosion of the canister located closest to it in the 

repository. The calculations must be regarded as highly approximate. Many of 

the factors that affect the propagation of the redox front are not well 

known. Investigations of the natural reactor at Oklo, Gabon, which was active 

about 1 800 million years ago, show that oxidizing agents have migrated only 

a metre or so from the uranium oxide. This confirms that the above calcula­

tions have given highly overestimated values. 

3.8 Exchanging lead for hot isostatically pressed copper powder for 

__________ embedding_of the fuel rods_in_the canister _____________________ _ 

Embedding the fuel rods in the canister in hot isostatically pressed copper 

powder instead of casting them in lead is deemed to be favourable with regard 

to the rate of corrosion of the canister. The hot isostatically pressed 

copper cannot formally be credited with increased time for corrosion penetra­

tion of the canister, however, since the hot isostatically pressed copper 

zone is thin in places and since there is some risk of pores in this zone at 

the present state of the art. 

3.9 Influence of a layer of copper powder between the canister and 

the bentoni te 

The question has been posed whether a layer of copper powder between the 

canister and the bentonite could act as a "corrosion buffer" and thereby 

prolong the life of the canister. 

However, it is judged that such a layer of copper powder might lead to crevice 

corrosion in chloride-rich water (cf. section 3. 1. 2), for which reason it 

should not be introduced into the concept. 
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4. Conclusions 

In view of the results of completed calculations, the following evaluation is 

made of the time to the first corrosion penetration for canisters with differ­

ent wall thicknesses: 

Wall thickness 

mm 

10 

60 

100 

200 

Time to first penetration, years 

Probable case 

>106 

>106 

>106 

) 106 

Pessimistic case 

Corrosion penetration will not take place simultaneously in all canisters; a 

considerable scatter can be expected due to variations in the fracturing of 

the rock, the tunnel fill, impurity of the bentonite etc. 

2-
Attacks caused by oxidation of copper by so

4 
in the presence of Fe(II) are 

thermodynamically possible but have been deemed improbable, since known 

evidence shows that the reaction is strongly inhibited. Even under the 

apparently unreasonable assumption that this reaction should take place 
6 

rapidly, the time to corrosion penetration would be more than 10 for canis-

ters with a wall thickness of 100 or 200 mm, provided that one of the follow­

ing measures is adopted: 

the mouth of the borehole is blocked with a granite plug 

the assumed bentonite with 0.81% so
4

2
- is exchanged for a sulphate-poor 

grade with max. 0.027 so
4

2
-

This conclusion also applies in the pessimistic case when the pitting factor 

is 25. Beyond this, it should be borne in mind that the thermodynamic pre-
2-

requisites for canister attack through oxidation by so
4 

are limited by the 

supply of Fe(II). This limitation appears to be significant, but has not yet 

been quantified. In order to eliminate all uncertainty concerning the effect 

of so
4 

2
- it is proposed that the reaction limitation represented by the 

supply of Fe(II) be studied more closely. 
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The addition of vivianite to the tunnel fill is judged to lead to only a 

marginal reduction of the canister attack and can therefore be avoided; the 

supply of Fe(II) to the canister should, after all, be limited as much as 

possible. 

If the canister wall is perforated by corrosion, welding defects or the like 

so that water comes into contact with the nuclear fuel waste, alpha radiation 

from the waste causes radiolysis of the water, forming oxidants. According to 

completed calculations, however, it will take a very long time - probably on 
6 

the order of 10 years - before these oxidants have reached and can influence 

the corrosion of the most closely located canister in the repository. 

In order to avoid crevice corrosion in chloride-rich water, there should be 

no gaps or crevices, for example in the canister's welded joints. These 

welded joints should therefore undergo inspection. 

According to completed investigations, stress corrosion cracking is improbable 

in canisters of OFHC copper or PHC copper under the defined storage condi­

tions. 

The corrosion rate in welded joints in copper of the type that will be present 

in the copper canisters does not appear to differ significantly from the 

corrosion rate of the parent metal. However, supplementary stress corrosion 

testing of welded joints produced by hot isostatic pressing is proposed. 

Exchanging lead for hot isostatically pressed copper powder for embedding the 

fuel rods in the canister is deemed to be favourable with respect to the 

corrosion resistance of the canister. 

Inserting a layer of copper powder between the canister and the bentonite can 

lead to the risk of crevice corrosion in chloride-rich water and should 

therefore be avoided. 

5. References 

1. Wikberg, P, Grenthe, I & Axelson, K: Redox conditions in groundwaters 

from Voxna, Gidea, and Fjallveden. Under publication. 

2. Pusch, R: Stability of bentonite gels in crystalline rock - physical 

aspects. SKBF/KBS Technical Report 83-04 (1983). 



l 7 

3. Andersson, G, Rasmuson, A & Neretnieks, I: Model for near f leld migra­

tion. Proc. 5th Int. Symp. Sci. Basis for Nuclear Waste Management, 

Berlin, June 1982; Scientific Basis for Nuclear Waste Management, Vol. 

5. North-Holland, New York (1982), p 539-548. 

4. Christensen, H & Bjergbakke, E: Radiolysis of groundwater from HLW 

stored in copper canisters. SKBF/KBS Technical Report 82-02. 33 p. 

5. Escalante, E & Kruger, J: Stress corrosion cracking of pure copper. J. 

Electrochem. Soc. 118 (1981), p 1062-1066. 

6. Peduekar, S P, Agrawal, AK, Chaung, HE & Staehle, R W: Transgranular 

cracking of copper in IM NaN0
2 

solution. J Electrochem. Soc. 126 (1979), 

p 701-702. 

7. Benjamin, L A, Hardie, D & Parkins, R N: Investigation of the stress 

corrosion resistance of pure copper. SKBF /KBS Technical Report 83-06 

(1983). 

8. Denison, J A & Romanoff, M: Soil corrosion studies, 1946 and 1948: 

Copper alloys, lead and zinc. J Res. NBS 44 (1950), p 259. 

9. Bresle, 1\, Saers, J & Arrhenius, B: Studies in pitting corrosion on 

archaeological bronzes. Report from the University of Stockholm's 

Archaeological Research Laboratory. No. 1 (1983) 46 p; SKBF/KBS Technical 

Report 83-05 (1983). 

10. Neretnieks, I: The movement of a redox front downstream from a repository 

for nuclear waste. SKBF/KBS Technical Report 82-16 (1982). 



18 

Table 1. Probable composition of deep granitic groundwaters (concentrations 

in mg/1). 

Expected 

intervals a 

Simulated 
b 

groundwater 

Conductivity, mS/m 22-30 

pH 7-9 8.2 

Eh, V 0-(-0.45) 

>0.25c 

Hco1_ 90-275 123 

so
4 

0.5-15 9.6 

HPO 2 -
4 

0.01-0.2 

N0
3 

0.01-0.05 

F 0.5-4 

Cl 4-15 70 

HS 0-0.5 

Ca 
2+ 

10-40 18 

Mg 
2+ 

2-10 4.3 
+ 

Na 10-100 65 
+ 

K 1-5 3.9 

Fe2+ 0.02-5 

Fe(tot) 1-5 

Mn 
2+ 

0.1-0.5 

Al 3+ 0-0.02 
+ 

NH4 0.05-0.2 

SiO~(tot) 3-14 11 

TOC 1-8 

a) 

b) 

c) 

d) 

Probable interval for the majority of non-saline waters within which 90% 

of all measurement data fall. Locally, values outside of the interval 

may be encountered. Saline waters with total concentrations of up to 

+ -
400-500 mg/1 (Na , Cl ) are occasionally found. Concentrations of up to 

6 000 mg/1 have been encountered on occasional sites (Finnsjon). 

Artifical groundwater used as a reference system in sorption and solubil­

ity measurements etc. 

Aerated systems. 

Total organic carbon. 
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Table 2. Quantity of hydrogen formed through radiolysis as a function of 

time at different values of the wall thickness of the copper canis­

ter; equivalent quantity of copper oxidized to Cu(I) is also 

given 

Wall thickness 

of copper canis­

ter, mm 

10 
---o) 

~-
100,'-

200,'-

Cumulative quantity of 

hydrogen (moles) formed 

through radiolysis dur­

ing the following number 

of years 

103 10
4 105 106 

3 8 47 360 

1 1 3 32 

1.50 3.20 9.0 69.0 

0.0051 0.0108 0.030 0.23 

Maximum quantity of oxidized 

copper (kg) due to radiolysis 

during the following number 

of years 

103 10
4 105 106 

0.38 1.0 6.0 46 

0. 13 0.13 0.38 4. 1 

0.19 0.41 1.1 8.8 

0.0006 0.0014 0.004 0.03 

* In calculating radiolysis for these wall thicknesses, recombination of 

the radiolysis products has not been taken into consideration, making 

the tabulated values slightly too high. 

2 
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Table 3. Quantity of reactants supplied to the canister surface, expressed 

in equivalent quantities of Cu(I) in kg. 

Reactant Exposure time, years 

105 

Oxy~en 

Initially in deposition hole 4.8 4.8 4.8 4.8 

From tunnel: 

- with vivianite addition 0 0 0 0 

- without vivianite addition 0.30 0.38 0.38 0.38 

From groundwater via fractures 0.002 0.019 0. 19 1. 9 

SulEhide 

Initially in deposition hole with 

0.02% s in bentonite 3.5 3.5 3.5 3 51 
Formed through microbial activity in 

J deposition hole 2.5 2.5 2.5 2.5 

From tunnel: 

with 0-0.02% s in bentonite 0.004 0.035 0.35 3.5 
-~ - formed through microbial activity 0.001 0.006 0.06 0.6 

j 

From groundwater via fractures 0.010 0.095 0.95 9.5 

Formed through microbial activity -
in groundwater 0.010 0.095 0.95 9.5 

i 

' _) 

SulEhate 

Initially in deposition hole: 

with 0.81% so
4 

2-
in bentonite 190 190 190 190 -

2-- with 0.027% so
4 

in bentonite 6.2 6.2 6.2 6.2 

From tunnel: 

with 0. 81% so
4 

2-
in bentonite 4.0 24 45 60 -

2-- with 0.027% S0
4 

in bentonite 0.018 0. 18 1.8 18 

From groundwater via fractures 0.05 0.5 4.8 48 
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Table 4. Depth of attack (mm) caused by reactants supplied from the outside 

as a function of exposure time 

-·-----~~- --~-.-----------~ 

Reactant Exposure time, years 

10
3 

10
4 105 106 

___ , ______ --

Oxygen 

Initially in deposition hole 0.04 0.04 0.04 0.04 

From tunnel without vivianite 

addition 0.03 o,. 03 0.03 0.03 

From groundwater via fractures 0.00 0.00 0.00 0.02 

Sul~ide 

Initially in deposition hole with 

0.02% s in bentonite, incl. micro-

bially formed sulphide 0.05 0.05 0.05 0.05 

From tunnel with 0.02% s 2-
in 

bentonite, incl. microbially 

formed sulphide 0.00 0.00 0.04 0.37 

From groundwater via fractures, 

incl. microbially formed sulphide 0.00 0.00 0.02 0. 17 

Total, mm 0. 12 0. 12 0. 18 0.68 
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Table 5. Total attack on the canister as a function of exposure time. 

Canister 
wall thick­
ness, mm 

Reactant Depth (mm) of attack during 
following exposure time (years) 

10 

60 

100 

200 

103 

Supplied from the outside accord- 0.12 
ing to table 4 
Radiolysis oxidants 0.00 

Average penetration, mm 
Max. pit depth, probable case 
(P f=5), mm 
Max. pit depth, pessimistic case 
(Pf=25), mm 

Supplied from the outside accord-

0. 12 

0.6 

3.0 

ing to table 4 0.12 
Radiolysis oxidants 0.00 

Average penetration, mm 
Max. pit depth, probable case 
(P f=S), mm 
Max. pit depth, pessimistic case 
(Pf=25), mm 

Supplied from the outside accord­
ing to table 4 
Radiolysis oxidants 

Average penetration, mm 
Max. pit depth, probable case 
(Pf=5), mm 
Max. pit depth, pessimistic case 
(Pf=25), mm 

Supplied from the outside accord­
ing to table 4 
Radiolysis oxidants 

Average penetration, mm 
Max. pit depth, probable case 
(P f=S), mm 
Max. pit depth, pessimistic case 
(Pf=25), mm 

0. 12 

0.6 

3.0 

0. 12 
0.00 

0. 12 

0.6 

3.0 

0.12 
0.00 

0.12 

0.6 

3.0 

* Estimated value 

0. 12 

0.01 

0.13 

0.7 

3.3 

0. 12 
0.00 

0.12 

0.6 

3.0 

0. 12 
0.00 

0.12 

0.6 

3.0 

0. 12 
0.00 

0. 12 

0.6 

3.0 

105 

0. 18 

0.05 

0.23 

1.1 

5.8 

0. 18 
0.00 

0. 18 

0.9 

4.5 

0 .18 
0. 00;', 

0. 18 

0.9 

4.5 

0. 18 
0.00 

0. 18 

0.9 

4.5 

0.68 

0.42 

1. 10 

5.5 

Perf 

0.68 
0.04 

0. 72 

3.6 

18 

0.68 
0. 01;', 

0.69 

3.5 

17 

0.68 
0.00 

0.68 

3.4 

17 
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Table 6. Depth of attack (mm) caused by reactants supplied from the outside; 
improbable case 

Reactant 

Oxygen 
Initially in deposition hole 
From tunnel without 
vivianite addition 
From groundwater via 
fractures 

Sulphide 
Initially in deposition hole 
From tunnel 
From groundwater via 
fractures 

Sulphate 
Initially in deposition hole 
From tunnel 
From groundwater via 
fractures 

Total, mm 

Oxygen 
Initially in deposition hole 
From tunnel without 
vivianite addition 
From groundwater via 
fractures 

Sulphide 
Initially in deposition hole 
From tunnel 
From groundwater via 
fractures 

Sulphate 
Initially in deposition hole 
From tunnel 
From groundwater via 
fractures 

Total, mm 

Bentonite with 0.81% so
4

2
-

without granite plug 
Exposure time, years 

0.04 

0.03 

0.00 

0.03 
0.00 

0.00 

1. 73 
0.36 

0.00 

2. 19 

104 

0.04 

0.03 

0.00 

0.03 
0.00 

0.00 

1. 73 
2. 19 

0.00 

4.02 

105 

0.04 

0.03 

0.00 

0.03 
0.03 

0.01 

1. 73 
4 .11 

0.04 

6.02 

0.04 

0.03 

0.02 

0.03 
0.32 

0.09 

1. 73 
5.48 

0.44 

8. 18 

Bentonite with 0.81% SO 
2

-
4 

with granite plug 
Exposure time, years 

0.04 

0.01 

0.00 

0.03 
0.00 

0.00 

1. 73 
0.06 

0.00 

0.04 

0.01 

0.00 

0.03 
0.00 

0.00 

1. 73 
0.37 

0.00 

1.87 2.18 

0.04 

0.01 

0.00 

0.03 
0.01 

0.01 

1. 73 
0.69 

0.04 

0.04 

0.01 

0.02 

0.03 
0.05 

0.09 

1. 73 
0.91 

0.44 

2.56 3.32 

Bentonite with 0.027% SO 
without granite plug 
Exposure time, years 

0.04 

0.03 

0.00 

0.00 
0.00 

0.00 

0.06 
0.00 

0.00 

0. 13 

104 

0.04 

0.03 

0.00 

0.00 
0.00 

0.00 

0.06 
0.02 

0.00 

0. 15 

105 

0.04 

0.03 

0.00 

0.00 
0.03 

0.01 

0.06 
0. 16 

0.04 

0.37 

0.0 

0.0 

0.0 

o. 
0. 

0. 

0. 
1. 

0. 

2. 



Table 7. Total attack on canister, improbable case 

Canister Reactant 
wall thick-
ness, mm 

60 

100 

200 

Supplied from the outside accord­
ing to table 6 
Radiolysis oxidants 

Average penetration, mm 
Max. pit depth (Pf=5), mm 
Max. pit depth (Pf=25), mm 

Supplied from the outside accord­
ing to table 6 
Radiolysis oxidants 

Average penetration, mm 
Max. pit depth (Pf=5), mm 
Max. pit depth (Pf=25), mm 

Supplied from the outside accord­
ing to table 6 
Radiolysis oxidants 

Average penetration, mm 
Max. pit depth (Pf=5), mm 
Max. pit depth (Pf=25), mm 

Supplied from the outside accord­
ing to table 6 
Radiolysis oxidants 

Average penetration, mm 
Max. pit depth (Pf=5), mm 
Max. pit depth (Pf=25), mm 

estimated value 

Rentonite with 0.81% so
4

2
-

without granite plug 
Depth (mm) during following 
exp. time (years) 

10
3 

2. 19 
0.00 

104 

4.02 
0.01 

105 

6.02 
0.05 

106 

8. 18 
0.42 

2.19 4.03 6.07 8.60 
Perf Perf Perf Perf 
Perf Perf Perf Perf 

2. 19 
0.00 

4.02 
0.00 

2. 19 4. 02 
11 20 
55 Perf 

2. 19 
0.00 

2. 19 
11 
55 

2. 19 
0.00 

2. 19 
11 
55 

4.02 
0.00 

4.02 
20 
Perf 

4.02 
0.00 

4.02 
20 

100 

6.02 
0.00 

8. 18 
0.04 

6.02 8.22 
30 41 
Perf Perf 

6.2 8.18 
0. 00'>', 0. OJ>', 

6.02 8.19 
30 41 
Perf Perf 

6.02 8.18 
0.00 0.00 

6.02 
30 

150 

8. 18 
41 
Perf 

rrrr1·:tr1n~--

2-Bentonite with 0.027% so
4 without granite plug 

Depth (mm) during following 
exp. time (years) 

103 

0.13 
0.00 

0.13 
0. 7 
3.3 

0. 13 
0.00 

0 .13 
0.7 
3.3 

0. 13 
0.00 

0. 13 
0.7 
3.3 

104 

0. 15 
0.01 

0. 16 
0.8 
4.0 

0. 15 
0.00 

0. 15 
0.8 
3.8 

0. 15 
0.00 

0. 15 
0.8 
3.8 

0.13 0.15 
0.00 0.00 

0. 13 
0.7 
3.3 

0. 15 
0.8 
3.8 

rnnt'rl 

105 

0.37 
0.05 

106 

2.64 
0.42 

0.42 3.06 
2.1 Perf 
Perf Perf 

0.37 2.64 
0.00 0.04 

0.37 2.68 
1.9 13 
9.3 Perf 

0.37 2.64 
o.oo·k o.oi,•, 

0.37 2.65 
1. 9 13 
9.3 66 

0.37 
0.00 

0.37 
I. 9 
9.3 

2.64 
0.00 

2.64 
13 
66 
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Table 7. (Cont'd) Total attack on canister, improbable case 

Canister Reactant Bentonite with 0.81% so 2-
wall thick- with granite Elug 

4 
ness, mm Depth (mm) during following 

exe. time (years) 

103 10
4 105 106 

10 Supplied from the outside accord-
ing to table 6 1. 87 2 .18 2.56 3.32 
Radiolysis oxidants 0.00 0.01 0.05 0.42 

Average penetration, mm 1. 87 2. 19 2.61 3.74 
Max. pit depth (Pf=S), mm 9.4 Perf Perf Perf 
Max. pit depth (P f=25), mm Perf Perf Perf Perf 

60 Supplied from the oustide accord-
ing to table 6 1. 87 2. 18 2.56 3.32 
Radiolysis oxidants 0.00 0.00 0.00 0.04 
-
Average penetration, mm 1. 87 2. 18 2.56 3.36 N Max. pit depth (P f=5), mm 9.4 11 13 17 V, 

Max. pit depth (Pf=25), mm 47 55 Perf Perf 

100 Supplied from the outside accord-
ing to table 6 1. 87 2. 18 2.56 3.32 
Radiolysis oxidants 0.00 0.00 0 .00>', 0 .01>'· 

Average penetration, mm 1. 87 2. 18 2.56 3.33 
Max. pit depth (P f=S), mm 9.4 11 13 17 
Max. pit depth (Pf=25), mm 47 SS 64 83 

200 Supplied from the oustide accord-
i.ng to table 6 1. 87 2. 18 2.56 3.32 
Radiolysis oxidants 0.00 0.00 0.00 0.00 

Average penetration, mm 1. 87 2. 18 2.S6 3.32 
Max. pit depth (Pf=S), mm 9.4 11 13 17 
Max. pit depth (P f=2S), mm 47 SS 64 83 

·k estimated value 
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Composition of the groundwater 

Appendi~_] 

(51 571) 

Ingmar Grenthe, Department of Organic Chemistry, Royal Institute of Techno­

logy 

The Swedish Corrosion Institute' s previous evaluation of the corrosion of 

copper in groundwater was based on information on the chemical composition 

and redox status of the groundwater (table 1 and appendix B).A more detailed 

body of analysis data from groundwaters from different sites is now available. 

These data will be used in the Corrosion Institute's new corrosion evaluation. 

Three different sites - Gidea, Fjallveden and Voxna - have been investigated, 

in general with several boreholes on each site. The composition of the ground­

water as a function of depth has been determined in each borehole. The number 

of measurement results is very large, and for the sake of simplicity, only 

maximum, median and minimum values of the different quantities for a given 

site are presented in the following tables. 

All analyses have been performed on unfiltered water. Two different laborato­

ries have been used, agreement between them is generally good. In certain 

cases, analysis results are obtained that differ greatly from other data. 

Faulty analysis or contamination of the sample cannot be ruled out here. It 

would have been desirable to check these data by means of a new water sample. 

This has not been possible due to the lapse of time between sampling and 

analysis. 

The analysis data are tabulated in table 1. 

The quantity of particulate matter is generally low. Table 2 shows an analysis 

of precipitation obtained by filtration through a 0.4 membrane filter. The 

concentrations are given as mg/1 of water. 

The concentrations of the different components agree well with previous data, 

with some important exceptions. The chloride concentration reaches consider­

ably higher values than had previously been assumed, while the sulphide and 

sulphate concentrations are considerably lower. 
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Eh measurements have also been performed in the field. The results have not 

been finally interpreted, but indicate that reducing conditions exist at the 

depths in question. The redox potential can probably also reach such low 

values that reduction of sulphate cannot be ruled out for thermodynamic 

reasons. Redox data are tabulated in table 3. 

Analysis Unit 

Conductivity S/cm 

pH 

Total organic 

carbon (TOC) mg C/1 

Ca 
2+ 

mg/1 

Mg2+ 

+ 
Na 

K+ 

Fe-tot 

Fe2 + 

Mn 
2+ 

Al 3+ 

Cu 
2+ 

Sr 
2+ 

HC0
3 

Cl 

so 2 -
4 

N0
3 

PO 3 -
4 

F 

Si0
2 

/HS-/+JH2SJ 

NH4 
+ 

H0
2 

Table 1 

min 

Gidea 

med 

22 

7 

0.6 3.9 

9 10 

0.8 2.3 

5 49 

0.6 2.3 

0.06 0.68 

0.03 0.30 

0.001 0.02 

0.01 0.01 

0.005 0.005 

0.07 0.08 

16 142 

1. 4 5.9 

0. 1 0.6 

0.01 0.035 

0.01 0.022 

0.8 2.6 

0.9 20 

0.01 0.02 

0.01 0.05 

0.002 0.004 

max 

128 

9.4 

10 

66 

6 

200 

7.6 

8.7 

7.4 

0. 35 

0.06 

0.03 

0.29 

166 

300 

12 

0.065 

0.085 

5.6 

25 

0.23 

0. 10 

0.045 

Fjallveden Voxna 

min med max min med max 

18 79 22 25 

7.1 8.9 8.3 9.6 

~ 

1. 9 7.8 58 1.4 5.0 80 

9 20 34 1 18 26 

0.8 3.8 6 0.5 1. 8 3.3 

25 42 138 21 35 54 

0.7 2.2 3.7 0.6 0.8 1. 9 

0.22 3.7 12 0.05 0. 19 0. 77 

0.02 2.7 10.3 0.02 0.13 0.46 

0.02 0.25 0.65 0.01 0.04 0.08 

0.01 0.04 0.28 0.01 0.01 0.04 

0.005 0.005 0.02 0.005 0.005 0.02 

0.09 0 .12 0.21 0.03 0.06 0.07 

79 170 229 120 130 141 

2.7 9.0 224 2 7.1 12 

0. 1 4 14 0.8 1. 1 2.5 

0.01 0.04 4.6 0.02 0.04 0.3 

0.01 0.04 0.26 0.001 0.08 1. 1 

0.2 1.4 5.7 2.1 4.5 6.5 

4.6 8.3 14.5 6.0 8.6 13 

0.01 0.04 0.20 0.01 0.01 0.07 

0.01 0.07 0.22 0.01 0.02 0.05 

0.002 0.005 0.05 0.002 0.002 0.005 
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Table 2. Analysis of particulate matter. 

Data are given in mg/1 of water 

Analysis Unit Gidea Fjallveden Voxna 

min med max min med max min med max 

s mg/1 0.0004, 0.0021 0.0034 0.002 0.015 0.05 0.0004 0.002 0.006 

Fe II 0.001 0.027 0.092 0. 027 0.13 0.9 0.002 0.004 0.80 

Al 0.001 0.025 0.24 0.04 0.17 0.67 0.002 0.08 0.27 

Table 3. Experimental Eh measurements at different depths:. The numbers indicate 

different boreholes. 

Gidea 2 

Gidea 4 

Fjallveden 2 

Fjallveden 4 

178 m 

328 m 

400 m 

544 m 

602 m 

96 m 

222 m 

404 m 

512 m 

616 m 

123 m 

342 m 

483 m 

605 m 

151 m 

317 m 

410 m 

496 m 

EhmV 

-100 

- 85 

- 90 

- 90 

-100 

- 30 

-120 

-120 - -200 

- 180 

-300 - -340 

- 80 

- 70 - -100 

- 80 - -140 

- 90 - -150 

- 90 

-110 

-110 

-170 

all measurement values 

decline with time 

the measurement values 

decline with time 
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Oxidation of copper by sulphate 

R. Hallberg and I. Grenthe 

4 

Appendix 2 

(51 571) 

Copper is the noblest (i.e. least reactive) of the common engineering mate­

rials and has been proposed as a material for canisters for spent nuclear 

fuel. A detailed discussion of possible corrosion mechanisms for copper has 

previously been presented in the main report from the Corrosion Institute and 

in the cited technical reports. The conditions under which metallic copper is 

thermodynamically stable are discussed in these reports. Published thermodyna­

mic data show that copper can be oxidized in aquatic environments similar to 

those that may exist in a nuclear fuel repository. 

Under the reducing conditions that prevail in groundwater at great depth, the 
+ most important of these oxidants is H in combination with another electron 

acceptor, e.g. Fe(II). 

The sulphide content of deep groundwaters is low in many places, less than 

0.5 ppm (see appendix 1), while the sulphate contents are often a factor of 

ten to 100 higher. Relatively large total sulphur contents (around O. 2%) 

occur in the bentonite grade that is intended to be used as a buffer material 

in the waste repository. 

The maximum corrosion of copper is determined by, among other things, the 

quantity of oxidants supplied; here, the quantity of sulphate is often domi­

nant. 

It is well known from the chemical literature that redox reactions that take 

place with the transfer of several electrons and a change of the chemical 

composition of oxidants or reductants are slow. The thermodynamically possible 

redox reactions of this kind are kinetically inhibited. 

In the case of sulphate, the kinetic inhibition is so strong that no examples 

of inorganic reduction of sulphate in aqueous solution and at room temperature 

are known. The following quote from R. A. Berner' s "Principles of Chemical 

Sedimentology", McGraw Hill, 1971, page 132, illustrates this: "The rate of 

nonbiological reduction of so
4

2
- to H

2
s by geologically reasonable reducing 

agents at room temperature is immeasurably slow." 
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We have attempted to verify this claim with different kinds of literature 
data. 

Reduction of sulphate by hydrogen 

Malinin and Khitarov (1969) have carried out semiquantitative detPrminations 
of the reduction of so

4 
2

- in solution with hydrogen at high pressures and 
temperatures. The authors conclude, op. ci t page 1025: "The resistance of 2- 0 so

4 
to reduction at 200 C must be noted again: it remains stable despite 

the fact that low temperatures favour reduction from the thermodynamic point 
of view." Measurable reduction does not occur until at 275°C and at a hydrogen 
pressure of several tens of atmospheres. The following table presents the 
results of the experimental measurements: 

Results of experiments in reduction of the sulphate ion by hydrogen 

in solutions of ZnS0
4 

Exp. I So. 

32 
3t 
30 
18 
26 
27 
28 
25 

4 
7 

15 
9 

10 
t2 
t3 
H 
43. 

tt 
44 
4.5 
20 
3i 
18 
19 
47 
3.( 
48 

t 
2 
8 

39 • 
50. 
5(. 
41 • 
42 • 

Results o{ Experiments in Reduction o! the Sul!ate Ion by Hrdrogen 
in Solution.s of Z ~04 -

Dur:iuon Ccncen. .:,( ,oh.tion, l!'-1 Press1..re o( Jiydro'{en, 1tmj Pres;nce j '· -c of r-un, 
O I hours Starting Final Starting Fina.I ! sulfide j 

135 48 0.01' 0.014 42 42 -t35 48 0.003 0 003 .u .u -135 48 0.062 0.058 42 42 -180 43 0.024 0 025 93 93 - I 185 45 o. 109 0.106 91 9t - I 135 45 0.109 - 9t - -1135 45 0.060 0 050 91 - -t90 69 0. 109 o. ttt 48 48 -200 67 o. \09 0.t22 8.2 8.2 -200 57 0.38 0.J9 8.2 8.2 -200 t2t 0.28 0.'.?6 0 0 -200 7t 0.26 0.Jt 20 20 -200 69 0.26 0.28 48 48 - I 200 68 0.26 0.25 t8S 185 -
I 

200 68 0.26 0.26 105 105 -200 12t 0.26 0.25 48 48 -200 45 0.97 1.00 92 92 - I 210 69 0.26 0.27 95 95 - I 235 43 0.97 0.77 too 84 (1} 235 43 0.47 0.48 92 I 

92 - I 

240 48 0.0tt 0.012 ts.5 t85 
I -2W 27 0.054 0.055 152 152 (7) 250 49 0.024 0 .02( 100 100 -250 49 0.021 0.024 0 0 -250 126 0.047 o. 045 103 103 -250 HO 0.t 13 0.120 93 93 (?) 250 126 0.113 0.109 103 103 -275 10 1.09 0.80 23.3 J + 275 69 1.09 0.64 12.8 t + 275 3J 0.38 - 13 - + 350 '7 1. 13 0.56 123 58 ++ 350 72 i.38 0.44 119 t ++ 350 46 1.38 0.84 119 14 ++ 450 73 t. 13 0 .01 193 6 ++ 4!;0 45 0. 113 0.003 143 14,() ++ 

•E:,:pertments manced with aster!.sk were m3de !n pl:ll:lnl.l.!Il-llced autoclaves, 
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Sulphur isotope data 

Ohrnoto (1972) has, after a survey of the literature (11 references), found 

reason to draw the following conclusion (page 576): "all suggests that 

the rates of both chemical and isotopic exchange reactions, particularly 

between the reduced and oxidized sulphur species, are extremely slow at 
0 temperatures below about 200 C." 

Biologically catalyzed sulphate reduction 

The reactions for sulphur can, however, be catalyzed by micro-organisms. This 

takes place with the aid of dissimilatorially sulphate-reducing bacteria. 

9H
+ 

8 
- sulphate-reducing bact. Hso4 + + e > H2S + 4H2o 

The hydrogen sulphide formed is protolysed according to the following equa­

tion: 

+ +H pK = 6.9 

Thus, both H
2
s and HS will be present at the pH values that can be expected 

in the planned final repository. These substances can react either directly 

or via other metal sulphides with the copper canister and form copper sul­

phides. Copper as a canister material can thus be expected to corrode in a 

repository with groundwater at a depth where the water is oxygen-free, since 

such water usually contains sulphide ions as a result of the above bacterial 

process. 

The quantity of hydrogen sulphide that can be formed is limited by the 

factors which in turn limit the bacterial process. These organisms are 

strictly anaerobic, i.e. they require an oxygen-free environment. In ground­

water, oxygen is consumed quite soon through a number of processes, both 

inorganic and biological. We can therefore assume that this requirement is 

always fulfilled very soon after the closure of the repository. 

Sulphate-reducing bacteria are heterotrophic, which means they require a 

source of organic carbon for their growth and reproduction. One of the most 

recent reviews of the bacteria of the S cycle and their nutritional require­

ments is a paper by Truper (1982). Examples of suitable hydrocarbons for the 
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sulphate-reducing organisms in question are acetate, formiate, propionate and 

fatty acids up to c
18

. Thus, they normally require rather simple hydrocarbons, 

but for conservative reasons, we should assume that all organic matter that 

is supplied to the final repository is degradable. 

In an experiment in a natural environment, Bagander (1977) has demonstrated a 

clear relationship between added quantities of organic matter (Chladophora 

detritus) and the quantity of reduced sulphate. The experiment lasted for 250 

days at pH = 7 and Eh = -200 mV. 

50 X 

N 
E -01 

w 
I-

~ 
lO X 

_J 

::> 
(./) 

0 
w X 

u 30 ::> 
0 
w 
a:: 

20--------t-----------T--
25 glm2 0 6.25 12.5 18.75 

ADDED ORGANIC MATTER 

Goldhaber and Kaplan (1975) have carried out a number of model calculations 

of the rate of biological sulphate reduction in marine sediments. The calcu-
-7 -1 -1 lations showed reduction rates down to 10 mol 1 year (op. cit table 

1 page 46). Biological sulphate reduction is expected to be many orders or 

magnitude faster than the inorganic process. The calculation method used is 

not without objection, but the authors nevertheless draw the following conclu-
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sion, op. cit page 45: "We believe that mathematical modelling gives a reason­
able perspective on the variability in sulphate reduction rates between 
different sedimentary environments." 

Geological evidence for inhibition of sulphate reduction 

There are many thermodynamically possible redox reactions between so
4

2
- and 

Fe(II), for example the following: 

~ + 9FeC0
3

(s) + so4 (aq) + 8H
2
0(l) -+ FeS(s) + 4Fe

2
o

3
(s) + 9HC0

3
-(aq) + 7H 

6.G
0 

= 85 kcal 

In groundwater with pH = 8. 5 and pHC0
3 

= 2. 7; ordinary values in granitic 
groundwaters are: 

2-
pS04 - 9pHC0

3 
- 7pH =-62 

i.e. 21.8 at equilibrium. 

-22 Groundwater always has much higher sulphate contents than 10 Ml 

Siderite, which is a common fracture mineral, would be expected to have a 
surface coating of Fe

2
o

3
(s) if the above reaction were not kinetically inhib­

ited. Siderite does not normally have surface coatings of this type, which 
can be viewed as additional evidence for strong kinetic inhibitions of in­
organic sulphate reduction. 

Reduction of sulphate in the presence of native copper 

The processes mentioned previously for the reduction of sulphate all took 
place without the simultaneous presence of copper. It is conceivable that the 
presence of metallic copper could catalyze the reduction of sulphate. But 
there is no evidence for such a hypothesis in the literature. 

W. Lindgren, in "Mineral Deposits", 4th Ed. McGraw Hill New York 1933, des­
cribes the composition of groundwater from the Quincy Mine in the Lake Supe­
rior district, a mine which contains a great deal of native copper and very 
insignificant amounts of copper sulphide (this is a rule for all native 
copper deposits). The composition of the mine water is shown in the following 

table. 



Table. 

Cl 

Bi 

Ca 2+ 

Na+ 

K+ 

so 2 
4 
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Mine water from the 4 000 foot level in the Quincy Mine in the 

Lake Superior district. 

176 g/1 Si0
2 

0.02 g/1 

2.2 g/1 (Fe,Al)
2
o

3 
0.01 tl 

86.S tl Mn 0.04 II 

15.2 II Cu 0.016 II 

0.41 tl Ni 0.006 II 

0. 11 tl Mg 0.02 tl 

The water is extremely saline, which means that it is probably very old 

(Frape, S.K. and Fritz, P. TR-201, page 46 op. cit: "At present, we can only 

say that the Canadian Shield brines appear to be very old. The most likely 

age based in isotopic composition of ancient sea waters and tectonic evidence 

would be Devonian (350-400 million years)." Chemistry and Geochemistry -

Proceedings of the Thirteenth Information Meeting of the Nuclear Fuel Waste 

Management Program", Pinawa, Manitoba, Canada, Vol. I, October 1982; see also 

Fritz, P, and Frape, S. K., Chemical Geology 36 (1982) 179) and has therefore 

not been in contact with the local and regional water circulation systems. 

This type of saline water is common at great depths in the Canadian Shield 

(Fritz, P. and Frape, S. K. Chemical Geology 36 (1982) 179). 

The mineralization is surrounded by a relatively porous basalt containing 

around 10% Fe(II). This is the probable source of the iron in the mine water. 

The iron analysis is reported in the form of oxide, but the transport in the 

water has naturally taken place in the form of dissolved Fe(II). The almost 

total absence of sulphides in the mineralization indicates that the sulphate 

does not stem from a bacterial oxidation of sulphide. 

The Quincy mineralization is a good example of a geological system where 

native copper has been in contact with water containing both sulphate and 

iron(II) without any appreciable quantities of cu
2
s forming. Both the geologi­

cal formation and the groundwater are very old, furnishing additional evidence 

for the strong kinetic inhibition of redox processes with sulphate. 

With the examples given above, we feel we have shown that the inorganic 

reduction of sulphate, with or without the presence of copper, takes place at 

such a low rate that sulphate does not have to be taken into account in 

calculating the life of copper canisters for radioative waste to any greater 

extent than the quantity that can be reduced with the aid of organic matter. 
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SUMMARY 

Background 

In a number of cases both in Sweden (e.g. in Finnsjon) and abroad, it has 
been observed that the composition of groundwater can deviate greatly from 
that which was assumed in the model calculations presented in KBS Report No. 
90. The prese~t report describes thermodynamic calculations carried out in an 
attempt to estimate the changes in the stability of copper and the changes in 

the total equilibrium concentration of dissolved copper species that occur in 
connection with different groundwater compositions. 

The calculations have been carried out at 25°C for three groundwaters that 

deviate in different ways from the "normal water" that was assumed in KBS 

Report No. 90, Appendix Bl: 

I 

II 

III 

Results 

Elevated chloride ion concentration (35 500 ppm) at pH= 8.5 
- 2-Groundwater with the highest values of Cl , HC0

3 
, so

4 
and F 

concentrations that have been observed and at the lowest measured 

pH value= 6.3 

Composition as II but with the highest measured pH value= 9.2 

o The_total_concentrations_of_dissolved_coeeer_seecies in equilibrium with 

metallic copper at different redox potentials (pe <0) will be completely 

determined in I, II and III by copper(I)chloride complexing. The total 

concentration increases at 35 500 ppm Cl by 4 powers of ten compared to 

"normal water". The relatively large changes in the equilibrium concen­

trations of the hydroxide, carbonate, sulphate and fluoride complexes do 
thus not affect the total concentration significantly at pe <0. 

o When the pH decreases to 6.3, the stabilit¥_range_of_the_metallic_coeeer 
is displaced towards higher pe values. At pH= 6.3, Cu(s) is stable up 

to pe = 1.66 (Eh= 98 mV). At pH= 9.2, the upper limit of the stability 

range is pe = -1.24 (Eh= -73 mV). 
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At y_H __ ,:= __ ~:.1 __ (_I_I)_, __ ~~{Q~l 1 . S~~O .S (~l is the stable phase at high pe 

values (in "normal water" CuO(s)). 

o If_Cu
2

S(s)_can_be_formed,the total Cu concentration in the solution will 

be very low throughout its stability range. At pH = 6.3, Cu
2
S(s) is 

stable when pe <-0.40. Cu(s) is then stable only in the range -0.40 <pe 

<l. 66. 
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INTRODUCTION 

As a basis for the thermodynamic estimates of the highest total concentra­

tions of dissolved copper species that can occur in equilibrium with metallic 

copper that were made in KBS Report No. 90, Appendix B ( 1.), a so-called 

"normal water" was used. The composition of this normal water is shown in 

table 1. Calculations have also been carried out for some minor deviations 

from this composition. 

Since that time, measurements and analyses of groundwater have been carried 

out in situ at, among other places, Finnsjon, Krakemala and Sterno (2.). In 

addition, new data are available today on groundwater compositions from 

Canadian studies, among others (3.). 

Large variations have been found in these studies in the composition of the 

groundwater, and in some cases large deviations from "normal water". This 

applies above all to chloride ion concentrations and pH, but higher sulphate, 

hydrogen carbonate and fluoride ion concentrations have also been measured. 

The different concentrations change the equilibrium concentration of copper 

species in contact with metallic copper and shift the stability ranges for 

the solid phases. 

In the present study, thermodynamic estimates have been made of the changes 

that could be caused by some observed extreme values of anion concentrations. 

CONCENTRATION VARIATIONS IN GROUNDWATER 

The composition of the "normal water" used in the thermodynamic calculations 

in KBS No. 90 Appendix B (1.) is given in table 1. Table 2 contains data on 

the probable composition and maximum values for groundwaters at great depths 

as given in KBS No. 90 (1.). SGU's (the Geological Survey of Sweden) measure­

ment results from the investigations at Finnsjon, Krakemala and Sterno have 

been reported in Ref. 2. An excerpt that shows examples of measurement results 

from Finnsjon is appended in table 3. The groundwater compositions in differ­

ent bedrocks reported by the AECL (3.) are given in table 4. 
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Extreme values of pH, [Cl-], [HC0
3

], 
2-

[SO 
4 

] and [ F ] from these sources 

have been compiled in table 5. It is evident there that the maximum concen­

trations measured by SGU for all ionic species significantly exceed those 

that were assumed in "normal water". Extremely high chloride and sulphate 

concentrations are given for saline groundwaters in the Canadian report. 

MODELS FOR THE EQUILIBRIUM CALCULATIONS 

The thermodynamic calculations have been carried out for 3 different ground­

water compositions with extreme concentration conditions: 

I "Normal water" according to table 1, but with a high chloride ion 

concentration, Cl = 35 500 ppm= 1 M 

II Cl = 35 500 ppm 

Hco
1
_ = 400 ppm 

so
4 

= 1 040 ppm 

F = 7.0 ppm 

pH = 6.3 

III : As II, but with pH 9. 2 

The calculations have been carried out using the same method as that employed 

in KBS No. 90, Appendix Bl, which is also appended as an Appendix here. Thus, 

the activity ratios between different species within the system have been 

calculated at 25°C and at different redox potentials. The equilibrium con­

stants have been taken from the Appendix. From the relative diagrams plotted 

in this manner, it has been possible to determine dominant species and stabil­

ity ranges for the solid phases. Adding together the concentrations of the 

species that dominate in equilibrium with metallic copper then gives the 

total concentration of copper in the groundwater at different redox poten­

tials. 

RESULTS 

Groundwater I 

The redox diagram for copper in equilibrium with "normal water" is shown in 

Figure 1. In addition, lines have been plotted for the species that are 

affected by an increase in the chloride concentration to 100 mM (35 500 ppm). 

It can be seen that at pe values <-0.54 (Eh <-32 mV), metallic copper is 

- 2- 2-
stable and that CuC1

2 ' 
CuC1

3 
and Cu

2
c1

4 
dominate in the solution. No 

other ions contribute significantly to the total concentration of copper. 
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The thecmudynamic stability of Cu(OH)l.
5

c1
0

_
5

(s) is so nearly equal to the 

stability of CuO(s) at the high chloride concentration that it is difficult 

due to the uncertainty in the equilibrium constants to determine which of 

them exists at high pe values. 

Groundwater II 

At pH= 6.3, carbonate occurs in the form of H
2
co

3 
and in the form of HC0

3 
. 

At the given total concentration of carbonate, pHC0
3 

= 2.51. 

For dissolved species, the concentration of hydroxide and carbonate complex 

will decrease substantially in relation to "normal water", while the fluoride 

and sulphate complexes will increase slightly. However, the copper(!) chloride 

complexes are completely dominant in groundwater II as well. In the redox 
- - 2-diagram, the lines for CuC1

2 
, CuC1

3 
and Cu

2
c1

4 will be identical to those 

given for these species in Figure 1 at 1 000 mM Cl . 

The pH reduction to pH= 6.3 leads to a widening of the stability range for 

Cu(s) all the way up to pe = 1.66 where Cu
2
0(s) is formed. At high pe values, 

Cu(OH)
1

_
5

c1
0

.
5

(s) is stable instead of CuO(s). 

If it is assumed that Cu
2

S(s) can be formed, its stability range will also be 

shifted towards higher pe values. If the constant values given in KBS No. 90 

are used, cu
2
S(s) will be stable at redox potentials that are lower than pe = 

-0.40 (Eh= -24 mV) in groundwater II. 

Groundwater III 

At pH = 9. 2, pHC0
3 

= 2. 21. The concentrations of all dissolved complexes 

increase in relation to "normal water". As in Groundwaters I and II, however, 

the copper(I)chloride complexes will be completely dominant and thus determine 

the total concentration of copper. 

In Groundwater III, Cu(s) will only be stable up to pe = -1.24, where Cu
2
0(s) 

is formed. If Cu
2
S(s) is assumed to be present, it is stable at pe values 

below -4.25 (Eh= -251 mV). 
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Total concentrations 

2-
The total concentration of dissolved copper species (CuC1

2 
, CuC1

3 
and 

2-
Cu2Cl4 ) in equilibrium with Cu(s) has been summarized in table 6. This is 

representative of all three groundwater compositions in the different parts 

of the pe range where Cu(s) is stable (For I below pe = -0.54, for II below 

pe = 1.66 and for III below pe = -1.24). In Figure 2, the total concentration 

line for 1 000 mM Cl has been drawn together with earlier calculations from 

KBS No. 90, Appendix Bl. As can be seen, the total concentrations at equilib­

rium are about 10
4 

times greater than in "normal water". 

Calculations have also been carried out under the assumption that Cu
2
S(s) is 

formed and in consideration of the fact that Cu
2
0(s) becomes stable in some 

cases already at pe <0. The total concentrations of copper that are thereby 

obtained in the pe range -9 - 0 are shown in table 7. 

The great concentration-reducing effect of Cu
2
S(s) is clear. It can also be 

seen that the oxidation to Cu
2
0(s) leads to a reduced concentration of copper 

species in the solution in the range above pe = -1 for the compositions I and 

III. 

DISCUSSION 

The parameters that determine both the existence ranges of the solid phases 

and the total concentrations of dissolved species at equilibrium in the 

investigated systems are redox potential, pH and chloride ion concentration. 

It has been assumed in the calculations that sufficient oxidant reaches the 

copper metal in order for the equilibrium concentrations to be reached. The 

other limitations in the calculations have also been the same as those given 

in the Appendix. 

It nevertheless deserves to be mentioned that both the AECL work and the SGU 

measurements have reported nitrate concentrations that exceed those discussed 
+ 

in KBS No. 90, and that the SGU measurements have found some NH
4 

. The higher 

sulphate ion concentration should also be borne in mind in any further discus­

sions of the probability of sulphate reduction. Temperature effects were not 

to be dealt with in this report. 
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Groundwater composition used in thermodynamic calculations in KBS No. 90 

(Ref. 1) 

Table 1. Data for "normal water" 

Table 4. 

8.5 

500 mg/1 

120 

100 

It 

1.5, " 

0.04 

0 

Grounq,water compositions, AECL (Ref. '.1) 

&ufQr °' DJ>i:i:,-af·o-TER CONPOSn'l'Olt8 

Conce.o'tra'tion in .,,.,t Repreaent&tive 

Cr&'1ite ll&aalt Salin• SaJ.J.n• of 
GCW BGW 11!11 scsss Pre-cloauret 

la 0,3 30.0 1910 5 050 early 
IC 3.5 • 9.4 14 50 
14& 3.9 l.O 61 200 
Ca 13.0 6.6 2130 15 000 

Poat-closure 
early 

Sr - - 24 20 Poat-closure 

Fe - - o.6 - late 

IIC01 - 58 68 10 
Cl 5.0 16 6460 34 260 
so. 6.6 24 1040 790 
ll01 o.6 - 33 50 
I' 0.2 a.a - -
DR 6.510.5 8.0t0.3 H0.5 H0.5 

'.:'JJlU: III 

COIUIOSIOI OF COPPER Ill 11!11 SAU!f!: SOLUT!Oll· AND BEIITONITE AT 75•c 

Air Saturated Air Free 
Ti.a~ or Corrosion Penetration Corrosion Penetratioc 

lllmeraion Current Rate Current Rate 
(davs) ua/cm2 \il!i/Yr ~a/cm 2 1J11J/yr 

l - - 0.1 B.o 
2 (24 C) l.O 12 0.21 2.4 
3 (65 C) 1.0 12 0.08 0.90 
4 (65 Cl - - 0.040 0.45 
5 3. 5 40 0.082 0.95 
8 6.3 75 0.055 o.63 
9 9.1 105 0.044 0.50 

10 8.6 100 0.044 a.so 
11 14.4 165 o.047 o. 55 
125 14.4 165 - --
15 17.2 200 0.047 0.55 

14.1 mM 

2.7" 

1. 0 " 

0.08" 

0.4 M 

TEST EllVIRO!lMEJITS 

Temperature 
•c Atmosphere 
75 Air, 1 a:tm 

150 N2, 10 atm 

75 N2 • l atm 

TABLE IV 

Test~ 
Electrochemical 

Imnersion 

Electrochemical 

CORROSION OF COPPER IN 1/Nl SAUNE SOLUTION 

AT 1so•c AIR FREE 

Time or Average CorrosJioo 
Immersion Penetration Rate 

(davs) (UIU) (um/vr) 

No BentonitS, 

7 0.10 5.2 
10 o.,6 9. S 
40 0.35 3. 2 
50 0. 36 2.6 
Bo 0.46 2.1 
90 0.60 2.1. 

111th Bent.cni t"e 

20 0.20 3.6 
50 O .1.3 3 .1 

100 [ 0. 38 l.;,. 
I 
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Table 2. 

Groundwater composition according to KBS No. 90 (Ref. 1) 

Analysis Uni.t13 Probable Min. valuex) Max. value 
interval 

Conductivity S/cm 400-600 1100 

pH 7,2-8.5 9.0 
~ 

KMn0 4 cons. ms/+ 20-40 50 

COD~n " 5-J.O 
Ca2 " 25-50 

12.5 

10 60 

Mg 2+ II 5-20 30 

Na 
+ II 10-100 100 

I<+ II 1-5 10 

Fe-tot 1-20 30 

Fe 
2+ II 0.5-15 30 

Mn2+ II 0.1-0.5 3 
- .. - ·--·-

HCO 3 " 60-400 500 

co2 
II 0-25 

Cl - II 5-50 

35 
lOOxx) 

so 4 
2- II 1-15 50 

NO
3 

II 0.1-0.5 

PO 3- II 0.01-0.1 
4 

2 

0. 5 

F II 0.5-2 8 

SiO2 
II 5-30 40 

HS II < 0.1-1 5 

NH
4 

+ II 0.1-0.4 2 

NO2 
II < 0.01-0.l 0.5 

02 
II < 0.01-0.07 0.1 

x) Estimated probability for that the values will not be lower 

than the minimum or higher than the maxi.mum is 9Si 
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Table 3. 

Groundwater analyses according to SGU report (Ref. 2) 

Examples of analyses from FinnsjBn 

Site Borehole Depth Date Cond. Cond. pH pH 

lab. field lab. field 

s/cm s/cm 

3 2 385 771203 510 - 7.75 
3 2 385 771207 520 - 7.65 
3 lj 152 791026 990 800 8.05 8.50 
3 ,, 152 791030 950 700 7.90 8. ,, 5 

3 11 152 791204 970 760 7,95 8.70 
3 1, 152 791212 940 710 7.95 8.80 
3 4 247 800117 1200 980 8.00 9. 1 5 
3 1, 2 IJ 7 800123 1600 1100 7,80 9 . 1 0 
3 11 2 IJ7 800229 780 660 1.80 8.00 
3 4 368 800314. 770 700 7.90 8.40 
3 4 368 800328 760 590 7. 90 8. 1 0 
3 lj 368 800426 780 l.J 05 7.80 ·7. 6 0 
3 4 368 800IJ29 770 500 1.&n 1 . 1 0 
3 4 534 800507 7 8 0 5 35 1,Do 1.10 
3 Ii 5 3 11 8 005 1 IJ 780 6115 7,80 '1. Bo 
3 I( 534 800521 770 575 1.10 1.60 
3 11 5 3 If 800528 770 570 7. 8{} ?.65 
3 5 1 I.I 1 790811J 8300 - 7. 5,0 
3 5 1 4 1 790911 7600 6600 7,65 7.55 
3 5 1 ll 1 791003 750a 5500 7, 65 7.70 
3 5 1 4 1 791018 750'0 5300 7,60 7. 80 
3 5 1 lj 1 791206 730f.l 5350 7,55 8. Ii 0 

3 5 205 800118 9600 7100 7.60 8.60 
3 5 205 800125 9500 6800 1.10 8 •· 7 5 

3 5 205 800129 9400 6,800 rr • 6 0 &.70 

3 5 205 800208 9100 5900 1.60 7 . t.i 0 
3 5 205 800215 9000 6100 7.30 7.95 
3 5 297 800320 12500 7100 7.60 8. li 0 

3 5 297 800328 13000 7800 7. 6 0 8. 3 O 

3 5 297 80041-1 12 00 01 7&00 7. IJ 0 8.30 
3 5 297 8 0 0 Ii 17 12000 6700 7. ll 0 7. 85 
3 5 297 800ll22 12000 6600 1.00 8.00 
3 5 297 8001128 15500 5950 7,60 7. 85 
3 5 381l 800514 18000 5550 7.40 7. 7 5 
3 5 3 8 11 800521 18500 lj 3 0 0 7 . lj 0 7.55 

3 5 384 000528 18500 ,, 250 7.50 'I . 7 0 
3 7 123 800902 500 - 7.85 

Table 18 cont'd. 

.Mn04 
Total Total Si0

2 
temand hardness org. 

Ca carbon 

1p, 37 9 . 8 6.2 
lj 0 36 9. 8 6. 0 
50 33 9. 2 1 5 
112 32 8. 6 , 4 
112 33 8 , lj 1 3 
116 39 1 0. 0 1 lj 
lj 0 52 8.6 1 4 
35 92 8. 4 1 0 
38 31 10.0 1 6 
38 30 1 0. 6 1 6 
38 30 9.0 17 
36 28 8. 4 1 3 
31 28 7.8 1 5 
lj ~ 29 7.8 12 
44 29 7. 8 1 3 
lj 5 29 7. 8 1 3 
43 29 8.0 1 4 
20 800 3. 6 8.6 
19 790 4.0 1 1 

32 7 4 lj 4.2 1 2 
36 7 li lj 11: 2 l 2 
311 7115 3'. 8 1 0 

35 1 l 4 0 4 • 3 5.0 
35 1090 3,7 1 0 

35 1060 3. 9 9.0 
35 1 100 3.8 10 
25 1080 3. 6 9. 5 
38 1605 ~.o 9.5 
30 1 6 1 5 2.8 1 1 
, 0 1660 1 . 9 1 1 

1 0 1 6 1 5 1.9 1 , 

10 161 5 1 . 9 1.0 
9 1630 1 • 6 1 1 
9 1935 1 • 2 12 

9 1955 1 • 0 1 1 
6 19 110 1 . 2 , 2 

36 45 6.2 1 6 
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SGU analyses con't. 

Site Borehole Depth Date . Ca Mg Na K Cl S04 HC03 
NH

4 N02 N03 
P04 

Fe2+ Fe Mn F 

(m) 
(total) 

3 2 385 771203 30 It_ 5 92 4 • 4 24 2 • 1 325 0. 11 <0.01 o. 18 <0.01 - 6.6 0. 1 U 1.5 
3 2 385 771207 30 4 96 5.6 32 2. ll 320 0.08 (0.01 0.22 <0.01 - 7 . 8 0. 1 0 i . 5 

3 
,, 152 791026 23 6 180 2.9 1 36 4 7 383 0. 1 8 0.02 0.011 0.09 - 2 . 4 0.05 3 • 3 

3 ,, 152 791030 25 4 225 3,0 127 11 4 386 0.17 <0.01 0.08 0,01 1. 8 1. 8 0 . 0 ll 3 . 5 

3 4 152 791204 24 5.5 225 3. 1 133 48 390 0.20 0.01 0.20 0.06 4 . 8 5 . 1 0.06 3. 5 

3 ,, 152 791212 23 9.5 210 3 • 1 124 46 389 0. 17 0. 0 1 0. 10 0.05 3. 3 3. 4 0.05 3 . 5 

3 4 2117 800117 40 1 215 3 200 40 360 0.26 0.01 0.01 0,06 3.2 3,2 0.06 2.5 

3 I~ 247 800123 76 10 275 4 360 51 335 0.29 0.02 <0.01 0.06 5.8 5. 8 0 . 1 1 2.5 

3 11 2117 800229 24 Q 170 2.8 74 30 390 0.20 <0.01 0.09 0. l 6 6. 1 6 • , 0.08 2 . i 

3 
,, 368 800314 23 4 165 2.7 72 30 388 0. 21 <0.01 0.09 0. 16 3,8 3. 8 0.07 2 . 1 

3 11 368 80,0328 23 11 165 2. 8 70 26 ?87 0.20 <0.01 0.09 0.22 3. 0 3. 0 0.05 2 • 1 

3 4 3 68 8001126 22 4 165 2.8 72 25 397 0.24 <0.01 o.oti 0.09 1.9 9.2 0.08 2.6 

3 11 368 800429 22 4 165 2.7 72 29 395 0.23 <0.01 o.ou 0.09 7.8 9.1 0.08 2.0 

3 
,, 5311 800507 22 ,, 165 2.9 75 29 395 0.23 0.03 0.02 0.09 7. 3 8.0 0.08 2.2 

3 11 531J 80051 li 22 11 170 2.8 75 29 393 0.23 0.03 0.03 0.08 6. 6 6.8 0.07 2.2 

3 If 531J 800521 22 4 170 2. 8 75 19 393 0.22 0.03 0.03 0.09 2. 4 7.9 0.05 3.0 
• 

3 ,, 5311 800528 22 ,, 170 2.7 75 1 9 393 0.27 0.03 0.03 0.08 5.9 5. 9 o. o G 3.0 N 

3 5 1 11 1 7 9 0 8 1 11 650 89 900 10 2650 2211 1 5 1 1. 3 4 0.02 0.07 0.05 2. 9 0 . 7 1 0.90 N -
3 5 1 ,, 1 790911 6110 89 900 10 2520 225 166 1. 38 0.03 0.05 0.06 - 2. 8 0.75 1 . 1 

3 5 1 lj 1 791003 6 Ii 1 62 875 9 . 1 2700 22it 1 6 1 1. 37 0.02 0.05 0.05 - 3 . 1 0.75 1 • 1 

3 5 iin 791018 6 lJ 3 79 900 9. 1 2 7 OU 197 1 6 1 1 . 3 2 0.02 0.03 0.01 - 2.7 0.75 1 • 1 

3 5 1 ,, 1 7 9 120 6 630 10 1000 10 2580 236 l 6 1 L 1J 0 0.02 0. 1 1 0. 10 1-~ 9 . 2 0 . 7 u 1 . l 

p 3 5 205 800118 955 110 1100 10 3500 300 70 0.75 0.011 <0.01 0. 1 3 3.2 3.1 0.59 0.711 

3 5 205 800125 875 130 1100 1 0 31100 325 811 o.85 0,03 <0.01 0. 1 3 2. 9 3 . 1 0.65 0.'10 
3 5 205 800129 875 110 1100 10 3il00 32 5 85 o.86 0.02 <0.01 0. 1 4 3,0 3.0 0 . 6 (i O . f\ 5 

3 5 205 800208 875 1 it 0 1100 10 31100 320 05 0.81 0.03 <0.01 0 . 1 l.J 2.7 3 • l 0.67 O.fL' 
~;I 3 5 205 800215 900 1 1 0 1 100 9. ,, 31150 325 83 0.03 2.20 <0.10 0. 1 3 3. l.j 6. 2 0. 6 7 0. 7 11 

3 5 297 800320 1 ,, 4 0 100 1250 7.6 11580 325 39 0. 2 1 0.02 0. 1 0 0. 1 6 3.5 3.5 0 • ,, 1 n -11 
" • I 

3 5 297 800328 l 115 0 100 1300 7.5 11700 330 39 0. 2 l 0.03 0. 1 0 0. 18 2. 9 3 . 1 0 . It 11 0 . 7 r; 
3 5 297 800411 1530 BO 1 380 7. 3 11500 288 38 0.20 0. 0 1 0.02 0. 1 6 2.2 2.5 0. 1, 6 1 . :2 

3 5 297 8001117 1500 70 1380 7.2 11650 300 39 0 . 2 1 0 . 0 1 0.04 0. 1 5 2 • l.j 2 • lj 0 11 -• I ; ~ 3 
3 5 2 97 800112 2 1500 70 1320 7.2 11650 300 33 0.20 0. 0 1 0.02 0.39 2.5 7.0 a.so I • 

~ 

3 5 2 9 7 6001, 2 8 1500 80 1320 6. 9 1l7 50 300 39 0.21 0. 0 1 <0.01 0. 1 5 2.2 2.2 0. I, 7 ·, l, 

3 5 3 13 11 8 0 0 5 1 ll 1730 125 1118 0 8,0 5650 312 39 0 . lj 4 <0.01 0.02 0. 16 2. 5 3.0 0 • 7 Cl '. • 1 

3 5 3 8 11 8 0 0 5 2 l 1 7 9 0 100 1500 8.3 5650 32 11 lj lj o.riti <0.01 0.02 0. 1 9 2.4 3 • II 0.70 1 . i 

3 5 3 811 800528 1790 90 1460 8.2 5500 312 11 1 0.48 <0.01 < 0. 0 1 0. 17 2.8 3 . Ii 0. f'3 1 • 1 
.,, 1 ? :i AOOQO;> 16 5. 5. 911 1 . 11 23 7 333 0.01 0. 1 2 0.92 0.03 2.9 2. 9 0 . 1 3 2 . 0 

' 
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Table 5. Maximum concentrations of some ions in the groundwater 

KBS No. 90 KBS No. 90 SGU, max. AECL ( 3. ) 

"normal water" max. values measured ( 2. ) max. values 

mg/1 mg/1 mg/1 mg/1 

Cl 500(5000) 100 5650 34280 

HC0
3 

120 500 395 68 

so2 -
4 

100 50 330 1040 

F 1.5 8 7 0.8 

N0
3

+N0
2 

2.5 4.4(0.4) 50 

+ 
NH4 2 1. 4 

pH 8.5(9.5) 9.0(7.2-8.5) 6.3-9.2 6.5-8.0 

t ' 

j. 
I 
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Redox diagram for system 

Cu-H 0-Cl--CO 2--so 2--F 
2 3 4 

------"Normal water" at 2s 0 c 

1 000 mM Cl 

- 4S"O UJ. (S) - JOO - JSO 

-s 

/ 
:;/ 

J 
... i 
..:1 

~ i ·-·-

KBS Report 

1/Z Cuz{OH)t-r 
Cu.C03 
CU(OH)i 
Cu (CCJifz­
Cu. OH-t 
cu. 2. 't 

CU SD41 
Cu c.u 

L---:::::;::::::::-;;::;;;-- CU ( OH); 

Cu.Ft 
Cu (OH)!-
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for "normal water'' in thermo­

dynamic equilibrium w:it~h metallic 

ccpper ,0,t various l, pH ar,,i :_~l 

KBS Report 

I Gg [CL,J1,, (H) 

ZS" "C. 

i s 
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-6 

PE 

-9 
-8 
-7 
-6 
--s 

--2 
-1 

(., 

Table 6. 
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Table 7. 
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Total concentrations of dissolved Cu species at equilibrium 

with Cu(s) 

Groundwaters I, II and III 

E(SHE) 
Ml-i 

-'532. 4 
-•.'.j.73. 3 
-4-14.1 
-354.9 

~-236. 6 
-177.5 
-1 UL 3 

0 

CCUJT!JT 
M 

1.4205E-12 
1. -:-~205E-11 
1 . 4-2(:SE-1 (> 

1.4205E-9 
• OO(H)OOO 14205 
.00000014205 
:1 ()(;l)(i(i 1 :;-2(),:) 

• ;>~,i) 14281 
.0014965 

[CUJ:iJT 

• ()(i(ii)9()26 7 

·-1 (:()t)9(j2,::l 7 

.. (.!(;9(;::.~ ·7 

.: 9(L3:18 
9 .. 1.)75 
95. 1:)97 

Total concentrations of dissolved Cu species at equilibrium 

with Cu(s), cu2S(s) and Cu20(s) for Groundwaters I, II and 

III 

I 
M 

1 ~ 7(>7:3E-29 
1.7078E-25 
1.7078E-21 
1.7078E-17 
1. 7078E-1-3 
1.7078E-9 
• ()(.100014206 
. 000014-213 
. 0(,01 .G.281 
.U004316 

I I 
M 

2.1011E-38 
2.1011E-34 
2. 101 lE-30 
2.1011E-26 
2. 101 lE-22 
2.1011E-18 
2. 1012E- 1 '-+ 
2.1023E-10 
.0000021123 
.0014965 

I II 
M 

7=988LE-27 
7.9'881E-23 
7.9881~--1'7 
7.9881E-15 
7.938L:::-1i 
. 00000(, 1 :+:2( 
• 0(101)(1 1 W20,: 

• O(,(H) l 4'.21 ::: 
• 1.)(H)t):3:2 i 79 
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Appendix Bl 

Thermodynamic calculations of equilibrium concentrations for the system 
Cu-H

2
0-Cl--CO~--so!--F- at various redox potentials and temperatures 

Tom Wallin and Derek Lewis 

Department of Inorganic Chemistry, 

Royal Institute of Technology 

INTRODUCTION 

In connection with an investigation of the suitability of various metals for 
the encapsulation of radioactive waste for "final storage", KBS (1) has asked 
for estimates of the equilibrium concentrations of copper species in a speci­
fied groundwater, known as "normal water", which is in thermodynamic equilib­
rium with pure metallic copper. 

The present report summarizes the results of a study of the considerable 
amount of thermodynamic data which is required for an estimate of the total 
copper concentration at equilibrium in the system Cu-H

2
0-Cl--CO~--F- at 

various temperatures. 

The study has been conducted in the following stages: 

1. Review of the literature for a definition of known copper species in the 
solid phase and in solution under the given conditions. 

2. Collection and evaluation of published thermodynamic data for all rele­
vant equilibria. 

3. Calculations to estimate equilibrium constants for the predominant 
species at temperatures up to 125°C. 

4. Calculation of relative activity ratios of the individual species within 
0 the system at 25 C and at various redox potentials (relative diagrams -

redox diagrams). 

5. Estimation of the total copper concentration which is attained when pure 
metallic copper at 25°C and 100°c is in thermodynamic equilibrium with 
"normal water", or in the event of some reasonable deviations from 
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"normal water" with respect to pH and l Cl-]. Equilibrium concentrations 

are expressed as a function of the system's redox potential. 

6. Discussion of some factors which can affect corrosion processes in the 

real system. 

BASIC ASSUMPTIONS FOR THE THERMODYNAMIC CALCULATIONS - DEFINITION OF SYSTEM 

Thermodynamic calculations for pure (unalloyed) metallic copper in equilibrium 

with so-called "normal water" are sought for the temperature range 20-130°c. 

The following composition has been specified for "normal water" ( 1): 

Table 1 Data for "normal water" 

pH 8.5 
-

[Cl ]tot 500 mg/1 14.1 mM 

[H2;~3]tot 
120 " 2.7" 

[S04 ]tot 100 " 1. 0 " 

[F ]tot 1. 5 " 0.08" 

3- 0.04" [P04 ]tot 0.4 µM 

[02] 0 

There is also great interest as to how the copper concentration would be 

affected by deviations from "normal" towards Baltic seawater, whereby the pH 

drops to 7.8, [Cl-] increases to approx. 115 mM, the carbonate concentration 

drops to 1. 6 mM and the sulphate concentration increases to 5. 7 mM. The 

oxygen content of Baltic seawater is 8-14 mg/1. 

The presence of a natural and suitable redox buffer with appreciable buffering 

capacity cannot be assumed. The calculations have therefore been carried out 

so that a suitable redox potential can be selected in the event of the addi­

tion of a redox buffer system. It has been assumed that the above concentra­

tions apply at both 25°C and 100°C and that the pressure has been close 

to 1 atm. 

COPPER-BEARING SPECIES AND THERMODYNAMIC DATA 

A review of the literature, primarily via Stability Constants (2.), has been 

undertaken in order to establish known copper species in the system and 

relevant equilibrium data. In assessing equilibrium constants, comparisons 
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with asses::;ments in ot_!-1er tabular collections of thermodynamic data (3-6) 
have also been made. Some recently published studies (7-9) have dealt with 
smaller parts of the system in question. 

Very few equilibrium data have been determined experimentally at temperatures 
higher than 25°C. A special study has been conducted to estimate the tempera­
ture-dependence of the equilibrium constants (Appendix B2). 

Table 2 lists relevant copper species and equilibrium constants at 25°C and 0 - 2- 2- -100 C in the system Cu-H
2

0-Cl -co
3 

-so
4 

-F . 

The equilibrium constants, logTKr' in Table 2 have been defined as reduction 
constants for the formation of one mole of Cu(s) with, in relevant cases, the 
consumption of H+ and the formation of Cl - , Hco;, soi- and F according to 
the equation. 

+ - 2-1/x A+ yH + ze + Cu(s) + pCl + qHC0
3 

+ rso4 + sF + tH20 

zpe + log 
[c1-JP[Hco3)q[sof-Jr[F-) 5 

[H+]y 
- log 

where x is the number of copper atoms in the Cu-bearing species A with activ­
ity aA. The activity of copper with oxidation number zero,F aCU(s), has been 
taken to be equal to one for pure metallic copper. pe = RTlnlO • ESHE where 
ESHE = the redox potential relative to a standard hydrogen electrode (at o E o E 25C,pe:e SHE(mV);atlOOC,pe:e SHE). 

60 74 

Extrapolation to the higher temperature has not been carried out for certain 
species which, after examination of the data at 25°C, have been judged to 
make only a negligible contribution to the total copper concentration. 

The following protolysis constants have been used: 

+ 
H + OH - H

2
o --

H+ 2-
Hco

3 
+ co

3 
~ 

H+ + HC0
3 
~ H

2
co

3 

logTK 

25°C 100°C 

14.00 12.3 

10.329 

6.352 

10.26 

5.97 
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Table 2. Species and reduction constants (see text) considered here for the 

Dissolved 

Solid 

- 2- 2- - 0 0 
system Cu-H 0-Cl -CO -SO -F at 25 C and 100 C 

2 '.}--= 

Species 

+ 
Cu 

Cu2+ 

Cu(OH)+ 

Cu(OH)
2 

Cu(OH); 

2-
Cu(OH)4 

4+ 
l/2Cu

2
(0H) 2 

CuCl 

CuC1
2 

CiClr 

2-
l/2Cu2Cl4 

+ 
CuCl 

CuC0
3 

2-
Cu(C03)2 

CuS0
4 

+ 
CuF 

1/2Cu
2
0(s) 

CuO(s) 

CuO(H
2
0)(s) 

CuO(H
2
o) 2

(s) 

CuCl(s) 

Cu(OH) 1
_
5

c1 0
_5

(s) 

CuC0
3

(s) 

l/3Cu
3

(0H)
2

(C0
3

)
2

(s) 

Cu(OH)
1

_
5

(so4
) 0

_25
(s) 

l/3Cu
3

(0H)
4
so4 (s) 

l/sCu
2

(0H)
2

co
3

(s) 

8.76 

11.44 

19.44 

26.5 

39.2 

51. 05 

16.62 

6.06 

3.26 

3.06 

2.21 

11.04 

15.04 

22.27 

9.08 

10.14 

7. 96 

19.06 

20.08 

20.74 

2.03 

15. 14 

12.14 

12.34 

15.69 

14.37 

14.02 

100°C 

7.66 

10. 72 

15.90 

21.42 

32.3 

14.82 

4.93 

1.98 

3.42 

3.57 

11.58 

16.44 

7.65 

16.00 

17.80 

1.49 

13 .06 

16.38 

10.56 

12.00 
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CONCENTRATION CONDITJONS 

Figure 1 presents the relative activity of different Cu-bearing species as a 
function of the redox potential, pe. The logarithmic diagram has been plotted 
with the concentrations which were given for "normal water". The activity of 
copper, aCu(s)' has been used as a reference for the activity ratio. 

Figure 2 shows the corresponding diagram for the equilibria at l00°C. Some 
minor species have not been included. 

In the part of the diagrams where pure copper is stable (aCu(s) = 1), the 
concentration (log[CuY ]) for all mononuclear species can be read directly at z 
different redox potentials. In the case of polynuclear complexes, Cu Y , 

X Z log[Cu Y ]l/x is read instead. The positions of some solid phases which are X Z 

not stable at equilibrium for the concentration present in "normal water" 
have. also been marked. 

The diagram is intended to be used quantitatively only in the region where 
Cu(s) is stable, but it can also give _an indication of what might occur if 
the redox potential were displaced out of this region or if the composition 
of the water is altered slightly. 

As is evident from the diagrams, no copper species occur with a concentration 
-6 greater than 10 M ( ~0.05 mg Cy/1) at redox potentials lower than -100 mV. 

The copper(!) chloride complexes dominate the entire region below -100 mV at 
25°C, while the hydrolysis and carbonate complexes become more significant 
above -150 mV at 100°C and at the pH level of the "normal water". 

In figure 3, the total concentration of dissolved copper species has been 
plotted as a function of the redox potential at 25°C and 100°c. The values 
which would be obtained if the chloride concentration were increased by a 
power of 10 (to 141 mM = 5 000 mg/1) and if the pH were increased by one unit 
to 9.5 have also been plotted. At pH= 9.5, Cu(s) is not stable above approx. 
-100 mV. A pH reduction would only lead to a reduction of the total copper 
concentration at 100°c and E values above -150 mV. (The effects of redox 
buffer systems are not dealt with here.) 
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DISCUSSION 

This report is concerned with the thermodynamic stability of copper and it 1s 

appropriate to list briefly some of the factors to be considered if it is 

used in the assessment of the corrosion of copper. 

1. There is some uncertainty in the present results, which arises ma inly 

for the following reasons: 

• 

a) The assumption that quantitative data have been published for all 

relevant Cu species. However, copper equilibria have indeed been 

comparatively thoroughly studied. 

b) Practically all experimental determinations of equiljbrium constants 

for Cu-species have been carried out at considerably higher Cu 

concentrations, which has necessitated long extrapolations . 

c) Extrapolation to temperatures higher than 25°C introduces an uncer­

tainty which is estimated to be usually less than +0.5 log units 

(see Appendix B2). Experimental results for higher temperatures, 

however, are almost entirely lacking. In cases where constants for 
2-

higher temperatures have been particularly uncertain (e.g. Cu(C0
3

)
2 

and CuC0
3
), the least favourable value from the viewpoint of corro­

sion has been used. 

d) The uncertainty in the total concentration of copper is probably 

considerably less than +0.5 log units at 25°C and approx.+] log 

unit at 100°C. 

2. The thermodynamic calculations are based entirely on the given system 

specification. Thus, it is assumed that: 

a) No other molecular species which can form complexes with copper, 

e.g. biological degradation production, are present. 

b) No nitrogen compounds (e.g. N0
3

, organic complexing agents) which 

could form NH
3 

are present. 
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c) No biochemical processes (bacterial). 

d) The data apply to very pure Cu(s). 

In assessing the corrosion of copper on the basis of the thermodynamic data 
presented here, it is also essential to take into account kinetic factors and 
specific medium effects, as well as considerations such as: 

a) The risk of corrosion currents due to temperature gradients in the 
system. 

b) The risk of formation of local cells, if the copper is impure or if 
it is in contact with other metals or alloys. 

c) The risk that the equilibrium constants which apply in aqueous 
solutions may not be valid for the medium in question (gel?). 

d) Irradiation effects (e.g. tt
2
o

2 
formation). 

Addition of redox buffer necessitates thermodynamic analysis of the new 
system which can be expected to arise. 

Experimental data should be obtained for any system intended for practical 
use. The thermodynamic calculations provide an effective basis for planning 
such an experimental programme. 



34 

REFERENCES 

1. Hannerz, K., "Dissolution of copper in groundwater in the presence of a 

temperature gradient" ASEA-ATOM. Meddelande 770406. 

2. Sillen, L.G. and Martell, A.E., Stability Constants of Metal Ion Com­

plexes, The Chemical Society, London, Spee. Puhl. No. 17, 1964 and No. 

25, 1971 

3. Latimer, W.M., The Oxidation States of the Elements and Their Potentials 

in Aqueous Solutions, 2nd ed. Prentice Hall, New Jersey, 1852 

4. Baes, C.F. and Mesmer, R.E., The Hydrolysis of Cations, Wiley N.Y. 1976 

5. Pourbaix, M., Atlas of Electrochemical Equilibria in Aqueous Solutions, 

Pergamon Press, Oxford, 1966 

0. ,Smith. R.M. and Martell A.E., Critical Stability Constants Volume 4, 

Plenum Press. N. Y. 1976 

7. Pourbaix, M., J. Electrochem. Soc. 123 260 (1976) 

8. Richard D. T. The Chemistry of Copper in Natural Aqueous Solutions, 

Almqvist & Wiksell, Ekenas 1970 

9. Linkson, P.B., Nobhs, D.M. and Lake, I.A., Proceedings of Symposium on 

Adv-':lnces in Extractive Metallurgy. April 1977, p. 111, The Institution 

of Mining and Metallurgy, London 1977 



-,oo 
-JO 

Figure l 

35 

Redox diagram for the system 
- 2- 2- -Cu-H 0-Cl -CO -SO -F 2 3 4 

"Normal water" at 25°C 

- 1./fiO UL (S) - JOO - ISO 

-S 

-s 

KBS report 

770516 

TW/DL 

, Jz w.loH)ff+ 
C-LtC03 
C.u(OH)2 
c«(co,;j-
eu. 011+ 
c.u 2.-r 

cuso'1 
CU at 
CU(OH)j 
w.F+ 
CU (OH)~-



-JO 

Figure 2 

eua 
(A.( 

1/2. 

"' (,u, 

36 

Redox diagram for the system 

Cu-H 0-Cl--Co2 -
2 3 

"Norm<1 l WrltPr'' at 1 oo 0 c 

Cu.(s) 
- 'l!iO - ,JOO 

KBS report 

770516 

TW/IJI. 

C«(Of1)l 
U( (C03Jt 
CuC03 
CUz(OH)i.,. 
Cu. ( 0 l·O; 
Cu.(OH)-1" 
(u.2+ 

/ 
/ 
Joo 

e«a (s) 
/ 



Figure 3 

- JO 

37 

Total copper concentration for 

"normal water" in thermodynamic 

equilibrium with metallic copper 

at various T, pH and Cl 

-S' 

KBS report 

770516 

TW/DL 

[a-J = /Lf,1 mM 
pH= <J,s [cc]= IL.f,1 mM 

pH= '8,s 

[cc]= 141 mM 
pH-= 8,S 

[ C( -J:: 1000'" 

pH• 8.s- \ 

/ 

-10 

-Z 

/lo M 

- ----- .,.· 

6 

p 



38 

~endix 4 

(51 571) 

Approximate calculation of what happens with 

the oxygen that is entrapped in the repository 

at the time of its closure. 

Contents: - Summary 

- Background 

- Premises 

- Calculation of the competing 

reactions between oxygen and 

Fe(II) and oxygen and 

copper 

- Example 

- Conclusions 

83-02-02 

Ivars Neretnieks 



39 

Summary 

Oxygen that is entrapped with the air in a final repository for spent nuclear 

fuel can attack the· copper canisters. For each copper canister, approx. 

100 moles of oxygen are entrapped. This oxygen can diffuse down to the canis­

ter through the deposition hole and react with the canister, but it can also 

react witl) iron with oxidation number II (Fe(II)). Such iron is present in 

the clay in the buffer material in great excess - about ten times as much as 

is needed for all the oxygen. If the clay is burned in order to oxidize 

organic substances, the possibility cannot presently be ruled out that the 

iron will also be oxidized. The oxygen can then instead react with Fe(II) in 

the rock. The oxygen migrates more readily to the tunnel wall and diffuses a 

few mm into the rock than it diffuses down 2. 5 m through compacted clay in 

the hole to the canister. Calculations show that max. 1.4 moles of the oxygen 

go down to and react with the copper and 101.6 moles react with Fe(II) in the 

rock. At the most, 0.5 kg of copper can be oxidized by the oxygen. 

Background 

When the repository is sealed, there is still air left in the buffer mass. 

The oxygen in this air can, when it dissolves in intruding water, attack the 

copper canister. However, the oxygen can also react with iron minerals in the 

rock that contain bivalent iron. In this approximate calculation, the rate at 

which the oxygen can be transported to and react with the copper is compared 

with the rate at which it can be transported to and into the rock. 

Premises 

The tunnel system consists of a 4 m wide and 3.7 m high tunnel. Every sixth 

metre, a deposition hole is drilled in the tunnel floor. The hole is 1.5 m in 

diameter and so deep that the top of the canister is 2.5 m below the floor. 

The tunnel is filled with a sand-bentonite mixture with a porosity of scarcely 

30%. The hole is filled with compacted bentonite with a porosity of 25%. 

Thus, for each canister there is a tunnel volume 6 m long x 13 m
2 

in cross­

section = 78 m3 . This volume contains 0.3 x 78 m
3 = 23.4 m

3 
of air and water, 

of which the water takes up more than half the volume. (Pusch 1983.) With the 

air in the hole, the total quantity of air is 12 m
3

. Of this, 21% is oxygen= 

3 >2.52 m o
2

. This is equivalent to 103.1 moles of o
2

. 
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The clay and the rocl: contain fe(IU-conta~ :i,ng minerals that react with 
oxygen. This has been measured by Al)~rd (19f3; in experiments with oxygena­
ted water to which cl 1Y and crushed nck have ':leeu 1 dded. Allard found concen­
trations of betweer 0.8 and 7% by l:?Lght Fe(II).' ln clay (MX 80), Allard 
found 1.1% Fe(II). 

In a rock with !, Fe(II) and a densi :l of 2 700 kg/m3 , the L·on in 0.426 m3 

of rock is cons\Jl'=d in reacting with th ixygen according to the re 3 ction: 

2+ 3+ -4Fe +2tt
2
o·02 +4Fe +40H (1) 

-, 
With a tua.•:l area of 6 x (4 + 3.7) x 2 m c, 92.4 2 

m ' the rock will be oxi.-
dized to~Jepth of 4.6 mm if all the oxygen re.~-s with the rock. 

The b:a.'er material in the tunnel consists of 15\ clay (HX-80) or the equiva­
lent. fhis material has a density of about 1 a, kg/m3 and contains about 
27() .g of clay/m

3
. 78 m

3 
of buffer then contains · .1% Fe(II) (232 kg). This 

it .iore than ten times the amount needed to react wi tl. all the oxygen. 

Lf, however, this reaction should not take place for Stfe reason (if the clay 
has been burned with air to oxidize organic matter), ~he oxygen can react 
with iron in the rock in competition with the copper. 

The reactions are assumed to start when the clay has beco1.• saturated with 
water. This takes ten years or so, and the water saturatio proceeds most 
rapidly in the deposition hole with the compacted bentoni te. (Pus f\ 1983.) 

Calculation of the competing reactions between oxygen and Fe(II) •nd oxygen 
and co er 

The reaction between oxygen dissolved in the water and Fe(II) in the r~k is 
rapid, according to Allard's (1983) measurements. If we also assume that \he 
reaction between oxygen and copper is rapid, the reactions will be limited'""Y 
how rapidly the oxygen can be transported to the reaction zones. 

a) Transport to the copper 

1.:~~ assume that the concentration of oxygen in the water-saturated clay 
~~ ~ at the mouth of the deposition hole in the tunnel floor and at the 
top of the copper canister 2.5 m farther down, the oxygen concentration 
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is zero due to the reaction with the copper. The transport to the canis­

ter is determined by the diffusion in the clay. 

D 
Nk ::: 1 • A · ( c - o) mo 1/ s ( 2) 

~- hole 
---'Zh 

where D
1 

::: the diffusivity in the clay 

6zh::: distance between canister and floor in tunnel 

( zh = 2.5 m) 

c = the concentration at the floor (this is assumed to be 

the same as in the tunnel, on the average) 

b) Transport in buffer in the tunnel and in the rock 

• 
The transport to the rock wall where the concentration is assumed to be 

cb can be described by an equation analogous to (2) 

(3) 

where Db = the diffusivity in the buffer in the tunnel~-

Ab = the cross-sectional area for diffusion~ the tunnel's 

wall surface area 

tzb = average diffusion distance to rock wall ~ 1 m 

::: concentration difference between the water in the tunnel 

on the average -c- and the rock wall -cb 

When the oxygen has diffused to the rock wall, it proceeds further in the 

rock through the already oxidized layer with a thickness of x. The same 

quantity - Nb - is transported as in the buffer. 

(4) 
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The concentration is O at the re~ction front x ,, "i_nto tr,e 'Cork. 

Ab C = 
Nb i'.\z . b -+ X -

D D 
b Q ,. 

(5) 

The total amount of oxygen removed from the water in the tunnel is Nb+ Nk = 
N 

(D ' '\ \ = _ L .-.h C c, N + ~) b, 
L\Zh Li zb \ .. + 

D D 
• b e 

The oxy2en that reacts with Fe(II) increases the depth of the reaction zone 

dx 

dt 

A .. . q
0

•f = Nb fG, 

qo = concentration cf Fe(II) in t~e rock 

f = stoichiometric factor in the reaction bet.ween Fe(II) and G., .-=,:·cr.1··1:inp 
to esuetion 

The oxygen content of the water in the clay decreases according to: 

de 
dt F b = N 

where Vb = volume of the tunnel m
3 

E b = porosity of the buffer 

Example 

The solubility of o
2 

in water at 25°C and 10 bar is O. 2. 10- 3 m C/rr.c1e: of 
water (Perry pages 3-98) (10 bar in the water pressure at a depth of 500 m 
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x fraction of o
2 

in air, 103 moles o
2

, that dissolves in 23.4 m
3 

of water 

-6 
( 1. 35 • 10 mol), (all pore volume consists of water when the buffer has 

been saturated) gives 0. 076 • 10-
3 mol o

2
/mol H

2
o. In other words, all of the 

oxygen can dissolve in intruding water. 

C 
0 

DI 

Db 
D 

e 

= 

= 
= 

4.40 mol/m
3 

original oxygen concentration 

4 • 10-ll m
2 
/s (KBS TR 83 - 33) 4--- il -J_c\ 

4 ·10-IO m2/s (KBS TR 79 1978) 

-14 2 
=5·10 m/s(KBSTR82-12) 

A = 
hole 

TT ' 1. 5 
2 

= 1. 77 m
2 

4 

= 2.5 m 
2 

= 92. 4 m 

= 1 m 

= 967 moles of Fe(II)/m
3 

While the tunnel is open for 40 years, oxidation of the rock takes place. 

Equations (3) and (7) combined give 

D 
e 

X 

dx. q .f 
= dt 0 

(9) 

cb = constant when the tunnel is open and corresponds to the solubility at 

0.21 bar 

3 
cb = 0.22 mol/m 

Equation (9) gives after integration 

2 
X = t 

after 40 years, x = 0.34 · 10-
3 

m 

i.e. x = 0.34 mm when the tunnel is closed. 
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Equations 2 1 5-8 are ao+ved wtih the data given above. This is done by means 
of numerical integration. It t~ pereby found that the resistance to transport 
into the ro~k wall i& dominateq py the diffusion resistance in the rock over 
the re~i~iijnc~ ~nth~ puff~r. 

This ia eviqent from ~he fact that the right-hand term in the denominator in 
equation (5) is laratr than the +~ft•hand term already at x = 0.25 mm. 

If the transpoff tnfo ~he rock is compared to the transport to the canister, 
this ratiq vari~fi Wtfh ~. 

The comparison is made py means of the ratio 

The smaller x is, the larger fraction of the oxygen goes to the rock. 

Table 1 shows Nb/Nk and the integrated quantity that has gone to the rock~ 
and the canister Mk as a function of time. 

1.5% of the oxygen or 1.5 moles goes to the canister. 

Trd Nb/Nk X Mb Mk MV 

Year mm mol mol mol 

100 81.6 1. 90 43.7 0.28 59 
1000 39.0 4.05 90.7 1. 18 11. 1 
2000 35.9 4.43 98.9 1.41 2.59 
3000 35.2 4.51 100.8 1.46 0.64 
4000 35.03 4.53 101. 3 1.48 0. 16 
5000 35.00 4.54 101. 4 1.48 0.04 

Table 1. Fraction of the oxygen that goes to the rock in relation to that 
which goes to the canister Nb/Nk and total quantity that has gone to the rock 

~ and the canister Mk in moles at different times. M is the quantity of 
V 

oxygen left in the water. 
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Results and conclusions 

The oxygen entrapped with the air in the tunnel will react for the most part 

with bivalent iron in the clay in the buffer material, or if bivalent iron is 

not available in the buffer material, with bivalent iron in the rock. In the 

latter case, a scarcely 5 mm thick layer of the tunnel wall will have oxidized 

within a few thousand years. The copper canister will be reached by a few 

moles of o
2

. This amount can oxidize less than 0.5 kg of copper. 
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SUMMARY 

In a final repository for spent fuel enclosed in copper canisters, sulphide 

in the buffer and water can attack the copper. Another thermodynamically 

possible corrodant is sulphate in the presence of bivalent iron. The sulphate 

reaction is very slow. 

Calculations have been carried out in order to shed light on the consequences 

of the sulphate's reacting at a given rate as well as for the case when the 

reaction is very fast. 

At time constants in the sulphate 
6 

reaction of about 10 years and longer, 

this reaction decreases in importance in this context. 

If the reaction is assumed to be very fast, it is limited by the supply of 

bivalent iron. The use of a sulphate-poor clay does therefore not reduce a 

possible sulphate attack very much. 

The inward transport of sulphide and possibly sulphate from the tunnel could 

conceivably cause the attack to be concentrated to the top end of the canis­

ter. This inward transport can be reduced to less than 20% by inserting a 

rock plug above the canister instead of buffer. 

It is estimated that the sulphide in clay will corrode approximately 4 kg of 

copper within 1 000 years. Sulphide supplied from the water in the rock 

contributes an additional corrosion of max. 10 kg over a period of one million 

years. A possible sulphate reaction should be able to multiply the attack by 

a factor of about 10. 

1 BACKGROUND 

In a conceived final repository for radioactive fuel, the fuel is encap­

sulated in a copper canister, which is deposited in a borehole in the 

floor of a tunnel at a depth of about 500 m in crystalline rock. The 

canister is surrounded by highly-compacted bentonite. See figure 1. 

The tunnel is filled with a mixture of bentonite and quartz sand. The 

bentonite contains some sulphur in the form of sulphide and sulphate. 

The sulphide sulphur can react with copper. The sulphate sulphur is very 

slow to react. It also requires access to bivalent iron in order to 

react. There are three sources of sulphur: 



l 
2 

50 

SIMPLIFIED CALCULATION MODEL 

The flowing groundwater can supply sulphur if the sulphur reacts with 

the copper, but might also conceivably carry away sulphur that is present 

in the tunnel and deposition holes if the concentration there is higher 

than the concentration in the flowing water. Figure 2 shows the transport 

paths for the sulphur. The transport to or from holes and tunnels can be 

estimated by the methods developed by Neretnieks (1982) and Andersson et 

al (1982). The methods are based on a calculation of how dissolved 

substances diffuse in the buffer and in the slowly flowing water in the 

fractures. The calculation results can be summarized in a quantity Qeq' 

which stands for an equivalent flow that transports the dissolved sub­

stance. 

The transport to (or from) the tunnel can be written: 

(1) 

C is the concentration in the water far away from the tunnel, Ct is the 

concentration in the water in the tunnel. 

t 
Qeq is determined by calculating the diffusion transport in both the 

mobile water in the fractures and in the stagnant water in the pores in 

the clay. In the same manner, the transport to the clay in the actual 

deposition hole can be written: 

(2) 

Ch is the concentration in the water in the clay. 

The transport between the tunnel and a point at depth Z down in the 
0 

hole is determined by the diffusion through the compacted bentonite in 

the storage hole. 

Where D 
e 

is the diffusivity 

area of the hole. 

(3) 

in the clay and Ah is the cross-sectional 
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Equations 1, 2 and 3 are to be regarded as highly simplified descrip­

tions and are based on the following assumptions. 

The concentration everywhere in lhe tunnel section that belongs to a 

storage hole is equal. This means that the diffusion resistance in the 

buffer is neglected compared to the transport to the fractures and to 

the hole. This assumption probably leads to overestimation of the trans­

port to the hole, since the distance to the mouth of the hole is, on the 

average, longer than the distance to the fractures in the tunnel wall. 

In the storage hole, the concentration is assumed to be equal along the 

entire length of the hole. This is an approximation, since the hole is 

about 1.5 m in diameter and about 7 m long. By setting the transport 

distance from the tunnel to the canister as the distance to the top 

surface of the canisters (about 2.5 m) the attack on the canister is 

overestimated. The assumption that the concentration in the storage hole 

is equal in the radial direction is also fairly rough, but since the 

distance down to a point in the hole is considerably greater (>2. 5 m) 

than the distance between the canister surface radially to the wall of 

the hole (about 0.38 m), the concentration at this level is also domi­

nated by the supply from above. 

The copper surface is assumed to react with the sulphur at a rate that 

is proportional to the concentration Ch. The quantity Nr that reacts per 

unit time is then 

N = k
11

A C 
l. r k h 

(4) 

k" is the reaction rate constant between copper and sulphate. Ak is the 

area of the copper surface. 

Figure 3 shows a simplified diagram of how the sulphur is transported to 

and reacts with the canister. 

The quantity of sulphur that is transported to the storage hole either 

reacts with the copper or is enriched in (depleted from) the water in 

the pores in the clay (Vh). 

N . + :1, 
tn tl 

+ v, 
n 

(5) 

dt 
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In the same manner, it is obtained that the sulphur that is transported 

to the tunnel either goes further to the hole or is enriched (depleted) 

in the water in the buffer's pore system (Vt). 

(6) 

Equations 5 and 6 can be rewritten to 

dmh dch Dh Ah h 
k

11 

AkCh(7) 
e 

(Ct Ch)+Qeq (Cco-Ch) -::::: Vh cft = -dt zo 
The terms above stand for Nth + ~ N 

r 

dm~ dCt t DhA I.. 

(Coo-Ct) (Ct Ch) dt = vt dt = Qeq e h - (8) 

zo 
The terms above stand for N 

t Nth 

If the initial concentrations in hole Cho and in tunnel Cto are known, 
equations 7 and 8 can be integrated from time t = 0 and forward in time. 

The calculations are complicated slightly by the fact that both sulphide 

and sulphate have limited solubility, which means that the concentration 

Chand Ct, respectively, is kept constant at the solubility limit until 

the solid phase has been consumed. 
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DATA FOR THE CALCULATIONS 

The calculations are based on conditions that apply or can be estimated 
to apply to a final repository in crystalline rock with water flows and 
fracturing chosen within the limits that have been measured and calcula­
ted for a number of investigated sites. 

Sulphide is assumed to react rapidly while sulphate reacts very slowly 
with copper (appendix 2). The reaction kinetics calculations are there­
fore carried out only for sulphate. 

The concentration of sulphide and sulphate in the buffer and the compac­
ted bentonite has been chosen on the basis of measured values. Tables 1 
and 2 give the values used in the calculations. 



u 
0 

s 

E 
t 

D 
t 

Dh 

Dk 

Lk 

z 
DR 

e 

Dt 
e 

vt 

Vh 

Mt 

Ml 
cg 
so

4 

Ms 
t 

Ms 
h 

mto 

mho 

C 
max 

C co 

Ah 

Ak 

k" 

• 

water flow in rock 

fracture spacing in rock 

flow porosity of rock 

tunnel diameter 

hole diameter 

canister diameter 

canister length 

55 

distance between tunnel floor and canister 

effective diffusivity for sulphate in 

compacted bentonite at 25°C (KBS TR 83-33) 

effective diffusivity in buffer (estimated) 

water volume of tunnel 

water volume of hole 

quantity of bentonite in tunnel 

quantity of bentonite in hole 

concentration of SO 
2

- in bentonite 
4 

quantity of SO 2
- in tunnel 

4 
quantity of so

4
2- in hole 

initial concentration of SO~- in clay 

in tunnel, figured per water volume 

initial concentration of so
2

- in clay 
4 

in hole 
2-

maximum concentration of so
4 

in water, 

limited by Caso
4 

solubility 
2-

concentration of so
4 

in groundwater 

cross-sectional area of hole 

surface area of canister 

reaction rate constant 

Exceeds the solubility of Caso
4 

in water 

2 
0.3 and 3 1/m , year 

1 m 

10-4 

4 m 

1.5 m 

0.75 m 

4.5 m 

2 .5 m 

0.3 ~nd 40.lo-
12 m2 /s 

-12 2 
1.5 and 200 • 10 rn /s 

23.4 m 

3 
3.8 m 

3 

23 000 kg 

20 000 kg 

0.81% by weight 

186.3 kg 

162 kg 

7. 96 kg/m 3 -:. 

3 ·k 
42 kg/m 

3 
2 kg/m 

3 
0.01 and 0.1 kg/m 

1. 77 m 
2 

4.0 m 
2 

10- 13 $, 10- 14 m/s 

& The lower value is expected to apply. It is based on measurement data 

for anions. The higher value is a ceiling value. It applies for un­

charged, small molecules. 

$ Considerably larger values of k" mean that the reaction will not be 

limiting. Considerably smaller values of k" mean that the reacted quan­

tity will be very small. 
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• 

u D 
h 

D 
t h 

(R/R)h t 
(Rl/Rs )t 

Case 
Qeq Qeq 

0 e e 

2 2 2 
I/year I/year 

1/m • year m /s m /s 

------------

1 0.3 0.3-10- 12 
1.5·10- 12 

0.063 29.6 0.23 5.3 

2 3 0.3•10- 12 l.5·10-12 0.064 51. 2 0.26 16.7 
(Jl 

O'\ 

3 0.3 40 • 10 - 12 
200 ·10 - 12 

0.94 0. 12 1. 42 0.040 

4 3 40 •I0- 12 
200 -10- 12 

2.4 0.38 4. 1 0. 125 
~------ --------·--- ·•·- -·-···· 

Table 2. Equivalent water flow to tunnel and storage hole at different water flows in the rock and different 
di ffusivities in buffer and clay. R/Rs is the ratio between the transport resistance in buffer or 
bentonite and the water in tlw fraclui~es. 
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4 RESULTS OF THE SULPHATE REACTION CALCULATIONS 

The results of the calculations are presented in table 3, where reacted 

quantity of sulphate at different times is given for several different 

combinations of other variables. 

A low diffusivity in buffer and clay gives the highest reacted quantity. 

This is due to the fact that the sulphate then stays in the buffer and 

in the clay in the hole and can react with the copper. At higher diffu­

sivities, it is transported away with the passing water; (lines 3-6). A 

high concentration of sulphate in the water (line 7) does not affect the 

results, since the reaction up to 10
6 

years mainly takes place while the 

water in the hole contains sulphate at the solubility concentration 2 
3 3 

kg/m and the flowing water only contains O. 1 and O. 01 kg/m , respec-

tively, in the different calculation cases. 



f n · rerrtlrttf 

Case k" D h D t 
e e 

m/s m/s m/s 

1 10-13 0.3 10-12 1. 5 

2 10-14 0.3 10-12 1.5 

3 10-13 40 10-12 
200 

4 10-14 40 10-12 
200 

5 10-13 40 10-12 
200 

6 10-14 40 10-12 
200 

7 10-13 0.3 10-12 1.5 

10-12 

10-12 

10-12 

10-12 

10-12 

10-12 

10-12 

u 
0 2 

R/m •years 

0.3 and 3 

0.3 and 3 

0.3 

0.3 

3 

3 

0.3 and 3 

Reacted after 

10
3 

10
4 

0.026 

0.0026 

0.026 

0.0026 

0.026 

0.0026 

0.026 
3 C =100 g/m 

105 

years 

0.26 2.6 25 

0.026 0.26 2.5 

0.26 2.0 

0.026 0. 197"' 0.2 

0.8 0.9 

0.08 0.09 

0.26 2.6 25 

Tab.le 3. Summary of the different calculation cases. The four right-hand columns show how much so
4

2
- has reacted with copper at different points in time. 

* The sulphate in the hole and the t11nnP1 has mostly been transported away by this time. 

u, 
0) 



5 CONSEQUENCES OF FAST CHEMICAL REACTION 

If the reaction between sulphate and copper should be very fasl, Lhe 

consequence will be that all sulphate in the clay in the storage hole 

reacts as soon as it can be transported to the copper surface. This 

takes place within 400 years if the diffusion resistance in the clay lS 

based the higher diffusivity D 40 10-12 2 
and within 54 on = X m /s 000 

e 
10-12 2 

years for the lower diffusivity D = 0.3 X m /s. (These calcula-
e 

tions are presented in section 6.) When the sulphate in the clay in the 

storage hole has been consumed, additional sulphate is supplied from Lhe 

water and from the tunnel. The tunnel's sulphate content also decreases 

due to transport to the water flowing past the tunnel, so only a small 

fraction of the tunnel's sulphate reaches the canister. 

Tables 4a, b show how much sulphate has reacted at different points in 

time when the reaction is fast. As can be seen from the tables, the 

initial quantity of sulphate in the tunnel is consumed after a few tens 

of thousands of years. Thereafter, a transport takes place to the tunnel 

and further to the hole. In addition, sulphate is supplied to the hole 

directly from the water that flows around the hole. 

3 
Reacted (kg) within 10 years 

at 0.81% SO 
2

-

Supplied from 

at time 

ears 

tunnel 

3 

18 

34;'.· 

45 

water 

0.07 

0.37 

3.6 

36 

142 

tunnel+ 

water 

3 

18 

38 

81 

* The tunnel's sulphate has been carried away after about 60 000 

years 

Table 4a. Quantity of sulphate (kg) that has reacted at different 

points in time when the reaction is fast. High water flow in 

the rock (case 4 in table 2). Sulphate content in the water 

15 mg/1. Sulphate content in the clay 0.81%. 



l 60 
.~ 

l 
l 

3 Reacted (kg) within 10 years 4.7 

at 0.027% SO 2-

Supplied from 

at time 

ears 

Tunnel 

0.2 

1.1 

2. 21'r 

13 

Water 

0.037 

0.37 

3.6 

36 

Tunnel+ 

water 

0.2 

1.5 

5.8 

49 

The tunnel's sulphate has been carried away after about 25 000 

years. 

Table 4b. Sulphate quantity (kg) that has reacted at different points 

in time when the reaction is fast. High water flow in the rock 

(case 4 in table 2). Sulphate concentration in the water 

15 mg/1. Sulphate concentration in the clay 0.027%. 
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6 THE IMPORTANCE OF THE DIFFUSION RESISTANCE IN THE CLAY IN THE HOLE IN 

THE CASE OF FAST CHEMICAL REACTION 

Figure 4 shows how the sulphide or the sulphate from the clay in the 

hole diffuses to the canister surface. The driving force for the diffu­

sion is equal to the substance's solubility, since the concentration at 

the canister surface is assumed to be fast. The discussion below pertains 

to sulphate, but also applies to every substance limited by its solubil­

ity. 

N = D • A 
e mean 

Cmax . ~ (9) 

C is the solubility of so
4

2
- in the water, where A is a mean 

max mean 
value of the cross-sectional area for diffusion. It is approximated with 

the largest area . Out to the distance r from the canister surface, 

the clay has been depleted of solid sulphate. The area at this limit is, 

if end effects are neglected: 

rk = canister radius 

A 
mean 

(10) 

Since the concentration of sulphate in the water in the clay is low 

compared to the concentration of solid sulphate in the clay, the deple­

tion is dependent on how fast the solid sulphate dissolves. 

N = d(6r) 
dt 

A 
i:: bent 

(11) 

p = the density of the bentonite in the hole and Cb is its 
bent 

content of solid sulphate. SO 4 

Since the quantity of sulphate that reacts with the canister is taken 

from the clay, equation (9) = (11) and 

* This approximation is made in order to avoid a numerical solution. 

Since the canister radius and the hole radius differ by a factor of 

about 2, the error with this approximation is no more than a factor 

of 2. The transport velocity is overestimated with this approxima­

tion. 
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d ( t:.r) 
dt Cb o = so · bent -= 

4 
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D C e max 
6.t 

which, after integration, gives 

2 Cb t.r . P 
S0 4 bent = t 

2 · D · C e max 
for 8.r = 0.38 m, D 

e 

(12) 

(13) 

= 0.0081 p 
bent 

3 = 1 750 kg/m and C 
max 

3 = 2 kg/m , t is obtained as 

t = 
0.38

2 
' 14.1 -------------- = 402 years 

2 • 40 • 10 - l 2 • 3 . 15 • 10? 

Thus, it takes about 400 years before all sulphate in the hole has 
reacted under these conditions. At the lower diffusivity 0.3 · -12 2 10 m /s, t is obtained as= 54 000 years. 

It is interesting to note that if the sulphur is instead present in the 
form of sulphide, the conditions are greatly changed. 

The solubility of the sulphide 3 is less than 1 g/m , 
times less than that of the sulphate. 

i.e. about 2 000 

At the same sulphur quantity, c: = 0.3% by weight, equation 13 gives 

0.375
2 

• 5.25 6 t = ----------------- = 0.29 • 10 years 
2 • 40 • 10-

12 
• 0.001 • 3.15 10

7 

At the lower diffusivity, we get 

t = 39 • 10
6 

years 

Table 5 shows how much sulphide has reacted at different points in time 
if the higher diffusivity D = 40 • 10

12 
rn2/s is assumed to apply and e 

the concentration of sulphide in the clay is O. 3%. Table 6 shows the 
results for a sulphide content of 0.01%. 
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Time 

years 

Reacted quantity of sulphide (kg) 

103 

104 

105 

334 000·;';-

10 6;',;', 

1. 4 

4.7 

17.5 

34.8 

52.5 

;'; All sulphide in the clay between the rock and the canister has 

reacted. 

All sulphide in the clay in the hole, including above and below the 

canister, has reacted. 

Table 5. Reacted quantity of sulphide (kg) when the canister is 5 m 

Time 

years 

103 

10 4,•, 

long, D = 40 10-
12 

m
2
/s, the sulphide's solubility is 

e 
1 mg/1 and the sulphide content of the clay is 0.3%. 

Reacted quantity of sulphide (kg) 

> 10\•c;•, 

0.29 

1. 2 

1. 75 

-.:, All sulphide in the clay between the rock and the canister has 

reacted. 

All sulphide in the clay in the hole, including above and below the 

canister, has reacted. 

Table 6. Reacted quantity of sulphide (kg) when the canister is 5 m 

-12 2 
long, D = 40•10 m /s, the sulphide's solubility is 1 mg/1 

e 
and the sulphide content of the clay is 0.01%. 
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Supply of sulphide or sulphate from water and tunnel 

This supply can be calculated from equations 2 and 3. 

N = h 
(C 

00 
- C ) 

h 

if eh is set= 0 (fast reaction) 

(14) 

and if it is assumed that C
00 

=et= the concentration in the water in 
the rock, we obtain 

N = C 
00 (15) 

For high water flows in the rock and high diffusivity in the clay (case 
4 in table 2) and Ah and Z

0 
from table 1, we obtain 

h -3 3 
Qeq = 2.4 • 10 m /y 

With C 
max 

= the solubility of sulphide 3 = 1 g/m , the supply from the 
water is 

2.4 g sulphide per 1 000 years 

and from the tunnel 

0.89 g sulphide per l 000 years. 

For sulphate, the concentration C 3 
00 

= 15 g/m and the supply is then 
about 15 times higher. 

This supply is presented in table 7. 

This supply is in addition to what has been reported in tables 5 and 6, 
counting from the time when the sulphide or sulphate in the hole has 
been consumed. 



Time 

years 

103 

10
4 

105 

10
6 

65 

Quantity supplied (kg) from 

tunnel water 

0.89 · 10- 3 2. 4 · 10- 3 

8.9 · 10-3 24 . 10-3 

89 · 10-3 240 · 10- 3 

0.89 2.4 

Table 7. Supply of sulphide (kg) to canister from water and from 

tunnel at "high" water flow and "high" diffusivity (case 4 in 

table 2) and at a sulphide concentration in the water C = 1 

3 
max 

g/m . 

-~ 
3 i · AO • ~ 11+ 

Jt r· 

h s -t1~ 
-3 

A . J, n 
I\ /t \,I 

..+--
21 

- '!. 

~ o~it · Ao 

--4. 7 kt r 

:2 • X 
6 ti 

.... 
! 
~ -

l ' c. 



largest 

cross-sectional 

area for diffusion 

Figure 4 

66 

Clay Rock 

concentration of 

sulphate as gyPsum 
\r--------i - - - - - -

canister 

sulphate 

diffusion 

no gypsum left ~ypsum lef 

solubility limit 
------

concentra tio1 
l 2-t SO 

4 
figure, 

for the wate 

C max 
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7 LIMITATIONS IN THE SULPHATE REACTION 

In all the proposed reactions, it Ls necessary that a reductanl, for 

example Fe(II), be present in order for the reaction to take place. A 

simplified formal way to view the reaction is 

The formula is only intended to show that 6 Fe(II) are required for each 

2-
S04 , whereby 2 Cu are consumed. 

The quantity of solid iron minerals in immediate contact with the copper 

canister is very limited. When these minerals have been consumed, in 

order for the attack to continue, iron must be transported to the canis­

ter in dissolved form. In the prevailing environment, bivalent iron has 

I solubility of less than 5 ppm. 

The iron in the clay around the canister (0.3% by weight), about 50 kg, 

is enough to corrode about 120 kg of copper if excess sulphate is pres­

ent. After that, the supply of bivalent iron from the groundwater and 

via the tunnel will limit the corrosion, since it is present at a lower 

concentration than the sulphate. 

As before (equation 15), the supply of Fe(II) is: 

from the tunnel 0.89* • CFe(II) g/1 000 years 

from the water 2.4 • CFe(II) g/1 000 years 

where CFe(II) = the solubility concentration of the iron= 5 mg/1. 

Table 8 below shows how much iron is supplied at different times and how 

much copper this amount can corrode. 

-:, If the same diffusivity is assumed for Fe(II) as for uncharged 

species. 
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Time From tunnel From water 
years Supplied Corroded Supplied Corroded 

Fe(II) Cu Fe (II) Cu 
kg kg kg kg 

103 4.5 0 10- 3 
1. 7 . 10-3 12 . 10- 3 

4.6 ' 10- 3 

10
4 

45 . 10-3 
17 . 10-3 120 10-3 46 . 10- 3 

105 
450 . 10-3 170 . 10-3 1. 2 460 . 10-3 

106 4.5 1. 7 12 4.6 

Table 8. Supply of Fe(II) and corresponding copper corrosion. 

7~1 Supply of iron from clay and rock 

The transport of dissolved bivalent iron to the copper surface can be 
calculated in the same manner as the transport of sulphide with equation 

2+ 13. No measurement data are available on Fe in clay, however. If the 
2+ 2+ same values are used as for Sr , Fe is consumed (in an excess of 

so
4

2
-) within 10

3 
years if the solubility of Fe

2+ is set equal to 5 mg/1 
and the iron content Fe(II) to 0.3%. 

2+ The same type of calculation can be done to estimate how fast Fe urn 
be liberated from the rock matrix for further transport through the clay 
to the copper surface. 

Diffusion data for Fe
2+ are not available for crystalline rock either. 

+ 2+ High diffusivities have been measured for Cs and Sr . 
D 2 • 10-

12 
m

2
/s. If this value is used, the following results are e 

obtained, see table 9 below, when a solubility of 5 mg/1, an iron concen-
tration of 2% and a rock density of 2 700 kg/m

3 
are used. 



Time 

Years 

103 

104 

105 

106 

Depletion depth 

in rock m 

0.0034 

0.0108 

0.034 

0. 108 

69 

Leached iron 

5.5 

17.5 

55 

175 

2 
from the outer surface of the hole, 30 m . 

Corroded 

copper 

2. 1 

6.6 

21 

66 

Table 9. Possible supply of iron from the rock if the diffusion is 

"fast". 
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SUMMARY 

2-when sulphide reacts 1,nr,h copper, l mole of S is consumed for every 2 
?-· moles of Cu. In the reaccion of sulphate wic.h copper, 1 mole of S(\- j s 

coc1sumed for every 2 moles of Cu. 3 moles of Fe are consumed for every 1 
mole of Cu. Converted to mass, we get: 

1 kg of S 
2-

is equivalent to 3.963 kg Cu 

l kg of S0
4 

2-
is equivalent to 1. 324 kg of Cu 

1 kg of Fe(II) is equivalent to 0.379kgofCu 

The sulphate and sulphide quantities given in the previous tables are 
converted to copper quantities. 

Five cases are treated, and it is assumed that both the sulphide and the 
sulphate reaction proceed rapidly. 

Ca£e 1 Sulphate concentration 0. 81% Sulphide concentration 0. 02~~ 
Case 2 Sulphate concentration 0.027% Sulphide concentration 001 ,o 

Case 3 Sulphate concentration 0% Sulphide concentration 0.3%. 
Case 4 Sulphate concentration 0% Sulphide concentration 0.0l;~ 
Case 5 Sulphate concentration 0.81% or 0.027%, limited iron supply 

In all of the cases, the sulphide concentration in the water is assumed 
co be I g/m3 

and the sulphate concentration 15 g/m3
. Tables 10.1 - 10.5 

present the different cases. 
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Table 10. 1. Reacted quantity of copper (kg) at sulphate concentra­

tion 0.81%. Sulphide concentration 0.02% if iron is 

present in excess. 

Corroded within 10
3 years by SO 

2 -
4 

by s2 -

Corroded through 

supply from tunnel 

with 

at time 

(years) 

10
3 

104 

105 

10
6 

______ p...___ ____ _ 

r 2- 2- ' 
S so

4 
Total 

0.004 4.0 4.0 

0.035 24 24 

0.35 45 45 

3.5 60 64 

water 

188 

3.5 

192 

______ .,/'--. _____ _ 
( ~ 

2- 2 
S SO - Total 

4 

0.01 0.05 0.06 

0.095 0.5 0.6 

0.95 4.8 5.8 

9.5 48 58 

--~~"-•- ---
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Table 10.2. Reacted quantity of copper (kg) at sulphate concentration 
0.027%. Sulphide concentration O if iron is present in 
excess. 

3 2-Corroded within 10 years by so
4 

b S
2-y 

Corroded through 

supply from tunnel 
_____ .....,,A. ______ _ r , 

with s2- so z-* Total 4 
at time 

(years) 

103 

104 

10
5 

106 

0.004 

0.035 

0.35 

3.5 

-/; equation 15 

0.02 0.024 

0. 18 0.22 

1.8 2. 1 

18 21 

6.2 

water 
_____ _,.A-------

/ 2- 2- ~ S so
4 Total 

0.01 0.05 0.06 

0.095 0.5 0.6 

0.95 4.8 5.8 

9.5 48 58 

--·-- ·-- ---------
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Table 10.3. Reacted qrnntity of coppPr (kg) at sulphate concentra­

tion 0, stlphide concentration 0.3%. 

Corroded through 

supply from tunnel 

with 

at time 

(years) 

103 

10
4 

105 

334 000 

106 

_______ A-----,-
r;_ 2 

S SO - Total 
4 

__ ,., 
0.02 0.02 

-·k 0. 18 0. 18 

_-,,, 1. 8 1. 8 

---k 

0.6 18 19 

water and clay and in hole 

------./'----------
~- 2 \ 

S SO - Total 
4 

4. 4;',;', 0.05 4.4 

15. 4;h', 0.48 16 

59;'d, 4.8 64 

126;';;', 15 141 

1421--;', 48 190 

* the clay in the hole is still saturated with s2-

mainly from the sulphide in the clay 
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Talbe 10.4. Reacted quantity of copper (kg) at sulphate concentra­
tion 0, sulphide concentration 0.01%. 

Corroded through 

supply from tunnel water and clay in hole 

with 

at time 

(years) 

103 

104 

105 

106 

~-----A,------, '2-s 

_.-:,, 

_...,,, 

_...,,, 

3.2 

so 2-
4 

0.02 

0. 18 

1.8 

18 

Total 

0.02 

0.2 

1.8 

21 

2-s 

0. 95,•,,•, 

4. 2>',>', 

5 . 4,•_,•, 

l 4>'o', 

so 2 -
4 

0.05 

0.48 

4.8 

48 

* the clay in the hole is still saturated with s2
-

** mainly from the sulphide in the clay 

Total 

1 

4.7 

10.2 

62 



Corroded within 103 years by 

'l- 2+ 
SO~ + Fe in clay 

4 

s2-

Corroded through 

supply from 

with s 2- so4 
2-

20* kg at 0.81% so
4

2-

in the clay 

3.5 kg 

tunnel 

Fe 
2+ 

Total 

(0.81%; 0.027%) 

after 

(years) 

--~-·--·-----·-

103 
.. k 

o. oo/"% 0.004 (4.0; 0.02) 0.006 

104 0.035 (24; 0. 18) 0.017 0.052 

105 0.35 (45; 1.8) 0. 17 0.52 

10
6 

3.5 (60; 18) 1. 7 5.2 

·---- ------~--

1i mi ted by Fe 
2+ 

limi tNl by so z-

6.4~'rl, kg at 0.027% so/­
in the clay 

0 kg 

water and rock 

s 2- so
4 
2-

Fe 
2+ 

from 

Wilte., 

·{. 

0.01 0.05 (o. •.;;_;r;) 

0.095 0.5 ( 0 I) I .. ; ... -,r j 

0.95 4.8 (0.4 

9.5 48 (4.L 

~+ 
m<iXimum of Fe from & rock and water determines whether limitation comes into p! 

Total 

from 

rock 

~ (2.1)& 0.06 

(6.6) 0.6 

(21) 5.8 

(66) 58 

% onlv Fe from tunnel is assumed lo react. An excess of Fe from the rock might po~sibly raise this level. 

Reacted quantity of copper ( ) at sulphate concentratiou 0.81°/o and 0.027%, respectively, in 

the cLiy, lr> mg/1 in UH; 1.,·atei: and Fe(II) concentration in the clay 0.3% by weight. 

-..J 
Ul 
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9 DISCUSSION AND CONCLUSIONS 

Importance of reaction rate 

The lower value for the diffusivity of so
4 

Z- ions in bentonite may be 

assumed to apply when this gives the least favourable result. This value 

is also supported by measurements of the diffusion of other anions (I-, 

Cl, SH-). The reaction rate constant k" is based on the assumption that 

it is a surface reaction and that it is a first order reaction with 

respect to sulphate. If a homogeneous first order reaction is instead 

assumed, then 

Nr = k' Ch. Vh 

and since Vh is numerically equal to Ak in equation 4, k' Ak = k"Vh and 

k' = k". This means that if we assume that the homogeneous reaction is 

rate-determining, k' will have the same numerical value as k" = 10-
13 

-14 -6 -7 
and 10 1/s, respectively, or 3. 2 • 10 and 3. 2 • 10 1/y, respec-

tively. 

This gives time constants for the homogeneous reaction of about 3 • 10
5 

and 3 • 10
6 

years, respectively. Since no reaction rate constants are 

measured for the heterogeneous reaction, no final conclusions can be 

drawn concerning the course of the reac-tion. However, decomposition of 

sulphate is a very slow process in na!.unc, even when plenty of reducing 

species are available (Appendix 2). 

The importance of the sulphate reaction decreases if the clay has a low 

sulphate content. This is evident from table 4. If it is assumed that 

the sulphate reacts rapidly, the initial quantity of sulphate in the 

clay in the storage hole will determine the attack for high sulphate 

concentrations, even over very long periods of time. A comparison between 

tables 4a and 4b shows that the sulphate supply from the tunnel is also 

of great importance at a high sulphate concentration. 

Importance of diffusion resistance in clay 

The sulphate is relatively easily snLubJe and can therefore be trans­

ported to the canister surface during ri "short" period of time (about 

400 years in the example with high sulphur concentration and high 
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cJjffus1v1.Ly). It t.lie same quanlily of su!ph111- is prese11L in the loc,n o! 

sulphide, its solubility is at least a thousand times 1owcr awl it Ld·f''.; 

Lhe copper, even al 1ht- high diffusi.vity 3iHi sulphu,: (:on,entuition. 

It the sulphur ,:on;_: en tr a L LOO is reduced t.o 0.01% it takes .. t i" :,·st 

about 10 000 ve,c\rs for all sulphide to react, but on the othc•r h2rcd 

there is only a total of l-2 kg available for the reaction. 

Importance of availa~ility of bivalent iron 

The availability of bivalent iron in the clay is of crucial imporcance 

for the initial reaction between copper and sulphate. If tables 10.1 and 

10.5 are compared, it is seen that the corrosion initially declines from 

about 200 kg to about 20 kg. The supply of corrodants from the tunnel LO 

the top part of the canister reduces the corros io,1 of the top p2, r: ui 

the canister from 65 to 5.2 kg of copper. General c,,rrosion 1s nor 

altered appreciably, however, since it is assumed th:;t i:.-on ,;,n be 

supplied relatively rapidly from the rock. 

The iron traiisport calculations from the rock are highly unce.rt.&in, 

since no measured diffusivities in rock are available. 

i mpc.rtance_ 0 f _ lf!w3 rd t ranspn rt __ of _ co r red ant s __ _f ~.::,m _ tun£,,• l 

this path can be sharply reduced by, f,>r exampl;_,, inst.crti~,g .:1 "plug" 

e.g. rock. A .. 1 m long plug with a diaraeter 1 c1n lt~ss tf;_~~n that ~"£.1-::-, 

hole reduces the cross-sectional area for diffusion to 1.3%. If ~he fa~~ 

thaL the clay that can be used to fill the gap has a high~r difi~siv~~i 

(5 times), but that the plug is only about 40% of the distance between 

the tunnel floor and the canister, is taken into account, the transport. 

resistance is 6 times greater than if this space were filled with cGmpac­

ted clay. Such an arrangement \..'ould reduce the in\,/ard trar..sport et 

corrodants to the top surface of the canister by a factor of 6. 
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General 

The availability of bivalent iron notably reduces possible corrosion 

due to the sulphate reaction. It would therefore appear to hf' 

advantageous to convert the sulphide in the clay to sulphate. 

Corrosion will then be less, even if the sulphate reaction is fast. A 

low-sulphur clay can scarcely reduce the attack further. 

In terms of engineering measures, a rock plug in the hole above the 

canister can contribute considerably to reducing the attack on the top 

part of the canister. 
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The Cu concentration dropped very rapidly, and only 3 cm from the plate, only 
background concentrations were found, about 0.05 mg Cu/cm2 per plate in all 
cases. The results are presented in table 2. 

The quantity of copper that has diffused out into the surrounding soil is, 
2 per I cm of plate: 

Gyttorp 

Trollhattan 

Lyrestad 

1.25 mg 

1.24 mg 

0.41 mg 

These values are equivalent to the following thicknesses of the copper layer: 

Gyttorp/Trollhattan 

Lyrestad 

1. 3 µm 

0.5 1Jm 



81 

Four earth electrode plates for lightning conductors have been investigatei 

The sites have been Gyttorp, Trollhittan, Lyrestad and HHgsitra. No Cu pla1 

was found in HHgsitra, despite searching with metal detectors and digging i 

three different places with positive indications of metal objects. 

At the three first sites - Gyttorp, Trollhittan and Lyrestad - Cu plates wt 

found and recovered. Facts on the find sites are given in table 1. For 

exact geographical location, consult Chrisler Bolin, ~skskyddskonsult 

(+46-18-320633). 

The plates have been uncovered with the aid of an excavator. For this reas 

the soil layers on top of the plate have been disturbed. There has also b 

a risk that the corrosion products on the top side of the plate would 

scraped away. For this reason, all measurements of pH and Eh as well 

taking of soil samples have been done in the soil layers just below the pl 

after the plate has been carefully lifted out. In the case of Lyrestad, 

excavated hole quickly filled with water, so sampling and measurement had 

be done on the clay that had adhered to the plate in large lumps and 

taken up with it. The plates were not cleaned, but immediately transported 

Stockholm for further transport to the Swedish Corrosion Institute. 

Two different types of soil samples were taken. One for analysis of Cu 

one for determination of bacterial activity. 

Cu determination 

Soi] samples were taken with a plexiglas cylinder that was pushed down : 

the soil layers so that a sediment core was obtained. This core, which hi 

diameter of 5 cm, was sliced in 1 cm thick slices. Each slice was numbere1 

consecutive order, and in cases where several sediment cores were taken, 

were designated 1:1, 1:2, 1:3 and 2:1, 2:2, 2:3 etc. The slices were fre; 

dried and homogenized. 0.5-1 g of sediment from each slice was leached' 

10 ml of 5 M HN0
3 

for one hour in an autoclave at 120°C. The sample 

washed and filtered through a 0.45 µm membrane filter. It was then dilute 

50 g with Milli-Q water. The analysis was performed on Varian AA-t 

324.7 nm. 
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Table l 

Place Date of Buried 

recovery 

Gyttorp 820913 

---~-----

Trollhiittan 821022 1908 

or 

1932 

·----------- --·-- -·· ... - - -----------~----

Lyresta<l 821126 1922 

---·--·-·--·•---

__ _J$i11Wlittililiitllt'lf!l':rillllll-,1irrcllil''tf!Wli' 1.· ·-------·-··--·-- -· ......... . 

Position 

Horizontal 

Horizontal 

Horizont:il 

Depth 

cm 

120 

150 

330 

Soil type pH 

silt 6.0-6.9 

stiff 4.7-5.2 

clay 

clay 7.4-7.6 

Mt Mb!ltlM 

Eh 

mV 

+50 

+300 

+250 

- -100 

- +150 

- +150 

CD 
w 



Table 2 

Sample designation 

Gyttorp 1 : 1 
1: 2 
1: 3 
1: 4 

Tro l lhattan 1 : 1 
1: 2 
1: 3 

2: 1 
2:2 

3: 1 
3:2 
3:3 

Lyrestad 1 : l 
1: 2 

2: 1 
2:2 

3: 1 
3:2 

soil (g) 
2 cm plate 

0.66 
0.76 
0.84 
0.99 

0.59 
1. 25 
1.56 

1.33 
1.42 

0.94 
1. 31 
1.42 

1.02 
1.02 

1.40 
1: 69 

1. 16 
1. 22 

o/ Cu oo 

1. 49 
0.21 
0.053 
0.039 

1. 42 
0.46 
0.04 

1. 10 
0. 03 

0.55 
0. 14 
0.04 

0.42 
0.03 

0.20 
0.04 

0.47 
0.025 

mg Cu 
2 cm plate 

0.99 Quantity Cu/cm 
2 

plate 1.25 mg = 
0. 16 
0.06 
0.04 1.25 

0.84 Average quantity Cu/cm 
2 

plate 1.24 mg = 0.57 
0.06 1. 47 

CD 1. 46 ..,. 
0.04 1.50 

0.52 
0. 18 
0.06 0.76 

0.43 Average quantity Cu/cm 
2 

plate 0.46 mg = 0.03 0.46 

0.28 
0.05 0.33 

0.55 
0.03 0.58 
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{:\c:.:_~J:_~ity of sulphate-reducing bacteria 

~amp ling 

Soil samples were taken in connection with the recovery of Cu pl.atec,s. The 

samples were taken in sawn-off syringes and kept sealed up to the Lime oi 

analysis. 

Analyses 

The water content is calculated as weight loss upon drying in oven at tos 0 c 

and specified as% of wet weight. 

Organic matter is weight loss on burning of dry sample at soo 0 c, l h. 

Total sulphur calculated on sample burned in induction furnace (Leco) and 

titration of so
2

. 

Determination of bacterial S reduction 

The soil sample was furnished with a glass rod prepared with 
35s-so

4 
z- by 

pushing the glass rod through the entire sample (10 ml of soil), after which 

the sample was incubated for 3 hours. The sample was transferred to a digester 

and HCl was added. The mixture was boiled for 3 hours and the evolved gases 

were driven from the digester to three collection traps connf'cted in series 

by means of a N
2 

gas stream. The volatile sulphides were retaine:d in th-e 

first trap, which contained 5 M NaOH. The two subsequent traps contained fJl'\Jli 

(= Ellman's reagent 5.5
1
-dithiobis-2-nitrobenzoic acid), which binds sulphides 

but serves in the analysis more as reserve traps. 

After the digestion scintillator counts were made on all solutions from the 

traps as well as from the filtered solution in the digester, the latter as a 

check to make sure that the non-reduced quantity of 
35s-so2

- was still present 

after the digestion (Skyring et al, 1979). so
4 

analysis was carried out 

turbidometrically on the filtered solution in the digester. 

Calculations of the activity of the sulphate reduction were carried out from 

the formula 



l 
J 

· •-----.---. • ........... ,._.., ,, ••-r, T n••-·_,n, s• .... ,,, ..... &. , 

86 

• CL -3 -1 cm day 

= sulphale concenLr~lron -3 cm soil 

= radioactivity of c;11lphides in counts per minute 
(cpm) 

= total radioactivity of 35s-so 2
- added in cpm 4 

t = incubation time in qqys 

a= natural isotope fractionating factor for bacterial sulphate reduction 
value used: 1.022 (Hallberg, unpublishccl values) 

Results 

Gyttorp 

Trollhattan 

Lyrestad 

nmol SO 2 -
-3 4

-1 cm day 

21 

25 

33 

org mat 

% d.w. 

2.2 

0.6 

0.7 

26 

33 

39 

mg so
4 

ml sample 

0.56 

0.96 

0.39 

% s 
d.w. 

0.015 

0.005 

0.011 

In comparison, it can be mentioned tha• ''7" ,,1i.vity in a surface sediment in 
Limfj orden was: 

2- -3 -1 IOµmol SO cm day (Bo B. Jorgensen 1978) 4 

in a Baltic Sea sediment from Asko 

2- -3 -1 4.9 ~mol SO cm day 4 
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Phase analysis 

Identification of the crystalline corrosion products has been done using 

X-ray diffraction. 

Lyrestad: Cu
2
s (traces of CuS) 

very well crystallized. 

Trollhattan and Gyttorp: Cu
2
o, very fine crystals. 

A metallographic examination of plate samples that had been encased in plastic 

and polished perpendicular to the two-dimensional plane by means of 11ght 

microscopy, scanning electron microscopy (SEM) and microprobe has also been 

utilized to permit the attacks to be followed in greater detail. Sev2cd 

products in addition to those already mentioned have been observed, but are 

X-ray amorphous or much too fine-grained. 

The corrosion products from the Lyr,-,stad plate werf' analyzdj by mear,'-'. et 

X-ray diffraction, the first time 12 days after they were dug up. 

Two weeks later, another similar analysis was performed and the results were 

slightly different. Copper sulphides were recorded both times. 

The finding is that an analysis must be performed as soon as possible after 

recovery with subsequent preparation of the object in order to gain better 

insight into the corrosion mechanism involved in relation to the surround ,1:,2 

environment. 
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Gyttorp 

Assume that the mean thickness of the o.,, k layer is 6 mm on the figures. 
This is equivalent to 12 )Jm, and lr,,iisl"'tc:-1 to a uniformly thick copper 
layer, this would mean about 7 µm. 

The basic data used in the calculations are as follows: 

Formula Density 
3 

g/cm 

8.9 

6.4 

6.0 

Unit cell 
3 volume, f\ 

47 

82 

78 

Number of formula 

units per unit cell 

4 

4 

2 

file unit cell volumes for the oxides are virtually the same and about 1. 7 
times greater than metallic copper. 

Trollhattan 

The mean thickness of an oxide layer is asswned to be 1 mm on the figure, 
which is equivalent to 2 µ m. The equivalent metallic layer is then 1 m. 

The figure shows no general corrosion or pitting. 

Gyttorp 

Calculation of pitting frequency 

From a photo with a magnification of 500 X, a cone radius is assumed of r = 
15 mm and h = 15 mm. This is equivalent to a cone volume of V = 3 • 10 -

5 
mm 3

. 
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The polished specimen shows 12 cones over a distance of 16 mm. 

Assume that these etching pits are uniformly distributed (hexagonal densP 

2 
packing). This gives 84 per cm 

2 -3 3 
This volume per cm is then 2.4 · 10 mm . 

Uniformly distributed over 1 

~ 0. 02 \.IITl Cu. 

2 
cm , this is equivalent to a layer thickness of 

This layer is negligible in comparison to the layer of corrosion products on 

the surface and the quantity of Cu that has diffused out into the soil layers. 

Calculation of pitting factors 

Gyttorp 

Trollhattan 

Lyrestad 

Reservation 

Pitting depth 

\J m 

30 

12 

0 

Cu (soil 

analysis) 

µm 

I 

1 

0.5 

Cu (corrosion 

layer) 

\J m 

7 

1 

0.5 

Pf 

5 

5 

0 

In connection with these chemical analyses, we have been able to observe that 

the sampling and preparation methodology employed to date unfortunately does 

not provide a correct and representative answer. A large fraction of the 

corrosion layers, and especially the fraction that is bound to the metal 

surface owing to a comparatively plastic consistency, are not recorded in the 

soil analysis. Nor are they clearly observed in the polished specimens, since 

these have been prepared several weeks after recovery. In the meantime, the 

objects have dried and the unstable layers have "peeled" due to, among other 

things, differences in the volume of the different materials (in connection 

with drying). 
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Some idea of these phenomena can be gained from photographs; Trollhattan, 
where the corrosion front is not flat, as it is in Gyttorp. In the Troll­
hattan sample, certain layers have been lost during handling and cannot be 
calculated at the present time. This also applies to the Lyrestad plate, 
where it is possible after drying to pick off thin layers of sulphidic compo­
sition. 

Summary 

The quantity of Cu that has diffused from the plate out into the soil layers 
is of the same order of magnitude for all three plates. The statistical 
errors are too great to permit significant differences to be given between 
Gyttorp (G) and Trollhattan (T), while the Lyrestad (L) values are signifi­
cantly less than G and T. 

Most of the corroded copper has been converted to corrosion products on the 
surface of the plate. Light micrographs clearly show that G has been subjected 
to the greatest corrosion, followed by T and L. The pitting factor for G and 
T is less than 5, while L does not exhibit any pitting. L appears to be 
virtually unaffected. 

The chemico-mineralogical relationships, physical measurements on the site 
versus formed products, are not clear-cut. The Eh-pH diagram in figure 1 
shows an environment for G that is more reducing than for the other two earth 
electrodes. The corrosion products that are formed are, on the other hand, 
primarily oxides, while L has primarily sulphides. L was situated below, 
while G was above, the groundwater table in what appears to be a well venti­
lated sediment. The redox environment has therefore probably fluctuated more 
for G than for L. It should be emphasized, however, that Eh and pH are inten­
sity measures that do not measure the chemical capacity of the system. It is 
therefore probable that the measured values for L have been affected by 
oxidative water that seeped in from overlying layers. 

The activity of sulphate-reducing bacteria is extremely low. This indicates 
that the sulphides in the L case were formed during an earlier period when 
more nutrients were available for the bacteria. 

The determination of the corrosion time for the different plates is not 
completely certain in the G and T cases. In the T case, a Cu plate was buried 
in 1908. It was connected to a pole in a power transmission line. 
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This line was restored in 1932. There is no record of the plate's having lieen 

replaced at this time. The engineer from the Swedish State Power Roard who 

participated in the field work was of the opinion, based on his experience 

from line restoration, that it is not probable that the plate was repL1cPd. 

It is therefore most probable that the time of burial is 1908 and not 1~32. 

In the G case, the plate was buried some time before 1920, and investigations 

are underway to establish the time more exactly. 

Cu plates used as earth electrodes for lightning conductors are comparatively 

good objects for determining Cu corrosion. 

The material is pure Cu. 

They have been buried in the earth for 50-80 years. 

The find site can be documented with regard to chemistry. 

However, it should be possible to improve the results based on the experiertce 

we have gained in this study. 

For example: A plate that is to be recovered must have a carefully recorde<l 

time of burial. The sampling procedure should be supplemented with a tool 

that drills out a piece of the plate so that both plate and soil (3-4 cm) are 

included in the same sample. This sample should be encased in plastic and 

sectioned in such a manner that an intact corrosion picture (plate, corrosion 

products and nearest soil layer) can be obtained. 

Claes J\linder of the Geological Survey of Sweden in llppsala assiste,:l in 

certain instrument analyses. 
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Appendix 7 

(51 571) 

Investigation report 

Swedish Corrosion Institute 

Assignment: 

Client: 

Investigation of corrosion damage on lightning conduc­
tor plates 

KBS 

Att: Lars Werme 

Box 5864 

102 48 STOCKHOLM 

Persons in charge: Goran Sund & Bo Rendahl 

1. BACKGROUND 

Three lightning conductor plates were submitted to the Corrosion Institute 
for investigation. Lightning conductor plate No. 1 was recovered from a 
horizontal position at a burial depth of about 120 cm in the district around 
Gyttorp. The soil type was mo (glacial till) with a pH of 6.8-6.9 and a redox 
potential relative to the normal hydrogen electrode of Eh +50 mV - -100 mV. 
Lightning conductor plate No. 2 was found in Trollhattan. The burial depth 
was about 150 cm. The soil type was stiff clay with a pH of 4.7-5.2 and an Eh 
of +300 mV - +150 mV. Lightning conductor plate No. 3 was buried at a depth 
of 330 cm in Lyrestad. The soil type was clay with a pH of 7.4-7.6 and an Eh 
of +250 mV - +150 mV. 

2. INVESTIGATION 

2.1 Examination 

The lightning conductor plates were covered with soil when they were submit­
ted. Lightning conductor plate No. 2 had a soil layer several mm thick while 
the other two plates had a soil layer about 1 mm thick. The plates were 
cleaned with a scrubbing brush and water. A rectangular piece measuring about 
10 x 10 cm was sawn out of each plate. The pieces were pickled in 10% H

2
so

4 
for about 2 min. 
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After pickling, the pieces were examined for pitting. No clear corrosion pits 

were detected. 

2.2 Microscopic examination 

Test pieces were taken from the rectangular pieces for microscopic examina­

tion. Three sections were ground and polished. The sections were then examined 

under a microscope with the following results: 

Lightning 

conductor 

plate 

Thickness Maximum 

pit depth 

Uniform 

corrosion 

1 

2 

3 

1. 8 mm 

1.4 mm 

1. 7 mm 

25 µm 

~o 
} 0 \1m 

30 µ m 

10 pm 

15 \' m 

Extensive corrosion attacks typical of uniform corrosion were found on both 

sides of the plates. The uniform corrosion has been estimated on the under­

sides of the plates. The estimates are based on measurements of the leve 1 

difference to apparently unattacked areas. 

3. CONCLUSIONS 

No real pitting was observed. There were some pits, licwev2r, su,cc;;; 

corrosion attack is never completely uni form. The maximwn p.i t depth in 

these pits was measured at 25 µ_m in plate No. 1. 

Uniform corrosion was found on relatively extensive areas. The depth of 

penetration was estimated at 30 m for plate No. 1, 10 µ m for plate No. 

2 and 15 µm for plate No. 3. 
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Appendix 8 

MICROSCOPIC INVESTIGATION OF THE STRUCTURE OF COPPER SPECIMENS 

Sten Modin and Helfrid Modin 

Metallografikonsult HB, Skattungsvagen 14, 121 70 Johanneshov 

Introduction 

This is a summary report of three separate reports on the structure of elec­
tron-beam welded copper and hot isostatically pressed copper. The investiga­
tion concerns: 

1. The structure and predicted corrosion resistance of electron-beam-welded 
copper. 

2. The structure and predicted corrosion resistance of copper welded by 
means of a hot isostatic pressing technique (HIP). 

3. The structure and corrosion resistance of copper produced from copper 
powder by means of hot isostatic pressing (HIP). 

For the copper material produced from copper powder, three different powder 
grades have been used. 

Specimens with HIP joints 

According to the manufacturer, the surfaces to be joined have been cleaned 
carefully, the last step being a surface treatment with a rotary copper 
brush. The pieces are then joined together by means of hot isostatic pressing. 

In the etched specimens, the joint can be seen with the naked eye, due to the 
considerably smaller grain sizes in the joint area as compared to the sur­
rounding material, see Fig. 1. In the polished specimens, the joint is not 
discernible to the naked eye or under a microscope, see Fig. 2. As is apparent 
in this figure, there is a crack in the joint. According to the manufacturer, 
this is most probably due to test bending of the specimen before it was 
submitted for metallographic investigation. 
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A closer study of the joints reveals that the zone of finer grain sizes 

varies in thickness. The manufacturer attr _butes this to the process of 

cleaning the surface with a copper brush. Th'..s treatment may not have been 

uniform over the whole surface area. 

Electron-beam welded specimens 

In the electron-beam-welded specimens, the grain sizes at the centre of the 

welded zone are somewhat smaller than in the surrounding material, see Fig. 

3. Only a few pores can be found in the welded zone. In the outer, somewhat 

coarse parts of the welded zone, faint striations are evident after etching. 

These striations run through the depth of the weld, i.e. along the direction 

of the electron beam. Only a few pores were found. The surrounding, unfused, 

material is characterized by grains with twins. 

An attempt has also been made to determine the corrosion resistance of the 

welded zone. The specimen was etched in depth using an aqueous solution with 

20% ammonium persulphate with ammonia added. The etching was carried out at 

about 40°C. The welded zone did not etch stronger than the surrounding mate­

rial, see Fig. 4. However, the striations mentioned above appeared more 

clearly in relief. 

Based on this study, the corrosion resistance of the welded zone should not 

be lower than that of surrounding material. The weld should, however, be 

investigated for the presence of pores by means of either X-ray or ulcrasonic 

technique. 

Specimens prepared by hot isostatic compaction of powder 

Three different specimens, prepared from copper powder of increasing purity, 

were investigated (see Figs. 5, 6 and 7 in order of increasing purity). The 

less pure specimens exhibited Cu
2
o inclusions of various sizes. Porosities 

were also found to some extent. However, the sample with the highest purity, 

i.e. lowest oxygen content, had no Cu
2
o inclusions, although a small number 

of pores and/or slag were seen. 
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Judging from the microscopic examination of the specimen with the lowest 
oxygen content, the low frequency of pores and/or slag inclusions should not 
appreciably affect mechanical strength or corrosion resistance. 

Helfrid and Sten Modin 

METALLOGRAFIKONSULT HB 

Sten Modin 
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Figure 1. HIP joint. Etched in ammonium persulphate. SOX. 

Figure 2. HIP joint. Unetched. 25X. 
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Figure 3. Electron-beam-welded copper. Etched in ammonium persulphate. 25X. 

Figure 4. 
and ammonia. 

Electron-beam-welded 
3X. 

copper. Etched in ammonium persulphate 
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Figures 5, 6 7. HIP copper powder. Purity increases from the top downwards. 

Etched in ammonium persulphate. 25X. 
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Appendix 9 

The corrosion resistance of copper canisters for spent nuclear fuel -
follow-up 

(Report from the Swedish Corrosion Institute, April 1983) 

Supplementary statement 

by 

Professor Costa Wranglen 

Having found myself able to concur this time - in contrast to what was the 
case with regard to KBS Technical Report 90, published in 1978 - with the 
Swedish evaluation of the Corrosion Institute of copper as a canister material 
intended primarily for spent nuclear fuel according to the above-mentioned 
report, the main body of which was published in advance in OKG-Aktuellt 
83.1, March 1983, I can cite the following three factors as the basis for my 
decision: 

1. The flow of groundwater around the canisters (see section 2.3 in the 
above report) has been studied and elucidated in far greater detail than 
was the case in 1978. 

2. I now found reason to accept the geological premises stipulated by KBS, 
which I previously felt I should question, particularly in view of a 
report dated 12.3.1979 written on assignment for the Swedish Nuclear 
Power Inspectorate by the Consultant Group for Geology Matters (A. 
Wesslen et al). I would, however, like to point out that no refutation 
of the aforementioned report was submitted to the Corrosion Institute's 
Reference Group for Canister Material for Nuclear Waste. 

3. The Social Democratic Government has announced that the so-called "Stipu­
lation Act" of 1977, with its requirement for an "absolutely safe" 
disposal of nuclear waste, has been repealed, something which I myself 
recommended in an article in the Social Democratic press back in the 
summer of 1977. In its motivation for a forthcoming "Nuclear Activities 
Act", the Nuclear Legislation Committee, under the chairmanship of 
Director-General Valfrid Paulsson, states in its report (Legislation in 
the field of nuclear energy, SOU 1983: 12, Liber For lag, March 1983): 
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"that with the present state of knowledge, no absolutely safe method _c~!_ 

~-"'i_ng this technical problem can be st~p_.1:1l_ated 11
• By this formulat ton, 

the Nuclear Legislation Committee has thus supported my rf'jection of the 

various proposals for the final disposal of nuclear waste, hasPd on thE' 

Stipulation Act, which I have publicly announced on a number of occas tons 

over the past 6 years. 

According to the KBS report "Handling of Spent Nuclear Fuel and Final 

Storage of Vitrified High Level Reprocessing Waste, part IV, Safety 

Analysis", Fig. 3-8, page 30, the so-called "hazard index" for spent 

nuclear fuel, specified with 1 tonne of pure natural uranium as a unit, 

takes approximately 10 million years to decline to the corresponding 

hazard index for 30% uranium ore, which is an unusually rich uranium ore 

with a high content of the mineral pitchblende (u
3
o

8
). Thus, even after 

10 million years, the spent fuel is 100 times more dangerous than norm­

a!ly occurring and feasible uranium ore with 0.3% uranium and l 000 

times more dangerous than the normally unfeasible Ranstad ore, which 

contains only about 0.03% uranium. 

Against this background, it is reasonable to require a canister life of 

1 million years. According to the report cited in the heading, table 7, 

Total attack on the canister, improbable case, a copper canister with a 

wall thickness of 100 mm could conceivably be perforated after only 

10 000 years. According to chapter 4 of said report, Conclusions, tbis 

risk is avoided by adopting either of the following rneasur·ps 

the mouth of the borehole is sealed with a granite lid 

the assumed bentonite grade with 0.81% so
4

2
- is exchanged for a 

2-
sulphate-poor grade with a maximum of 0.03% so

4 

Under either of these conditions, a copper canister with a wall thick­

ness of 100 mm would not have been perforated even after 1 mi 11:ion 

years, even under otherwise very unfavourable and improbable conditions. 

Even in consideration of the new factors mentioned above (improved 

knowledge of groundwater flow, acceptance of the geul,>gicd prern1sc·s 

stipulatt·d by KBS and repeal of the Sti1.JUlatio11 Act), pers is L 11, 
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my rejection of the lead-lined titanium canister (approved by the three­
party Government in 1979) specified in KBS I, as well as of the so-called 
ASEA canister, consisting of aluminium oxide that has been compacted 
under high pressure and at high temperature. In both of these cases, my 
position is based on the pronounced risk of cracking, a risk that should 
be possible to disregard in the case of the copper canister. 

In view of what has been said above and present-day knowledge, it also 
follows that I assume that not only spent nuclear fuel but also vitrified 
high-level waste from the reprocessing of such fuel will be finally 
disposed of after encapsulation in copper. 

Stockholm in April 1983 

• 
Professor Gosta Wranglen 
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