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COPPER AS CANISTER MATERIAL FOR UNREPROCESSED NUCLEAR
WASTE - EVALUATION WITH RESPECT TO CORROSION

Summary
The Nuclear Fuel Safety Project (KBS) has proposed, to fulfil

the requirements of the so-called "Conditions Act", that spent
unreprocessed nuclear fuel shall be disposed of by encapsulation
in copper canisters with 200 mm thick walls. The canisters are
to be placed in vertical boreholes in rock, 500 m below the

surface, and embedded in a buffer of compacted bentonite.

The Swedish Corrosion Institute has been assigned the task of
evaluating this proposal from the viewpoint of corrosion and
of estimating the life of the canisters under the given condi-
tions. To dc this work, the Corrosion Ingtitute has appointed
an expert grcup of 10 Swedish specialists, mainly from the |
fields of corrosicn and materials technology.

The thermodynamic possibilities of various corrosion reactions
on copper under the prevailing conditions were studied, whereby
bacterial action was also taken into account. Oxygen entrapped
in the buffer material at the time of the closing of the reposi-
tory was found toc be an important oxidant for corrosion.
Sulphide in the groundwater was found to be another important
reactant. The supply of oxygen and sulphide, mainly by diffu-
sion, was calculated, and from this the maximum possible
corrosion of copper. The morphology of the attack was also
examined, the finding being that an attack which starts as
pitting will penetrate into the metal at a decreasing rate,
after which the continued attack will proceed mainly in the
form of a widening of the pits or an initiation of new pits.

So the corrosion of a very thick-walled canister will, in the
long run, have the character of a more or less uneven attack
over the entire surface, with heterogenities not exceeding a



pitting factor of 25. The expert group arrived at the
conclusion that, under the given conditions, the canisters

will last for hundreds of thousands of years.

The expert group was unanimous in its opinion, with the
exception of Professor Gdsta Wranglén, who has submitted a

special statement of his own.
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1. BACKGROUND

The "Conditions Act" passed by the Swedish Parliament declares
that the Swedish power producers, before charging any nuclear

reactor with fuel, will have to demonstrate:

- either how and where an absolutely safe final storage

of reprocessed waste can be effected,

- or how and where an absolutely safe final storage of
the unreprocessed spent nuclear fuel can be effected.

In order to gather material for the report on final storage,
the four companies which build nuclear power installations in
Sweden formed the "Nuclear Fuel Safety Project" (KBS) in
December of 1976, Within the framework of this project, the
Swedish Corrosion Institute has been commissioned to provide
an evaluation of the corrosion resistance of the various
encapsulation alternatives proposed by KBS. The present re-
port concerns an evaluation of copper as an encapsulation

material for unreprocessed waste.

To carry out its undertaking, the Swedish Corrosion Institute
has appointed a reference group consisting of specialists,
mainly from the field of corrosion and materials technology.
The group also includes a representative from the Swedish
Nuclear Power Inspection Board as an observer. The reference

group has the following composition:

Professor E. Mattsson Swedish Corrosion Inst, Chajirman
L. Ekbom, Lic. Eng. n ' " " Secretary
R. Carlsson, Lic. Eng. Swedish Silicate

Research Institute
Chief engineer, Swedish Nuclear Power Observer
T. Eckered Inspection Board

{1978-03-30)



Dr. G. Eklund Ingtitute for Metals

Research

Professor I. Grenthe Royal Institute of Techno-
logy

Dr. R. Hallberg University of Stockholm

5. Henrikson, M.A. AB Atomenergi

Professor N-G. Vannerberg Chalmers University of Tech-

© nology

Professor G. Wranglén Royal Institute of Techno-

logy

The reference group has based its evaluation on tests, studies
and calculations carried out both within and outside the group
as well as on statements from and discussions with various
foreign experts, including Dr. T.P. Gilbert and Dr. V.F. Lucey,
both well-known specialists on copper corrosion. '

In its evaluation, the group has sought to determine, on the
basis of present knowledge, the corrosion resistance which the
canister would exhibit under given conditions. The estimate

of the service life of the canisters has been based on calcula-
tions of thermodynamic possibilities for corrosion reactions
with the canister and of mass transport through the surrounding
buffer bed cf species which limit the corrosicn rate. The
reference group is unanimous in its opinions as presented in -
this report, with the exception of Professor GBsta Wranglén,

who has submitted a special statement of his own.
2. PREMISES FOR THE EVALUATION

KBS has specified the premises on which the evaluation is to
be based as regards geological conditions, the environment
surrounding the canister and the function of the buffer mass
(Appendix A). These premises have been discussed within the
reference group, especially the function of the buffer mass.
But it has not been up to the reference group to judge whether

or not these premises are correct.

(1978~03-30)



2.1 Proposed method of storage

According to the proposal, unreprocessed waste in the form

of fuel rods from the reactor shall be enclosed in a canister
made of pure copper. The canister shall be fabricated from

a commercially available standard grade of copper known as
"Oxygen Free High Conductivity Copper" (OFHC), with Swedish
designation SIS 5011. The material is used in large quantities

within the electrical engineering industry.

The design of the canister is shown in Fig. 1. The minimum
wall thickness is 200 mm. The outside diameter is 770 mm, but
800 mm at the top in order to provide a grip for lifting. The
lid is composed of three consecutive parts, each welded to the
canister by means of electron beam welding. The innermost 1id
is extra thick to withstand deformation due to external pres-—
sure. The outer lids are supported by the inner 1lid.

The fuel in the canister is surrounded by cast lead, preventing

deformation of the canister due to external pressure.

The canisters are placed in vertical boreholes extending from
horizontal tunnels in rock 500 m below the surface (fig. 2).
The vertical holes are drilled with a diameter of 1.5 m and

a depth of 7.7 m and spaced at intervals of 6.0 m. One
canister is deposited in each borehole.

The space around the canisters is filled with a buffer mass.
The &im of the described method of storage is, according to
the proposal, to create a number of barriers which prevent
radioactive substances from reaching the biosphere. The more
or less slow dissolution of radicactive substances from the
waste comprises an inner barrier, the canister itself and the
buffer mass around the canister comprise one barrier each and
the long transport path in the rock comprises a fourth external
barrier. The present study deals with only one of these four

barriers - the canister.

(1978-03-30)



2.2 Composition of the groundwater

The canisters will be surrounded by groundwater. The composi-
tion of the groundwater at the depth in question is given in
Table 1., Of particular importance in evaluating the corrosion
resistance of a copper canister is the concentration of oxi-
dants in the groundwater. The groundwater at the depth in
guestion is assumed to have a very low oxygen content ( 0.1
mg/l), except during an initial period immediately following
deposition, when a thin surface zone along the walls of the
repository has an elevated oxygen content., The inflow of
sulphide is also of importance in the evaluation. The sulphide
content, in equilibrium with surrounding minerals, is very low
({ 0,01 mg S/1) (Appendix B). Analyses of groundwater from the
depth in question have revealed a maximum level of 5 mg/l
sulphide in the groundwater. According to the specified
premises, the groundwater around the repository has a sulphide
content (measured as sulphur) of no more than 1.5 - lO“4 moles/1
(5 mg S/1).

The quantity of organic material in the groundwater is also of
importance, since it can be used by bacteria which mediate the
reduction of sulphate to sulphide. The level of organic

material is assumed to be no more than 13 mg/1l (determined on

the basis of KMnO4 consumption).

The pH of the groundwater can be assumed to f£all within the
range of pH 7-9, in view of the buffering effect of minerals
in and around the tunnel system.

When the canisters are deposited and the buffer mass is filled in
around them, air will fill pores and cavities in the buffer
mass and the tunnels up to the time of the final filling-up
of the deposition gallery. After the repository has been
closed, the atmospheric oxygen will dissolve in the inflowing
groundwater. The oxygen content of the water will therefore
be relatively high initially. The atmospheric oxygen in the
buffer mass in the tunnels will, however, be bound relatively

quickly by reaction with iron(II) phosphate (cf. section 2.4).
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2.3 Groundwater flow

According to the premises, the waste will be placed in
selected rock with low permeability, i.e. with few and
narrow fissures. This means that the flow of water through
the rock will not exceed a deciliter or so per m2 cross~
section of rock and year. The flow of water will be local-
ized to thin fissures, generally spaced at intervals of a
metre or so. Significantly greater flow of water in the
rock can only occur as a result of extensive disturbances
in the rock, e.g. due to tectonic movements, It is assumed
that water flow which 4is so strong that the buffer material
could be washed away cannot occur.

The huffer mass of compacted bentonite which surrounds the
waste canisters is plastic and possesses very low perme-
ability ¢ 10_12 m/s), much lower than the rock. The buffer
material is homogeneous. The high swelling capacity of
bentonite, combined with its plasticity, make the risk of
fissure formation in the buffer mass negligible. These
properties also enable the bentonite tc penetrate into and
seal fissures in the rock. The water flow through the buffer
mass can be neglected and only diffusion through the water in

the buffer mass need be taken intc consideration.

2.4 The buffer

The canister is surrounded by a buffer mass consisting of
compacted bentonite. This buffer is said to have several
functions. It comprises a soft, formable bed with good bear-—
ing capacity for the canister to rest upon. It inhibits ground-
water penetration and distributes the groundwater uniformly

over the surface of the canister. It serves as a chemical
buffer against the groundwater and thereby regulates the pH

of the water to be between 8.5 and 9. Finally, the buffer
retards the transport of corrosive reactarits to and radiocactive

substances away from the canister,
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A buffer of the specified composition is said to possess high
plasticity and durability. Upon contact with water, the
bentonite swells. This swelling capacity is assumed to
provide a guarantee against the formation of water-bearing
fissures in the material. The plasticity of bentonite is
documented, even over geological periods of time.

The buffer is obtained by precompacting sodium bentonite,
which has been subjected to oxidation treatment to reduce

the sulphide level. The remaining sulphide is said to exist
in the form of pyrite (Fesz). The level of sulphide after
oxidation treatment is said to be no more than 200 mg/kg.

The level of organic material is said to be 200 mg/kg, con-
sisting primarily of poorly biodegradable material. After
oxidation treatment, the levels of iron compounds were deter-
mined to be: Fe(II) 0.12% and Fe(III) 2.72%. After the
buffer mass has been placed in the repository, it will slowly
be filled with groundwater, which takes hundreds of years.

A mixture of guartz sand (90 - 80%) and bentonite (10 - 20%)
is used to fill up the tunnels (fig. 2).

Prior to the addition of bentonite, a deoxidation agent is
added to the quartz sand to reduce the atmospheric oxygen
which remains in the pores of the filler material after
filling and sealing of the tunnel. This deoxidation agent
consists of iron(II) phosphate, known in mineral form as
vivianite. Through suitable heat treatment and grain size
distribution, the reactivity of the deoxidation agent with
oxygen is adjusted so that it is not consumed by reaction in
open air during the filling of the tunnel, but is still
reactive enough to reduce the oxygen in a year or two.

The diffusion of initial oxygen from the tunnel to the canister

can also be limited by placing a copper lid in the deposition

hole above the copper canister.

- (1978-03-30)



The alr volume remaining in the tunnel after filling is
estimated to be a maximum of 25 m3 {at 1 atm, OOC) per deposi-
tion hole. &2&n additional m3 or so is present in the deposi-

tion hole.

2.5 Canister temperature

Due to its radiocactivity, the waste generates heat which
raises the temperature of the waste and thereby of the
canister and its immediate surroundings. Heat generation
is relatively high at the start, but declines rapidly after
the first 100 years. The temperature of the canister at
the time of -deposition can be controlled by the adjustment

of various parameters at the time of deposition.

In the case of unreprocessed waste, the maximum temperature
at the outer surface of the canister is stated to be 800C;
after 1000 years, the temperature has dropped to 50°¢.
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 nuclear
radiation, radiolysis of the water may occur. This can lead
to the formaticn of, i.e., oxygen and hydrocgen., Radiolysis

of water around the canister can influence the corrosion of
the canister and thereby the canister's gervice life. Radio-
lysis is dependent upon the nature and the intensity of the

radiation.

The quantity of copper which could theoretically be oxidized
by the oxygen and by other oxidants (Fe3+,Cu?*) resulting from
radiolysis has been calculated to be in the present case

0.4 kg copper per canister over lO6 years, of which about

20 g is oxidized during the first 10 000 years.
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2.7 Canister life

The reference group has not received any specified require-
ments from KBS with regard to the service life of the

canister.

Most of the radioactivity in the nuclear waste, namely that
portion which derives from cesium 137 and strontium 90 (1),
decays during the first 600 years. The remaining radio-
activity decays at a considerably slower rate, and a small
portion lasts millions of years. Some of the radiocactivity

derives from transuranium elements.
3 CORROSION - GENERAL

If, as in the present case, a canister made of a certain
material surrounded by groundwater of a certain composition
is postulated; it is possible to determine whether the
system is thermodynamically stable or not. A stable system
is in equilibrium, i.e. no net chemical reactions occur. A
canister which is thermodynamically stable (immune) in
surrounding groundwater has, theoretically, an infinite

service life.

If, on the other hand, the canister is not thermodynamically"
stable in the surrounding groundwater, corrosion is possible,
but the rate of corrosion can vary within wide limits. 1In
some cases, a protective coating forms on the surface of the
material and preventscorrcocsion to a greater or a lesser
degrée. It is then said that the surface has been passivated,
In other cases, on the other hand, corrogsion barriers are
lacking, and the rate of corrosion can be high. Even on a
passivated surface, the rate of corrosion can reach high
values localiy, e.g. due to pitting. Any estimate of the
service life of a canister made of a material which is not
thermodynamically stable must therefore be based on a deter-

‘ mination or estimate of the rate of corrosion.
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4 CORROSION OF THE COPPER CANISTER

" Copper is a relatively noble metal, which means that it is
not normally attacked by oxygen-free water. It usually
possesses good corrosion resistance in different environments.
Copper is therefore used to advantage as a material in such
applications as hot water lines. The normally good corrosion
resistance cof copper does not, however, prevent rapid corro-
sion attacks from occurring under unfavourable circumstances,

such as pitting in water lines.

4,1 Possibilities of attack on the copper canister

A calculation of the thermodynamic eguilibria which prevail
between copper and water is reported in Appendix B, The
calculation shows that the solubility of copper as Cu(I) in
oxygenfree pure water is less than 10-7'5M, which means that
the corrosion attack at the rates of diffusion in question

will be negligible, even after long periods of time.

In the presence of oxidants, however, copper can be oxidized
and thereby attacked. The influence of various possible
oxidants is dealt with in Appendix B. The oxidant which is

of greatest interest here is oxygen dissolved in the ground-
water. Other possible oxidants are e.g. sulphur (VI) in
sulphate, hydrcgen(I) in water + sulphide, sulphur(-I) in
pyrite, nitrogen (V) ig nitrate or iron(III) in various minerals.
The two first-named oxidants are particularly important, since
their concentrations are relatively high in the canister's

environment,

4,1.1 Oxidation_of copper_by oxygen

i i — " ——— "

Oxygen is an oxidant which can attack the copper during the
introductory phase of the deposition, provided that a rela-
tively high redox potential is prevailing (fig 3). The attack

can occur in accordance with the following reaction formulae:

(1978-03-30)
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4Cu + 02
2Cu + O2

2Cu20
2Cu0.

Oxygen can come from various sources:

- Oxygen is present in the buffer bed at the time of
deposition, partially dissolved in the water in the
buffer material and partially in the form of entrapped
air., This oxygen can be bound by the addition of
Fe(II) phosphate to the buffer material, which, accord-
ing to the premises, is mixed with the buffer material
in the horizontal tunnels, but not in the vertical

boreholes.

- Oxygen is supplied with the surrounding groundwater.
Owing to the fact that the rock below the groundwater
table has a buffering effect, the oxygen content of the
groundwater is very low, <0.1 mg/l.

- Oxygen is formed due to radiolysis caused by radiation

from the canister.

The rate of attack is limited by the supply of oxygen to the
surface of the canister. The supply of oxygen from various
sources has been calculated as a function of time (Appendix
D). The results are given in Table 2, expressed as an

equivalent gquantity of copper oxidized to Cu(I}.

4,1.2 Oxidation of copper_ by sulphate or nitrate

The oxidation of copper by sulphate with the formation of
sulphide is thermocdynamically possible under the conditions

which are expected to prevail in the waste depository. Geolo-

gical and other chemical evidence indicates that the oxidation

is negligibly low, even over geological periods of time
(Appendix B3). The effects of sulphate in combination with
sulphate-reducing bacteria are dealt with in section 4.1.3.

(1978-03-30)
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The oxidation of copper by nitrate is also thermodynamically
possible. The rate of reaction is, as in the case of sulphate,
extremely low. Nitrate (as well as nitrite) can therefore

be disregarded as an oxidant for copper (Appendix B4},

4.1.3 Oxidaticon of copper_in_the presence_of_ sulphide

et o T —— Y —— e ——— ————— T —— ——————— . T ———— —

Thermodynamic calculations show that copper can be oxidized
by water and hydrogen sulphide at a relatively low redox
potential (cf. fig. 3), e.g. according to the following

reaction formula:
2Cu(s) + HS (aqg) + Hy0(l) = Cu,S(s) + H, (g) + OH (aq)

The upper potential limit for the stability range of Cuzs is

shifted downwards when the temperature is raised (fig. 3).

The oxidation rate is limited by the rate at which hydrogen

sulphide is transported to the copper canister.
There are a number of sulphide sources in this case:

- Sulphide in the form of pyrite (FeSz) is present in
the buffer bed at the time of deposition. Due to the
oxidation treatment of the bentonite, this sulphide
level is low, no more than 200 mg S/kg. Owing to the
low solubility of the pyrite, however, this sulphide
source will not contribute towards an attack on the

copper.,

- Sulphide is supplied with the groundwater. But the content
of sulphur as sulphide is, according to the premises,

less than 5 mg S/1, usually considerably less.

- Sulphide is formed by the reduction of sulphate in the
buffer bed mediated by bacterial action (c¢f. Appendix

C) e.g. according toc the fellowing formula:

(1978-03-30)



2CH., - CHOH - COOH + HSO, -» 2CH

3 4 g " COOH + HS + 2C02 + 2H20.

The bacteria, however, for their life processes, require orcanic
material , represented in the above formula by lactic acid.

In the presence of a surplus of sulphate, the supply of organic
material (OM) is determining for the sulphide formation. In this
case, the groundwater is assumed to have“an OM content of

13 mg/1l, which is theoretically equivalent to a sulphide con-
tent increase of approx. 2 mg/l.

The supply of sulphide from various sources has been calculated
as a function of time (Appendix D). The results (Table 2) are

expressed as an eqguivalent amount of copper converted to Cu(I).

4.1.4 Attack by thermal diffusion

Another possibility for corrosion is associated with the
temperature gradient which exists around the canister during

the first few hundred years. This could give rise to a
dissolution of copper from the canister and a reprecipitation

of the metal, for example on the rock wall. But calculations
show that material loss due to such dissolution is insignificant,

less than 1 um per 106 vears (Appendix D).

4.2 Nature and rate of attack

The corrosion attack which can occcur on the copper canister
due to the action of oxidants is only of importance if it has
the character of local corrosion. Our prime concern here is
for pitting; the risk of stress corrosion cracking is con-

sidered to be eliminated when OFHC copper is selected.

Pitting in copper water supply lines is, as was mentioned above,
a widespread corrosion phenomenon, Experts in the field are
agreed that the rate of growth of the pits in depth decreases
with time, due partly tc the fact that the active surface in
the pit grows and partly to the fact that the paths of trans-

(1978-03~30)



port in the pit and its mouth are blocked by the precipitation
of corrosion products. The correlation between pit depth (P)
and time (t) is usually expressed empirically by means of the

equation
P=At (1)

where A and n are constants (2). n has a value of between
0 and 1.

A statistical treatment (Appendix E) of the results of the
Denison-Romanoff study of copper corrcosion in various types
of soil in the USA over a period of 14 years of exposure (2)
has shown that the correlaticon between pit depth and time can
better be expressed by means of the equation:

P=na(t-t)" (2)
o
where tO is the incubation time before pitting starts.

The results of the Denison-Romanoff study show that n

decreases with time (Appendix E).

In agreement with formula (1), the life of a copper water
pipe 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 takes
the form of a widening of existing pits and an initiation of
new pits. At extremely great wall thicknesses - as in this
case, 200 mm - the attack assumes, after a very long period
of time, the character of a corroded surface zone with local

variations in depth,
Table 3 gives the averagé penetration, i.e. the depth of the

surface zone which can be attacked due to the rate of supply
of reactants in question. Then a uniform attack is assumed over

(1978-03-30)



the entire surface. In this calculation of the average pene-
tration, the attack caused by oxygen supplied with the ground-
water and formed through radiclysis has been disregarded,
since such oxygen cannot cause corrosion attack at the same
time as sulphide in the groundwater attacks the copper; the
two reactions take place at different electrode potentials,
whereby the oxygen would be consumed by reaction with the
sulphide. Furthermore, the attack caused by sulphide supplied
with the groundwater wvia the tunnel is assumed to be concen=-
trated to the top end of the canister (nearest the tunnel)
over 1/10th of the canister surface.

The risk of local variations can be taken into account by
calculating a maximum pit depth, which can be obtained by
multiplying the average penetration by a pitting factor.
Table 3 gives the maximum pit depths for a pitting factor of
25, the highest value which was cbserved in the Denison-
Romancff study. This value for the pitting factor can be
regarded to be conservative, since theoretical analyses have
indicated that the pitting factor decreases with time, as was
also confirmed by the results of the Denison-Romancff study

(Appendix E) .
5 CONCLUSIONS

Copper is a relatively noble metal and is therefore thermo-
dynamically stable in oxygen-free pure water. In the case in
question, however, some corrosion can occur due to the
presence of oxygen or sulphide in the water which comes into
contact with the canister. It is assumed that the oxygen in
the buffer material in the tunnels can be eliminated by the
addition of deoxidation agents. However, oxygen is present in
the buffer material which is added to the deposition hcles,
and sulphide is supplied with the groundwater.

(1978-03-30)
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Even when these reactants are taken into consideration, how-
ever, it is considered realistic to anticipate a service life
of hundreds of thousands of years for a copper canister with
a wall thickness of 200 mm.
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Table 1. Groundwater composition at the repository site
according to Appendix A

Analysis Units Probable Min. valuex) Max. valuex)
interval

Conductivity uS/cm 400-600 ' 1100
pH ‘ 7.2-8.5 9.0
KMno, cons. mg/1l 20-40 50
COD " 5-10 12.5
a2 " 25-50 10 60
Mgt " 5-20 30
Na* " 10-100 100
k" " 1-5 10
Fe=-tot 1-20 30
pe?t " 0.5-15 30
mn?t g 0.1-0.5 3
Hco3' " 60-400 - 500
co, " 0-25 35
c1” " 5-50 100%%)
3042' " 1-15 50
NO33- n 0.1-0.5 2
PO, " 0.01-0.1 0.5
F u 0.5~2 8
sio, " 5-30 40
HS "< 0.1-1 5
e, " 0.1~0.4 2
NO,, " < 0,01-0.1 0.5
02_ " < 0.01-0.07 0.1
X)

The estimated probability that a value will fall
between the min., value and the max. value is 95%,

Xx)During the phase for drainage and filling,

max. 400 mg/l.

(1978-03-30)
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Table 2. The greatest quantity of copper per canister which
can react with supplied quantities of oxygen and
sulphide. The amount is given in kg Cu as a

function of time.

Reaction—determining reactant

Maximum amount of copper which
can react with supplied
reactant, kg

104 10° 10°

years years years years

|

Oxygen:
Initially in deposition holes 2.4 2.4 2.4 2.4
from tunnel 0 0 0 0
In ground- via fissures 0.09 0.9
water via tunnel 0.06 0.6
Formed by radiolysis 0 0 0.1 C.4
Total oxygen reaction 2.4 2.4 2.7 4.3
Sulphide:
Initially in deposition holes 0 2.6 2.6 2.6
from tunnel 0 0.3 2.8 2.8
In ground- via fissures 0 0.3 3.1 31
water via turmel 0.2 1.9 19
Total sulphide reaction 0 3.4 10.4 55.4

Table 3. Depth of attack on upper parts of copper canister as a function
of time, assuming active deoxidation agent in tunnel buffer
10° 104 10° 10°
years -years  -years years
Average penetration, mm 0.02 0.1 0.5 2.4
Max. pit depth,
0.5 2.3 13 60

25 x average penetration, rm

{1978-03-30)
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Approximate diagram of state for copper in contact
with water at pH 8.5 in the presence of oxygen (at
high redox potentials) or sulphide (at low redox
potentials), 25°9C. If the temperature is increased,
the immunity range for Cu is broadened somewhat as

a result of the fact that the Cu/CusS line is shifted
downwards while the Cuy0/Cu line remains unchanged.



Appendix A

PREMISES FOR ESTIMATING THE SERVICE LIFE OF
A COPPER CANISTER FOR SPENT FUEL

Specifications concerning the conditions in a final
repository for unreprocessed spent nuclear fuel are pre-
sented below. They are intended to serve as a basis
for the Swedish Corrosion Research Institute's assess-
ment of the service life of the copper canister which
is to be used for the long-term isolation of the fuel
from the groundwater.

The final repository is to be located in selected, low-
permeable crystalline rock (granite or gneiss) at a
depth of about 500 m.

A number of vertical shafts connect the storage level
with the surface of the ground. At the storage level,
approx. 1 km lgng tunnels with a crogs—-sectional area
of about 15 m™ are blasted at intervals of 25 m.
Vertical holes with a diameter of 1.5 m and a depth of
7.7 m and spaced at intervals of 6.0 m are drilled in
the bottom of the tunnels.

The design of the final repository is illustrated in
figs. 1 and 2. It is planned that the repository will

be kept open for a period of 30-40 years before final
backfilling. For a number of years during the opera-
tional period of the repository, waste will be deposited
at the same time as new storage space is opened up.

But these activities will be carried cut in such a manner
that they will not affect each other.

The procedure which will be followed for a given storage
tunnel is basically as follows, The tunnel is blasted
out of the rock using a method which produces minimal
fissuring in the surrounding rock. Before the storage
heles are drilled, smaller holes are made for the pur-
poses of rock investigation and grouting both at the
position of the planned storage hole and in two rows
along the tunnel walls, see fig. 3. These latter holes
will also be used for drainage during the filling phase
of the repository.

On the basis of observations on the tunnel walls and in
the test holes, a final decision will be made concerning
which sections of rock are to be used for deposition and
which are to be excluded due to unsatisfactory quality
of the local rock mass.



Fissures in the rock which communicate with the

storage hole will be sealed by grouting with bentonite.
The increase in the resistance of the rock to diffusion
achieved by grouting with bentonite is not, however,
taken into consideration in the calculation of the
service life of the copper canister.

The canisters are deposited one by one in the storage
holes. After all of the storage holegs have been

filled, the tunnel can be backfilled, either immediately
or at a later time.

Tunnel backfilling is carried out in a number of stages.
The lower part of the tunnel is compacted by means of a
technique developed for roadway embankments, earth dams
etec. The upper part is filled by spraying using the same
technique as is employed in concrete reinforcement work
in rock tunnels. A more detailed description is pro-
vided in (1). Before the tunnel is filled, the test
holes are first filled with bentonite.

After all of the storage tunnels have been filled, the
vertical shafts are also backfilled with the same
material as that which is used in the tunnel. The
repository can then be abandoned for all time.

Geo-hvdrological conditions in the repository

Permeability of the rock, grcundwater flow.

Test drillings and measurements at three different
locations in Sweden to a depth of about 500 m {a total
of 7 boreholes) have demonstrated that rock with the
permeability of about 1077 m/s is available at the
intended depth (2).

The hydraulic gradient (i.e. the slope of an isobar
surface) is only one or a few promille at the depth
in gquestion. At a Eydraulic gradient of 37/56 and a
permeability of 1077 m/s, a flow of 0.1 litre per
year and per square metre of cross-sectional area of
the rock is obtained.

The above conditions apply to the period before the
repository has been blasted out of the rock and the
period after the groundwater table has been re-estab-
lished after the repository has been sealed. During

the intervening period, an inflow of groundwater into
the repository will take place which will compensate

for drainage pumping and eventually recharge the ground-
water storage. The regional flow pattern of the ground-
water should be restored 100 years after the sealing of
the repository. Disturbances in the groundwater flow
due to heating of the repository are largely negligible.



The repository's storage holes will not, as has already
been indicated, be located in or immediately adjacent

to existing zones of weakness in the bedrock in which
future rock movements will be concentrated. Stress
changes of tectonic origin, e.g. caused by a glaciation,
may, however, give rise to fractures and minor displace-
ments in the rock around the repository. Such movements
will be minor and the buffer material will, by virtue

of its swelling capacity, seal the small fractures which
may copen around the storage heles. But fractures will
not be opened to such an extent that the buffer material
will be carried away with the groundwater. The canisters
will therefore always be located in an environment of
unchanging low water permeability.

Composition of the groundwater

The chemical composition of groundwater at great depths
in the bedrock, which is of special interest from the
viewpoint of corrosion, has been studied by means of
analyses of samples taken from 500 m deep boreholes at
Forsmark and in the Finnsj6 district in northern

Uppland County. Together with the results of other
analyses of groundwater in bedrock, the probable composi-
tion of groundwater in the bhedrock at the assumed site

of the final repository has been obtained (see sub-
appendix A:1).

If relict salt water is present near the repository, the
Cl 1level during the repository's drainage and recharg-
ing phase may increase to about 300-400 mg/l. 1In later
phases, the Cl1 level will be lower.

Buffer material and tunnel fill

The canister is surrounded in its storage hole by a
buffer material, which fills up the space between the
canister and the rock wall., The most important function
of the buffer material is to limit the infiow of such
substances (oxidants) which could react with the canister
material and cause corrosion. The buffer material should
therefore:

1 minimize the groundwater flow in the
immediate environment of the canister

2 be free of water=-bearing fissures

3 have a low diffusion coefficient for
the oxidants in guestion

The active substance in the buffer material is sodium
bentonite. The buffer material in the storage holes and
the backfill in the overlying tunnel are of different
composition, as described below.



3.1

Properties of the bentonite

A suitable bentonite which has been closely studied
is mined in an area of Wyoming and South Dakota in
the United States. It originates from a volcanic ash.
The main constituent of bentonite is montmorillonite,
also called smectite. It is a layer-lattice mineral
of the three-layer type, where the layers are
negatively charged owing to the fact that atoms of
lower valence have taken the place of silicon and
aluminium. Positive counterions between the silicate
layers compensate for the negative charge o©of the layers.
In the material used here, these ions consist largely
of sodium.

Upon contact with water, the bentonite swells as the
water is absorbed between the sgilicate layers. If
swelling is prevented by the material being constrained
in a closed volume, a swelling pressure arises which
can amount to tens of MPa at a low moisture ratio and
approaches zero at a sufficiently high moisture ratio.

The swelling capacity of the material provides a
guarantee against the formation of water-bearing fissures
in the material.

At the moisture ratios in question here, the permeability
of the material is extremely low, so low that liguid

flow through the material can be completely disregarded
when considering the transport of substances through

the material. Only diffusion phenomena need be taken
into consideration.

Owing to its swelling capacity, the bentonite can pene-
trate into and close water-filled fissures which form
in the rock around the storage hole (3). This also
counteracts any increase in the supply rate of oxidants
in the wvery unlikely event that new water-~bearing
fissures should form subseguent to deposition.

In the calculation of the oxidant supply rate, the
diffusion-impeding properties of the clay filling in
the fissures has not been taken into account,

Geological evidence proves that the bentonite will
remain stable over millions of years at the temperatures
in question (4).

Subappendix A:2 gives the chemical composition of the
bentonite. The pH of water in contact with the benton-
ite lies within the range 8.5-9,
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Prior to use in the repository, the bentonite is
subgected to heat treatment in air at approximately
425°C for 15 hours. According to the results of

tests and analyses, most of the sulphidic sulphur in
the bentonite is hereby coxidized to sulphate. Only
0.02% S remains in the form of pyrite. The properties
of the active silicate mineral are not altered by this
treatment, Organic material which could serve as a
nutrient for sulphate-~reducing bacteria is also elimin-
ated by this treatment, so the bentonite does not have
a potential for the production of sulphidic sulphur.
Scme organic material (approx. 150 ppm), has, however,
keen found in heat-treated bentonite. To be on the
safe side, it should therefore be assumed that this
content is available as nutrition for sulphate-reducing
bacteria.

For a fuller description of the function of the benton-
ite, see reference (5).

Buffer material in the storage holes

Pure bentonite in highly compacted form is used in the
storage holes,

After heat treatment and dampening to a moisture ratio
of about 10%, the bentonite is compressed into cylindri-
cal and annular bodies with a bulk density of 2.3 t/m”.
Isostatic compaction by means of ASEA's Quintus techni-
que is employed.

These blocks are positioned so that they surround the
canister in the storage hole, fig. 4.

The spaces between the bentonite blocks and the rock
wall and between the blocks and the canister are filled
with bentonite powder.

Water abscrption in the bentonite and the establishment

of the swelling pressure (whereby all gaps such as

joints between blocks and cracks disappear) takes a very
long time, hundreds of thousands of years (5). 1In its
final state, the compacted bentonite has expanded slight-
ly upwards in the hole, compressing the looser tunnel

fill (sgction 3.3). Its final bulk density is about

2.1 t/m”. The material is then solid, completely fissure-
less, impermeable to waterflow and exerts a swelling
pressure on the canister and the rock wall of about
8§ MPa. The diffusiocn coeffic%ent for dissolwved gase
ig estimated to be B8 x lO'zlm /s, for anions 8 x 107
and for cations 4 x 10~1lm“/s at 50° (6). at 25°C,
half these values are expected.

Tlmz/s



4.2

Buffer material in tunnels

The tunnel fill consists of a mixture of 10-20%
bentonite and 90-80% quartz sand (so-called "silver
sand”) . The chemical analysis of the quartz sand is
given in sub-appendix A:3.

Prior to its mixture with the bentonite, a deoxidizer
is added to the quartz sand to reduce the oxygen in the
air which remains in the pores in the filler material
after filling and sealing of the tunnel. This deoxid-
izer consists of 0.5% iron(II) phosphate, in mineral
form known as vivianite. It is prepared by the dis-
solution of iron powder in phosphoric acid, followed

by precipitation,

By means of a suitable heat treatment and particle size
distribution, the reactivity of the deoxidizer with
oxygen is adjusted so that it is not consumed by reaction
in open air during the tunnel filling phase, but is

still reactive enough to absorb the oxygen in one or a
few years time. Laboratory tests have shown that heat
treatment at 200°C for 2 hours is a suitable pretreatment
in order to obtain the desired reaction rates. 8See
further subappendices A:5 and A6,

The diffusion of initial oxygen from the tunnel to the
canister can also be restricted by placing a copper 1lid
in the storage hole above the copper canister.

After the quartz sand is mixed with the bentonite, the
mixture is given a 10-~15% moisture content in order to
prevent dusting in connection with application.

The air volume remaining in the tugnel after filling is
estimated %o be a maximum of 25 Nm~™ per storage hole.
Another Nm” or so remains in the storage hole.

The copper canister

Material

The canister is fabricated from a commercially availabkle
standard grade of copper known as "Oxygen Free High
Conductivity Grade" (OFHC), with Swedish designation

8IS 5011. The material is used in large gquantities
within the electrical industry.

Design

The design of the canister is shown in fig. 5. The mini-
mum wall thickness is 200 mm. The outside diameter is
770 mm, 800 mm at the top end in order to provide a grip
for lifting. The 1id is composed of three parts placed



on top of each other, each welded to the canister by
means of electron beam welding.

The innermost 1lid is extra thick to withstand deforma-
tion due to external pressure. The outer lids are
supported against the inner 1lid.

The fuel in the canister is surrounded by cast lead,
preventing deformation of the canister due to external
pressure.

Fabrication

Fabrication has been discussed with a number of manu-
facturers with suitable experience. Even though the
canister as a component will be larger than any objects
previously made of copper, it should be possible to
employ existing technology.

The most suitable fabrication process is as follows:
a) Casting of a solid blank undexr wvacuum
b) Cold forging consisting of upsetting and

flattening with intervening annealing in
a protective atmosphere,

c) Finish turning
d) Drilling of cavity
e) Ultrasconic inspection

A bundle of dried fuel rcds (498 BWR rods or an equiva-
lent guantity of PWR rods) is inserted into the canister,
which is then placed in a vacuum furnace and heated to
about 400°C. Lead is then pumped into the canister to
fill up the space between the fuel rods completely. After
cooling and solidification, which is done in a controlled
manner in order to avoid "pipes", the cast surface is
machined and the joint surfaces which are to be welded
are cleaned. The three lids are then electron beam
welded cne at a time with helium leakage tracing after
each welding operation. The welds are also tested
ultrasonically. The canister is then ready for deposi-
tion in the repository. The operations in the encapsula-
tion gstation are illustrated by fig. 6.

Mechanical stresses on the copper canister

The canister will be subjected to an external pressure
of roughly 10 MPa in the repository. This pressure will
remain indefinitely, although it may vary slightly in
magnitude. Stresses in the canister caused by this



pressure are extremely small, The lead filling pre-
vents a long-term tendency towards "waist formation”
due to compression, which is otherwise a possibility
due to the low creep resistance of copper. The empty
space ingide the fuel rod cladding has no effect, since
the zircaloy cladding is not deformed, even over long
periods of time and even if the external pressure is
transmitted completely to the fuel rods through the
copper and lead. The copper material will therefore
remain in an isostatic state for a very long period of
time.

Shear forces on the canister will be insignificant. Un-
even swelling of the buffer material during the water
absorption phase is prevented by the fact that the in-
coming water is distributed evenly in the annular gaps
by material of higher permeability {section 3.2).
Movements in the rock are not expected to occur to an
extent which would lead to stresses of any appreciable
magnitude.

Temperature of the canister

Owing to the moderate heat output of the waste (0.8 kW
per canister at deposition) and the thicknesses and
high thermal conductivity of the canister material, the
temperature can be considered to be the same everywhere
on the canister surface. But the temperature will
differ somewhat between different canisters, partly due
to variations in the degree of burnup of the fuel, and
partly depending on where in the repcository the canister
is located. Canisters located in the centre of the
repository with maximum fuel burnup will have the
highest temperature. Canister temperature as a function
of time for such a canister is illustrated in sub-
appendix A:4. These curves are based on three-dimen-
sional calculations carried out by means of a computer
program, based on the measured thermal conductivity of
compacted benteonite and an average value for the thermal
conductivity and heat capacity of the bedrock (8).

The transport of oxidants to the copper canister

Oxidants which can cause corrosion on the copper
canister can be divided into three categories:

a) Material which has been introduced into the
final repository (buffer material) at the
time of depesition

b) Material which enters the final repository
with the groundwater

c) Material which is formed through radiolysis
after the final repository has been sealed.



6.1

6.2

The composition of the buffer material (incl. air-
filled pores) and the groundwater was described in
sections 3 and 2, respectively.

Transport of oxidants present in the buffer material

Oxidants present in the buffer material are transported
to the canister surface solely by means of diffusion.
Pore water flow can be excluded as a transport mechanism
and fissures cannot exist in the bentonite when it is

in contact with water (3, 5, 6).

The diffusion coefficients required for the calcula-
tions are given in section 3.2.

Transport of oxidants present in the groundwater

Three consecutive trangport processes are required for
the transport of oxidants present in the groundwater
to the canister surface:

1 Diffusion through a slow-flowing laminar
water layer up to the bentonite fill in
fissures which communicate with the
gstorage hole

2 Diffusion in the fissures through'the
bentonite f£ill

3 Diffusion in the bentonite fill in the
storage hole

The fissures which are found when the repository is
built are injected with bentonite, which actually
increases their resistance to diffusion considerably.
As was mentioned above, however, this is not taken

into account in the transport calculations., Due to

the small width of the fissureg (approx. 0.1 mm), a
very important contribution to the diffusion resistance
is provided by the water film.

The method used to calculate the transport of oxidants
into the canister is described in reference 6. The
amount of sulphide transported with the regional
groundwater flow to the copper canister calculated by
means of this method, expressed as the amount of copper
per canister converted to Cu,S5, amounts to about 22 kg
over a period of 10° years, &ssuming a sulphide content
in the groundwater of 5 mg/l and assuming that each mole
of sulphide produces one mole of Cu.,8. This is based

on the premises_ghat the average pef¥meability of the
rock mass is 10 m/s and that the hydraulic gradient is
3 Qéo_ It is also based on the premise that rock
fissures with a width of 0.1 mm and spaced at a distance
of 1 m are present next to the storage hole, which is
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assumed to give rise to a local increase of the water
flow by a factor of 2 in relation to the flow in the
surrounding rock. These premises, which are considered
to be realistic but conservative, correspond to "case 5"
in table 3 in (6). This table illustrates the effects

of varying flow (U ), fissure width (2d), fissure spacing
() and clay fill n fissures (2z_), with slightly
different premises regarding sulphide content and stoich-
iometry.

Radiolysis

Due to the great thickness of the copper canister walls,
the effects of radiclysis in its immediate environment
will be largely negligible. Very conservative calcula-
tions (7) show that, assuming that all oxygen produced
by the decomposition of water is converted to Cu,0,
radiolysis will cauge a metal loss rate of only 8.5 kg
over a pericd of 10% years.
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Enclosure A:l

PROBABLE COMPOSITION OF GROUND WATER IN
CRISTALLINE ROCK AT GREAT DEPTHS

1

Earlier investigations

In KBS Technical Report No 36 a probable composition

"of groundwater in crystalline rock at great depths

was indicated.

The values were based on analyses made of ground-
water from various parts of the country, at which
values from wells drilled in rock in Uppland with
a depth mostly less than 100 m were considered.

After that this table was prepared additional
analyses have been made, e.g. at Finnsjdn and
Stripa, and analyzed at the department of agri-
cultural hydrotechnics of the Royal Institute of
Technology in Stockholm, by Gunnar Jacks.

Additional investigation

In this additional investigation the results from
the new analyses made were considered. In particular
it has been considered essential to give the
analyses from greater depths a more dominant
influence on the selecticn of a probable interval.

When it has been possible to do so the values have
been confined within a more narrow interval than
in report No 36.

The table reflects the composition of the
groundwater in rock formations which from a
geological and hydrological point of view are
suitable for a final repository. Such areas can
first of all be found under a local watershed.

The results of the analyses show that the in-
tervals selected are realistic.

Of special interest from a corrosion point of view
are the values for:

disolved oxygen
sulphides
sulphates

organic substances

At the assessment of the risk for corrosion due to
microbacterial activity the content of nitrates
and phosphates is also of interest.

L



The following general comments may be made on the
analyses:

Oxygen

The oxygen content in the groundwater can be
expected to be very low. The oxygen has been
consumed through biological activity in the
groundlayers through which the surface water
passes on its way down to the groundwater area.
If Fe2+ and sulphides are present in the water,
free oxygen will be consumed at the oxidation of
these ions. The analyses confirm that the oxygen
contents are very low, <0.01 - 0.07 mg/1l.

Sulphides can be formed from sulphates through
reduction caused by microbacterial activity during
the passage of the water through the groundlaver
and the rock.

When iron is present the sulphides should appear
as iron sulphides with poor solubility.

Analyses made on water from Finngjdn and Stripa
have shown contents <0.1 mg/l1 HS . One analysis
from Forsmark has shown 5 mg/l but this value may
possibly include sulphide present in Fe-sulphide
form.

The contents of dissolved sulphides can be
expected to be in the interval 0.1 - 1 mg/l.

G Jacks material from wells indicates sulphate
contents in the order of magnitude of 15 mg/1,
while materials from health authorities have
shown contents in the order of 30-40 mg/l.

The analyses of water from great depths show
considerably lower sulphate content, in most
cases 6-12 mg/l and in some cases still lower
values.

The most probable reason for the decrease of the
sulphate content with the depth is that sulphate
is reduced to sulphides which are then bound to
iron as iron sulphide or pyrite. This process

has been proved to occur in nature. In deep mines
the sulphate content has been found to decrease
very much with the depth.

: 1.

2



A:l1,.3

oy A ke —— gy ———— v o

The content of organic substances measured as
KMNO, - consumption is 30-40 mg/l. This
corresponds to a chemical oxygen €onsumption

of 7.5 - 10 mg/1 and an approximate organic
content of about 10 mg/l. The organic substances

may be expected to be resistant to bioclogical
decomposition

o

The above 1s an English translation of a document
in Swedish dated Stockholm March 7, 1978, by
Jan Rennerfelt and Gunnar Jacks.
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Probable _ x)
Analysis Unit . interval Min.value  Max valu

~ Conductivity S/cm ~ 400-600 1100
pH 7,28,5 9,0
KMn04“consumption mg/1 2040 50
CODMH W 5-10 . : , -? .
ca?t " e

o 25-50 10 60
Mg - T 5-20 | 30
Na* " 10-100 ‘
K+ ‘u Ct lUO

1-5 10
Fe-tot " o
. : 1-20

FEQ‘!‘ n 30

24 . 0,5=15 30
Mn - . " 0'1_0,5 3
HEO 5 " 60~400 500
CO, _ " 0-25 . 35
cl” . : -

5-50
oo 2 ) . 100

4; 1-15 50
N033~ oo | 0,1~0,5 ,

‘ POy " 0,01-0,1 0,5
F | " 0,5~2 , 8
8.0, " 5-30 ‘ 40
HS™ " , €011 )
NHy | " 0,1-0,4 o,
N02 " <0,01-0,1 0,5

702 " <0,01~0,07 0,1

¥X) Estimated probability for that the values will not be lower

than the minimum or higher than the maximum is 95%.

PROBABLE COMPOSOSITION OF GROUND WATER IN CRYSTALLINE
ROCK AT GREAT DEPTHS
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PHYSICAL
CHARACTERISTICS OF

The properties of Volclay are those of montmorillonite, a
clay mineral of unique characteristics, which constitutes
90% of Volclay substance. Montmorillenite has the ap-
proximate chemical formula:

[(A1, Fe)i.s7Mge.13] Si4O10[OH)2({Na, Cao.s3)

The other 10% consists of minute fragments of other
minerals, the most abundant being feldspar. There are
small frachons of gypsum, calcium carbonate, ond quartz
and traces of partially altered volcanic glass, biotite mica,

magnetite, limonite, hematite, leucoxene, apatite, zircon,

pyrite, titanite, and tremolite.

TYPICAL CHEMICAL ANALYSIS, MOISTURE FREE BASIS
Percent by Wt. {(Varies Between)

Siliea (S102) ... ... .. ... 58.0 64.0
Alumina {A1209) ... ... 18.0 21.0
Ferric Oxide {Fe203) ... ...... 2.5 2.8
Magnesia (MgQ) ........... 2.5 3.2
LimelCaOQ) . ............... 0.1 1.0
Soda (NazQ} .............. 1.5 27
Potash {K:0) .............. 0.2 0.4
Ferrous Oxide (FeQ) . ........ 0.2 0.4
Titanium Oxide (TiO2} ....... 0.1 0.2
Other minor constituents . . . .. 0.5 0.8
Chemically-held water (H20) ........... 5.64
Mechanically-held water (H:0) ......... - 0.00

PARTICLE SIZE

When dispersed in water, Volclay separates info ex-
tremely fine particles, as follows: "
Q6% to 97 % finer than 44 microns
{No. 325 Standard .5, Sieve)
93 % to 94 9% finer than 5 microns
87 % to 899 finer than 0.5 micron
60% to 65° finer than 0.1 micron

One micron is about 1725,000 inch. Ore cubic inch of
dry Volclay, when disintegrated in water, is estimated to

yield 9500 billion individual flakes, and the total surface

area of these particles is about one acre in extent,

GENERAL

Specific gravity —2.7. Actual weight relative to volume
depends on the degree of pulverization, the packing and
settling of the sample.

pH value of water suspensions is 8.5 to 10.0.
Index of refraction—1.55, '
Mohs Hardness—1 to 1.5, Slightly harder than tak.

W@[L@U:V BENTONITE

BASE EXCHANGE

Volclay is noted for its base exchange properties; in a
water solution, it gives up sodium and potassium ions and
takes in colcium and magnesium ions, thus softening the
water shghfly It also enters strongly into base exchange
with organic bases, extracting them from solutions of their

. salts,

"The exchangeable metallic bases of overage Volclay,
determined quantitatively by leaching with ammonium
acetate are:

- ELEMENT meg./100 gms
Sedium 60 to 65
Calcium . 1510 20
Magnesium 51010
Potassium Tto 5
Sum-cotrected for sulphates 8510 90

Because the exchange ions are affected by many fac-
tors, values are somewhat different in different shipments.
These values are not guaranteed to exist in any lot or any
one shipment,

SWELLING

The rate of swelling depends upon the fineness, grade
and on how the bentonite is handled; all grades expand
very slowly when water is poured on them, much faster
when they are poured into water. Finely powdered Volclay
grades absorb water slowly; MX-80 Volclay absorbs
it-infermediate and specially sized KWK Volclay absorbs
water more rapidly.

Volclay absorbs nearly 5 times its weight of water and
at full saturation it occupies o volume 12 to 15 times its
dry bulk. On drying, it shrinks to its original volume. The
swelling is reversnble—— it can be wetted [swelled] and
dried {shrunk) an infinite number of times, if the water

used is foirly pure,

it absorbs ond swells faster in hot water than cold; it
does not swell in aleohol, gasoline and similar liquids; it
swells only slightly in solutions of strong chemicals, such
as acids, alkalies or salts. :

WATER SUSPENSIONS

When mixed with 7 to 10 parts water, it makes gela-
tinous postes. With 15 to 20 parts water, it forms milky,
flowable sols. _

Figures are given showing the consistency |viscosity)
of two Volclay suspensions compared with clear water,
mixed thoroughly



‘ Centipoises
ClearWater ... ... ciieiininennn.
5% Volday _ _
{1 Part Volclay to 19 Parts Water). ... .. 3to 8
4-1/4% Volelay )
{1 Part Volc!qy to 15 Parts Water}. .. ... 8to 25

The sols were tested immediately after stirring; they
show higher readings affer standing a few hours.

In thinner dilutions — as 1 part Volcluy to 99 distilled
water — most of the Volclay remains suspended Indefi-
nitely. Even in dilutions as low as 1 to 5000, o considerable
part does not settle. Distitled water must be used with low
Volclay concentrations os the electrolytes in tap water
might cause partial flocculation. :

Dilute suspensmns show Brownian movement—l‘he
particles are in motion, colliding and repulsing each other,
Heavier slurries exhibit thixotropy, a kind of gelation that
occurs when they stand quiescent, but which reverts to
fluidity on being shaken or stirred,.

EFFECT OF ELECTROLYTES

Particles of Volclay in water carry strong negative charges,
causing them to attract and cfing to positively charged par-
ticles of matter. When neutralized by oppositely charged
substances, they floc together, forming spongelike aggre-
gates, and if this occurs in dilute dispersions, the flocs set-
tle. In thicker mixtures, howaver, as those containing 69
or more of Volclay, the effect of added electrolytes is to
increase the viscosity,

Suspensions of Volclay are ordinarily . difficult to filter,
forming impenetrable cakes which seal off water. One of
the effacts of neutralizing or flocculating the particles is to
make such suspensions more readily filterable.

It follows that all dispersions of Volclay are profoundly
affected by electrolytes. The higher the valance of the lat-
ter the stronger the effect; monovalent cations are mildly
active in causing flocculation, di-valent ones more so and
tri-vatent ones much more so.

The order of adding elecfrolyfes is important, If an electro-
‘lyte is added to a thick slurry in which the Volclay has first
been fully hydrated and swelled, the consistency of the
slurry will be increased; but if the water is first treated with
an electrolyte and the Volclay put in later, the dispersion
will be thinner than a mixture of Volclay and clear water,

Temperature of water and time of standing also are fac-
tors. Some electrolytes stiffen the slurries temporarily, fol-

lowed by thlnnmg, after sranding duys or weeks; others
reverse this action.
SORPTION

Moantmorilonite unit cells, of the particular kind thai con-
stitute Volclay, have the outstanding peculiarity of ex-
panding accerdion-like in water, This enlarges the space
between the sheets which form the structure and permits
the free ingress and egress of ions of various kinds,

The mobility of the flakes when in suspension brings them
in close contact with other dissolved and suspended sub-
stances. Particles of matter are not only adsorbed onto the
surface of the bentonite molecule, but probably also -
absorbed within its laftice-like structure. The avid sorption
of Volclay for other substances — both organic and inor- -
ginic — is therefore due to one or more of these factors:
great surface area; spongy structure; mobility; base-
exchange; strong negative polarity.

BOND STRENGTH

The maximum adherent powers of Volclay in moistened
masses with other minerals is exerted when the added
moisture is 50% of the weight of the Volclay.

EFFECT OF TEMPERATURE

The properties of Volcdlay are unaitered ot temperatures
below 204° C. The chemically held water is progressively
driven off when exposed to higher heats for any length of
time and is completely gone at 660° C. However, if heated
to 537° C. and quickly cooled, its properiies are
unchanged.

Its swelling properties decrease progressively In the same
ratlo as the loss of chemically held water.

Softening begins about 1037° C. and fusion occurs at
1337° C.,

Volclay imparts to masses of other minerals bonded with
it an extraordinary “hot strength”, i.e., resistance -to load
pressure while hot. In 'rhe range of tem peratures just below
the softening point, its “hot strength'” far exceeds that of
other clays.

MECHANICALLY HELD MOISTURE

Volclay as shipped contains different moisture contents.
When exposed fo the atmasphere, it slowly gains or loses
moisture according to the humidity, ’

it requires 2 hours at 105° C. to 110° C. to dry it fo o mois-
ture-free condition.

KWK VOLCLAY — fine pellef-size benfonite. Disperses in water
much quicker than powder and yields the same, smooth gel.

$PV VOLCLAY — powdered benfonife. Mainly for general in-
dusirial purposes where benionite is not mixed with water.
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Enclosure A:3

CHEMICAL COMPOSITION OF THE QUARTZ SAND

The chemical composition of the gquartz sand to be
used in the final repository appears from the enclosed
rccords which refer to samples of the so called silver

sand supplied from Bornholm, Denmark.

The sulfur content in the silver sand is only a few
thousands of one percent in according to tests made
on eight samples. |
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Subappendix A:5.1

Summary of some studies concérning iron(II) phosphate.
Margareta Vannerberg and Nils-G&sta Vannerberg
General

Iron(II) phosphate occurs in nature in the form of the
mineral vivianite Fe3(PQ02'8H20. This mineral occurs in
reducing sediments and can, alternatively with iron sulphide
(mackinawite and pyrite) and carbonates (siderite), comprise
a natural redox buffer. This appears to be the case in the
healthier northern part of Chesapeake Bay. The water is
saturated with respect to iron(II) ion and phosphate ion
(the solubility product for vivianite is slightly exceeded).
Vivianite occurs in the sediment, In this water, the pH is
7.6 while the redox potential in reference to a standard
hydrcgen gas electrode is -0.225 (pe = -3.8). Our measure-
ments for a similar solution give ~0.15 (pe = -2.5), which
shows good agreement in view of the fact that the natural
system contains so much else which can affect the potential.
Vivianite scaked in clay sediment (kaolinite) reacts rapidly
with oxygen gas (2).

A wet sample of vivianite can only be observed for 10 minutes
in a diffractometer. But this does not mean that the sample
has been completely oxidized, but rather merely that the
vivianite crystals have burst apart. Free or complex-bound
ferrous ions in solution appear to have a very short life at

the pH in guestion.

The solubility product for vivianite has been determined to

be 107390, The concentrations at pH = 7.6 in the water in

question appear to be lO_4 for Fe2+ and 10“9 for Poz—. The
water in Chesapeake Bay is thus considerably supersaturated

(2).



Previous experiments

Previous reports have described how vivianite Fe3(PO4)2-8H20
can be prepared and how, when suspended in water, it reacts
with oxygen gas. The reaction between oxygen and vivianite
in a water slurry proceeds slightly more slowly than the
reaction between oxygen gas and moist, solid vivianite (1).
This is probably attributable to the low level of gaseous
oxygen in the water and lower diffusion rates.

Attempts to get vivianite to react with bentonite in auto-
clave trials at 200-250°C over a period of 1-2 weeks have
been fruitless. This result was expected and was alsc veri-
fied by the fact that vivianite in its natural environment
occurs in sediments consisting of kaolinite.

In all previous experiments, vivianite has been prepared
and tested without being allowed to come into contact with
gaseous oxygen. In an actual engineering application, it is
obviously not possible to exclude air during the period in
which work is in progress in tunnels and repositories. It
is thus important to modify the properties of the iron{II)
phosphate so that it reacts at a moderate rate with

gasecus oxygen and thereby functions as a redox buffer

over a longer period of time.

Working hypothesis

Vivianite Fe3(PO4)2-8H20 shall be liberated from its lattice
water so that water-free Fe3(PO4)2 is obtained. The latter
reacts only sluggishly with gaseous oxygen. In a water
suspension, the water-free phosphate is converted to water-
soluble complexes and solild vivianite, which reacts rapidly
with gaseous oxygen.



II

Preparation of vivianite

i vt U e S s s A S S T S e — B — 0

3 g iron powder were dissolved in 100 ml hot 2 M phosphoric
acid through which nitrogen gas was bubbled. The phosphoric
acid solution was prepared from commercial phosphoric acid

purris (75%) and distilled water.

After the iron had dissclved, the vivianite was precipitated
with a concentrated solution of disodium hydrogen phosphate

to pH = 7. The obtained precipitate was white with a slightly
bluish tint. It was filtered off while protected by nitrogen
gas, and washed with distilled water and alcchol. It was

then placed in a tube furnace in a nitrogen gas atmosphere.
The furnace was heated to 300°C and then allowed to cool. The
resultant sample was light green in colcocur., It was ground and
subjected to further examination. The sample contained sodium
phosphate as an impurity.

i e T g T, i e o T e M gy e g S i s e Yy i S L L s e

A concentrated solution of sqdium dihydrogen phosphate was
added in slight excess to a saturated solution of iron
sulphate and water (15 g/100 ml) at 70°C. All the solutions
were prepared from PA chemicals and distilled water.

The resultant precipitate was white with a slight greenish

tint. The precipitate was easy to filter and well-crystallized.
The yield was poor due to a low pH. The product reacted with
atmospheric oxygen just as rapidly as the product prepared by :.
method I. The sample contained sodium phosphate.

Analysis

The samples were analyzed with respect to iron(III) in the
following manner. A suitable sample, as a rule 0.1 g, was

weighed in and dissolved in 100 ml sulphuric acid. A sample



-

of 5 ml was taken from this solution and mixed with 5 ml

2 M KS8CN solution. Absorbance was measured in a Beckman
spectrophotometer at a wavelength of 500 nm., The corre-
sponding molar absorpivity for absorbing iron species were
found to be 3430 molehl cm—l. The total iron content was
determined by boiling 50 ml of the sulphuric acid solution
with a few ml of 40%.1-1202 SOlution until the hydrogen peroxide
decomposed. The solution was then diluted to 1000 ml. 5 ml
was taken from this solution and mixed with 5 ml 2M KSCN
solution, after which absorption was measured.

Reactions with oxygen

a) A fresh sample was found to contéin 0.04'10_3 moles
of Fe3' and 4.65-107° 2+
of iron{(III) are less than 1%. This concentration
did not change over a period of 1 week of storage in

a glass jar.

) One sample was left to stand for one week on a
watch glass, completely uncovered. After the
week, the iron(III) content had increased to
1.5% of the total iron content.

c) 0.5 g of a fresh sample containing 0.01'10—3 moles
of Fe3+ was dissolved in water. The water was
aerated for two days. It was then found to contain
1.2°107° moles of re’T, Approximately 30% of the
available Fe2+ had been oxidized.

d) Different samples were treated as follows: 15 g
bentonite, 15 g water and 85 g sand were mixed with
lg Fe3(PO4)2 and placed in the bottom of a glass
beaker. The thickness of the layer was 4.5 cm,
Another laver, consisting only of bentonite, water
and sand, was laid on top of this layer. After a
week, the sample was taken out for analysis. It was
found to contain 20-21% ferric ions, in proportion

to the total iron content.

moles of Fe® . Thus, impurities



e) Reactions with vivianite and bentonite

3 g vivianite were mixed in a nitrogen-filled auto-
clave with bentonite and water. The mixture was
analyzed with the aid of an X-ray diffractometer.

The autoclave was heated to 250°C for two. weeks.

No changes could be observed with the diffractometer.
The reducing properties of the mixture were tested
by bubbling air through a water slurry of the mixture

3 moles of ferric

1 g of mixture contained 0,01-10"
ions from the start; after 72 hours of oxidation, it

contained 0.12'10_3 moles of ferric ions.

Conclusions

The working hypothesis has been verified in all respects,
vVivianite deprived of its lattice water reacts very
sluggishly in damp air. If it is mcistened or mixed with
water to a slurry, it regains its good reducing properties,

Recommendations

Iron(IT) phosphate is a compound which ocdurs in redox
buffers in nature. Iron{II)-iron(III) phosphate has a very
suitable pe and thus a suitable redox potential. Iron(II)
phosphate reacts rapidly with gaseous oxygen in the meist
condition, while it is poorly reactive and easy to handle
in the dry condition. We therefore recommend that KBS use
an iron phosphate buffer as a protection for copper

canisters intended for the storage of radioactive material.
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Removal of free oxygen from bentonite-sand mixtures

with the aid of a deoxidizer.

Preliminary report.

Sammanfattning/Abstract

1 Background

The éxperimental study described here was intended to
shed further light on certain circumstances of

importance for an evaluation of the proposal for a

method for the final storage of spent nuclear fuel
which the KBS project intends to present in the

spring of 1978.

In this proposal, the fuel is encapsulated in a thick-

walled copper canister.

This canister is placed in

a drilled storage hole in the bottom of a horizontal
tunnel and surrounded by a buffer material in the
holes consisting of compacted bentonite. This
material is characterized by low porosity, low
diffusivity, extremely low permeability and a high ‘
swelling capacity, this last-named property guarantee-
ing the absence of water-bearing fissures in the

buffer material.

Penetration of the copper canister due to corrosion

can only occur as a result of an inflow of oxidizing
agents from the environment (e.g. free oxygen),
while a reaction with the groundwater itself is
impossible for thermodynamic reasons. Due to
low diffusivity and freedom from fissures, the buffexr
material guarantees a low inflow of oxidizing agents.

The level of such agents in the circulating ground-

water is also very low.

The tunnel which runs above the storage holes, and

its

which has a volume several times greater than the
combined volume of the storage holes which it
connects, is filled for economic reasons with a
mixture of quartz sand and bentonite instead of pure

compacted bentonite.

Due to its larger volume and

higher porosity, this mixture will contain consider-
ably greater guantities of free oxydgen after the

final repository has been filled than the storage
holes. Furthermore, it is possible that this oxygen
will preferentially attack the upper end of the
copper canister, the end towards the tunnel.
presence of this oxygen could therefore be considered
to entail a certain risk of corrosion penetration of

the top end of the canister.
oxygen in the tunnel £ill should be removed chemically
after the final repository has been filled by the
addition of a deoxidizer.

For this reason,

The

the



ASEA-ATOM PM T 78-25 A:6.2

The properties of the deoxidizer must be such that

it does not react with atmospheric oxygen during the
period when the sand-bentonite mixture in which it

is entrapped is handled openly in air, but can still
remove atmospheric oxygen more or less completely over
a longer period of time. The speed requirement in
this respect is very low; owing to the slow rate of
diffusion, many years are available.

When the tunnel is filled, pulverized deoxidizer

is mixed in with the dry bentonite powder. This is
then mixed with quartz sand, after which the mixture
is moistened with water to a water content of 10-15%
(whereby it loses its tendency to dust). The mix-
ture is driven out into the tunnel by special vehicles
and compacted by rollers in layers. After compacting,
the mixture no longer contains any open porosity,

and oxygen can only be transported through the
material by diffusion.

The time between water admixture and sealing from
external oxygen supply through compaction amounts to
no more than a week.

The top part of the tunnel is filled by spraying,
whereby some open porosity may remain. Any oxygen
remaining in this part of the tunnel must, however,
diffuse through the lower, compacted layers in corder
to reach the copper canisters. The oxygen in these
layers can be gotten rid of by the addition of a
surplus of deoxidizer.

2 Purpose of the study

The Swedish Corrosion Institute has been commissioned
to carry out an independent assessment of the
corrosion life of the copper canister. For this
purpose, the Institute has assembled a reference
group of researchers with competence in associated
fields. This group has expressed a wish for an
experimental demonstration to prove that deoxidants
suitable for the purpose are available. The study
reported here was conducted for this purpose. The
purpose of the study has only been to demonstrate

in general terms that effective oxygen reduction
really does take place and that it does not take
place so rapidly that the deoxidizer is consumed
during the period when the bentonite and sand mixture
to which it has been added is handled freely in the
air. No detailed information on kinetics, reaction
mechanism etc. has been sought.
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Owing to the fact that only three weeks were
available for the experiment, a high-grade
elimination of oxygen cculd not be carried out at
room temperature, so the experiments had to be
conducted at a slightly higher temperature.

3 Deoxidizers tested

3.1 General There are a large number of substances which react
with oxygen and could therefore be of interest as
deoxidizers. In this case, however, the
choice was severely restricted by a number of
factors. Organic compounds can be excluded owing to
the fundamental risk that they could function as a
substrate for sulphate-reducing bacteria. Reducing
sulphur compunds have been excluded in view of the
risk of sulphide formation. In the case in guestion,
the choice was limited to two different compounds
containing bivalent iron. For thermodynamic reasons,
their presence leads to a very low oxygen pressure,
amd their ability to eliminate oxygen from groundwater
has also been geochemically verified.

Attention has been concentrated primarily on iron(II)
phosphate, which was proposed as a deoxidizer by
N.G. Vannerberg (l). Olivine sand, magnetite and
fayalite slag have also been tested.

3.2 Iron(II) phosphate

Iron(II) phosphate was prepared by precipitating a
solution of ferrous sulphate in water by titration
with Na HPO4 t8 pH 7. The precipitate was allowed

to stand at 50°C for 2 hours, during which time
nitrogen gas was bubbled through it in order to

improve its filtration properties. It was then vacuum-
filtered through a biichner funnel under nitrogen gas
and washed with acetone. It was then heated under
nitrogen gas to 200°C. After cooling, the compound
exhibited no tendency to oxidize in air.

3.3 Magnetite A sample of relatively pure magnetite, which has
stood in air in coarse-grained form for many years,
was ground down to < 400 mesh and used directly in
this condition.

3.4 Fayalite slag

Fayalite slag is obtained in connection with certain
types of steel production. Its main constituent
is. iron(II) silicate (fayalite FeZSiO4).

A piece of slag was obtained from the Hofors steel-
works and ground down to < 400 mesh and used directly
in this condition.
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4 Experimental method

The experiments were conducted under completely
authentic conditions, except that the temperature
was varied.

Weighed guantities of quartz sand (grain size dis-
tribution according to specification for tunnel
fill), bentonite and deoxidizer were mixed dry,

- after which 15% by weight water was added. The
mixture was homogenized in a mortar, after which it
was packed with the aid of a rubber stopper into
a glass tube with a ground glass stopper, whose
volume and weight had previgusly been determined.

A density of about 1.8 g/cm” was obtained using this
packing method, which, on the basis of the values
used for the theoretical density of the constituents,
corresponds to an air-filled pore volume of about
20%.

The test tubes were placed {with grease-sealed
stoppers) in thermostat-regulated baths at a number
of different temperatures and were taken out after
different periods of time, 1-12 days.

The test tubes were then placed in an airtight

. stainless steel container with a volume of about
500 ml together with some steel balls. The container
was evacuated and filled with helium a number of
times, after which it was filled with airless,
helium-saturated water. Finally, 50 ml of helium
gas were added, after which the container was sealed.
The glass tube was then crushed by the steel balls,
after which the clay-water-helium mixture was brought
to equilibrium with respect to its gas content by
means of vigorous shaking. The container was then
connected to a computer-controlled Hewlett-Packard
gas chromatograph, whereby the nitrogen and oxygen
contents of the gas were determined.

A number of blanks were used to make sure that no
oxygen entered the sample except from the test
tubes.

The experimental apparatus is illustrated in fig. 1.

The gas chromatograph was used to determine the
amount of nitrogen and oxygen in the helium mixture
obtained after the test tube had been crushed. It
was assumed that the nitrogen was not consumed in
any manner, By determining the ratio between the
amounts of oxygen and nitrogen, oxygen consumption
can be determined as a percentage without knowing
the exact total gquantity of oxygen present from the
start.
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5 Results

5.1 Experiment

PM T 78-25 A:6.5

The spread in the values for the remaining quantity
of oxygen can be expected to be relatively large,
especially when most of the oxygen has been consumed.

It proved to be difficult to avoid a certain unfilled
volume just underneath the glass stopper. Consumption
of the oxygen present in this gas volume naturally
proceeds more slowly, since it must diffuse down a
certain distance into the fill. Moreover, the air-
£i1l ratio varied, since the tubes were packed man-
ually by different laboratory technicians. 1In view

of the qualitative character of the study, undue
efforts were not made to eliminate these sources

of error.

Another possible source of error is air leakage into
the tube through the greased standard ground seal.
Although the stopper was held down by a spring during
the course of the test, accidental leakage in
connection with handling upon removal of the sample
cannot be excluded.

with iron(II) phosphate

Oxygen absorptlon trials were carried out 25° c, 40°c,
550C and 70°C with the addition of 0.5% 1ron(II}
phosphate dried at 200°C (3 H O)

The results are presented in fig. 2.

As can be seen, a high-grade ellmlnatlon of oxygen is
obtained after only 10 days at 70°Cc. But the results
indicate that a certain residual quantity of oxygen
tends to remain. The probable explanation is that
this oxygen derives from a free volume at the top

of the test tube. This is confirmed by the fact that
the addition of 3 times the amount of iron phosphate
did not appreciably reduce the residual oxygen
content. In other words, it cannot be that the
deoxidizer has been activated after the reaction

of a certain portion.

The initial course of events corresponds roughly to
a logarythmically decreasing oxygen content., A

- comparison between the curves shows that the reaction

rate increases by a factor of about 2.5 when the
temperature is increased 15° This indicates that
a high-grade oxygen ellmlnatlon at room temperature
would require a period of about 100 d. This period
of time is short enough that any copper corrosion
occurring during it would be negligible.
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The results at 25°C show that consumption cof the
deoxidizer during the time the mixture is handled
openly in air is not a problem.

5.2 Experiments with other deoxidzers
As was mentioned previously, a number of trials were
conducted with two inexpensive commercially avail-
able materials, namely ground magnetite and ground
open-hearth slag.

The results are presented in the table below.

Material Content Temp. Time Oxygen
absorbtion,
) %
Magnetite 5% 70°C 11 4 85
Open-hearth slag 5% 70°%¢ 11 4 90

The results show that these materials are also
probably suitable for use as deoxidizers.

) Conclusions

The test results which were obtained show, to the
extent which this is possible given the limited time
available for experimentation, that iron(II) phos-
phate is suitable for use as a deoxidizer for the
high~grade elimination of free oxygen in the
bentonite-quartz mixture which is intended to be
used as fill in the tunnels above the storage holes.
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Graph illustrating oxygen absorption as a percentage of the
oxygen (atmospheric) present in a mixture of sand (85%) +

bentonite (15%) + water (15% of the mixture) + 0.5% vivianite.



Appendix B

THERMODYNAMIC ASPECTS OF COPPER ENCAPSULATION AND THE
CORROSION ENVIROCNMENT IN A WASTE REFPOSITORY

Ingmar Grenthe
Department of Inorganic Chemistry,
Royal Institute of Technology, Stockholm

A prerequisite for an evaluation of the long-term stability

of metallic copper is a thorough knowledge of the chemical
processes which can take place in the system composed of the
copper canister, the buffer material, the rock and the ground-
water. The following thermodynamic study has been conducted
in order to gather the data necessayxy for an evaluation of the
corrosion environment in the waste repository and to determine

which chemical reactions are possible in the system.

The thermodynamic system is complex and congists of rock of

a given mineralogical composition, a system of tunnels filled
with waste canisters and buffer mass and, finally, groundwater.
The rock—-groundwater system is initially in equilibrium; but
this equilibrium is disturbed by the input of oxidants when the
repository is built. The tunnel system with its buffer mass has
a mineral composition which is different from that of the rock
and is therefore not initially in equilibrium with inflowing
groundwater. The composition of the system, i.e. the corrosion
environment, can thus change with time. The flow rate in the
system is low, which should mean that changes in the system
take place relatively slowly and that the system is,rfor the
most part, in local equilibrium. This is discussed further

on pages 5-8,

The chemical composition of the rock, the buffer mass and the
groundwater for several different possible waste repositories
has been specified in the specifications supplied by KBS
(Appendix A).

(1978-03-30)



Copper is the most noble of the common constructional metals.
The stability range of copper can most easily be represented
with the aid of various types of redox diagrams, for example
Pourbaix diagrams (pagel0) or so-called "relative diagrams"
(Appendix B3, page 12). Equilibrium concentrations for various
copper species, under the conditions which can prevail in the
waste repository at equilibrium between metallic copper and
groundwater of a given composition, are reported in the

following chapter.

Thermodynamic calculations of the equilibrium concentrations

in the system Cu—HZO—Clh—COqz-—SoﬂzzF— at different redox

a2

potentials and temperatures

The equilibrium calculations have been carried out for a system
containing so-called "normal water", i.e. a groundwater of the
same composition as that which normally occurs at great depths.
The concentration of the sulphide-bearing species has been as-
sumed to be zero,a condition which is not always met in natural
groundwater, The detailed thermodynamic calculations are
presented in Appendices Bl and B2,

The calculations show that metallic copper is stable in "normal
water" of specified composition, provided that the level of
free oxygen is low. Analyses of actual groundwaters from
potential sites for a waste repository have shown that this
condition can be fulfilled. In other words, the formation of
oxidized copper phases can be prevented. Deep-lying ground-
water often contains sulphides in varying gquantities. Copper
oxidation with the formation of Cuzs is therefore a possibility
which must be taken into consideration. This problem is
discussed in the following section.

(1978-03-30)
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Thermodynamic conditions for the oxidation of copper with

the formation of sulphidic phases

In order for an oxidation of metallic copper to be possible,
an electron acceptor (an oxidant) must be present, normally
oxygen dissolved in water, Other oxidants are also possible,
e.g. sulphur(VI) in sulphate, hydrogen(I) in water, sulphur(-I)
in pyrite or iron(III) in various types of minerals. The two
first-named oxidants are particularly important, since their
concentrations are relatively high.

The oxidation of copper with the formation of sulphidic

phases is examined in Appendix B3. The study shows that the
oxidation of copper by sulphate with the formation of sulphide
is thermodynamically possibkble under the conditions which are

expected to prevail in the waste repository. Geological and
other chemical evidence shows, however, that the oxidation
is negligibly slow, even over very long periods of time
(Appendix C}.

The thermodynamic calculations alsc show that copper can be
oxidized by water and hydrogen sulphide with the formation

of Cu,5(s}. The oxidation rate is determined by the rate at
which hydrogen sulphide is transported to the copper canister.

The stability conditions for copper do not change appreciably
at higher temperatures. The calculations show that a high
temperature is more likely to have a favourable effect on the

thermodynamic stability of the copper canister.

Thermodynamic conditions for the oxidation of copper

by nitrate

Nitrate occurs in varying guantities in groundwater and is
also a potential oxidant for metallic copper. Appendix B4
reports the thermodynamic conditions necessary for the oxida-
tion of copper by nitrate., The study shows that the oxidation

(1978-03-30)
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is thermodynamically possible. The reaction rate,however,is as
in the case of sulphate, extremely slow, so it should be
possible to disregard nitrate/nitrite as possible oxidants

for copper. But if one nevertheless wishes to consider the
possibility of an oxidation, the quantity of oxidized copper
will be determined by the total concentration of nitrate/
nitrite and the rate with which these species are transported

to the copper surface,

Organic material in the groundwater and buffer and its

effect on copper corrasion

Organic material in the groundwater and buffer material can act
as a cemplexing agent for copper (I} and copper {II) species:

and can thereby affect the equilibrium concentraticns of these
ions and molecules. The organic material can also act as a
substrate for sulphate~reducing bacteria which convert sulphate
to sulphide., Hydrogen sulphide can then participate in the
oxidation of copper with the formation of Cu,s (see Appendix
B3, page 5). A summary of the factors which influence the

bacterial sulphate reduction is provided by Hallberg (Appendix C).

Groundwater from Forsmark and Finnsj® contains approximately

13 mg organic material per litre (Appendix A), mainly in the
form of fulvic acids and humus substances. These are not
uniform substances, but rather a group of substances with
molecular weights of between 7-102 and 50-103, containing
carboxylate and phenol groups. They can form chelate complexes
with most metal ions; there is reason to presume that a large
portion of the dissolved iron is complex-bound to these sub-

stances.

Buffle, Greter and Haerdy (l) have made an experimental study
of copper(II) complex formation with humus and fulvic acids.
Copper(II) will be complex-bound relatively strongly. Complex-

formers of this type should produce weaker complexes with

copper (I) than with copper(II) since the ligands contain

(1978-03-30)



typically "hard" donor atoms. Thus, complex formation with

humus and fulvic acids does not lead to any substantial

change in the redox properties of the copper system. This

means that the previously reported conclusions concerning
the stability of copper should still be correct.

If the soluble organic substances contain sulphur, e.g. in

the form of either sulphur or -SH groups, the situation will

be a different one. Sulphur is a typical "soft" donor atom
which stabilizes copper (I} very strongly relative to copper(II),
a situation which leads to substantial changes in the redox
properties of the copper system. We therefore assume that the
waste repository will be located at a site where the level of
sulphur-containing organic material in the groundwater is

negligible.

The redox potential in the rock-groundwater gystem and in

the buffer-groundwater system

The redox potential in the rock-groundwater system is determined
primarily by the mineralogical composition of the rock, more
specifically by iron(II) and iron(III) minerals present in the
rock. A geochemical study has been conducted by Brotzen (2),
who states:

Eh = (0.26 - 0.06 pH) T o0.10
i.e., the redox potential at pH = 8.5 is -0.25 £ 0.1 VvV and
pe is -4.2 * 1.7,

These values agree well with direct experimental determinations
of the redox potential in groundwater from Finnsjd and Stripa.
The results (Appendix B5) show a redox potential of -0.17 T
0.04 V. Brotzen's model gives -0.25 ¥ 0.10 v. The relatively
good agreement between model and experiment shows that the

thermodynamic data provide a sufficiently good basis for an

estimation of the redox potential in the system and thereby also

the thermodynamic stability of the copper canister.,

(1978-03-30)



The buffer material contains relatively large quantities of
,04 and 0.12% by weight iron (II)
- Appendix A). The buffer system has such a large mass that

iron (v 2.7% by weight Fe

its redox buffer properties at the specified water composition
and flow should not change appreciably over a period of

100 000 years. The redox potential at the copper canister
will therefore be determined by the equilibrium between the
buffer mineral and the groundwater within the foreseeable

future.

After an oxidation treatment, the buffer material will contain
very small guantities of sulphides, mainly in the form of
pyrite (Appendix A}; it will also contain small amounts of
magnetite, goethite and hematite, and possibly iron(II) and
iron(III) silicates.

If the buffer mass initially contains oxygen, all iron(ITI},
manganese (IT) and all hydrogen sulphide present in the
groundwater will be oxidized. When the oxygen has been con-
sumed by groundwater leaking into the repository or by the
addition of an oxygen-consuming redox buffer, the redox
potential will be determined by the redox pair Fe203(s)
Fe304(s), or possibly Fe203{s) - Fe(OH)Z(s). The following
Pourbaix diagrams show that the redox potential is roughly
the same as in the rock-groundwater system. But conditions
are different at elevated temperature (Appendix B3, page 15,
fig. 5).

Any iron(II) sulphide which remains after the thermal treat-
ment of the bentonite is not thermodynamically stable and is
converted to pyrite. This phase is stable and is not oxidized
by iron(III).

4Fe 03(5) + 2FeS(s) — 3Fe304(s) + FeS2(s)

Ag° = -10.4 kcal

3Fe203(s) + Fesz(s) + H
AGP = 28.2 kecal

20—+ 2Fe304(s) + Fe(OH)z(s) + 25 (s)

(1978-03-30)



An idea of which sulphur-containing jions and solid phases
may be present in the buffer material can be obtained by
means ©f the standard free energies of formation for the
various species present in the system.

The equilibrium concentration of hydrogen sulphide can be

calculated from either of the following expressions:

12Fe,04(s) + HS (aq) + OH (ag) = 8Fe,0,(s) + S0,°  (ag) + H,0(L)
Ag° = -12.75 kecal .

2Fe,04(s) + 2HS (aq) + 25" (aq)—> Fey0,(s) + FeS,(s) + 2H,0(1)
AG® = -46.9 kecal |

The uncertainty in the AG® -value for the first reaction is
relatively great due to the large stoichiometric coefficients.
With 0.1 kcal uncertainty in AG® for the formation of Fe.O

273
and Fe304, the maximum error is %2 kcal, i.e. the level of

- + -
hydrogen sulphide will be 10 6.8(=1.4) and 10 8'7M

, respectively.
The equilibrium concentration of hydrogen sulphide at p
for the two reactions is: 10—6'8M (0.005 mg/l) and 10°
respectively.

H= 8.5
8.7M

L

The groundwater which flows into the system contains iron(II)
and sulphide at levels of less than 5 mg/l (Appendix A).

Judging from equilibrium data, hydrogen sulphide should be
oxidized to pyrite even at levels of hydrogen sulphide in the
inflowing groundwater which are considerably lower than

these values. Published analysis data from Forsmark 1 and
Finnsjg 2 show hydrogen sulphide levels of l.5'10_4 M and
<3.10

order cof magnitude as the expected equilibrium value (see

M, respectively. The latter value is of the same

above). Additional analyses should, however, be carried out

in order to confirm this result.

(1978-03-30)



When initial oxygen in the buffer material is consumed, the
redox potential will be roughly the same as in the rock-
groundwater system. The concentration of hydrogen sulphide
is fixed as long as solid phases of Fe203, Fe304 and FeS2 are
present in the system. The maximum equilibrium concentration
is about 10_6'8i1'4)M. Pyrite FeS2 is the only thermodynami-
cally stable iron sulphide in the system, if we consider only

the buffer-rock—grocundwater equilibria.
CONCLUSIONS

Copper is a relatively noble metal and possesses good stability
in oxygen- and sulphide-free water. Under the conditions
prevailng in the waste repository, the following chemical
processes which lead to the corrosion of copper can occur:

a. Oxidation of copper by oxygen initially present in the
buffer material. The rate of the process is determined
by the speed with which oxygen diffuses to the copper
canister. The total gquantity of copper which is
oxidized is determined by the initial quantity of oxy-
gen. Some of this oxygen may, however, be reduced by
reactions with sulphide, iron(II) or manganese (II)
which are transported into the buffer material.

b. Oxidation of copper with the formation of CuZS and Hz.
This process is controlled by the total concentration
of dissolved sulphide species and the rate at which
they are trangported to the copper surface.

C. Due to the extremely low reaction rate, it should be
possible to disregard the oxidation of copper by
sulphate and/or nitrate,

ad. Degradable organic material can reduce sulphate to

sulphide as a result of biological activity. Accord-
ing to b. above, hydrogen sulphide gives rise to Cuzs.

(1978-03-30)



The scale of the process is determined by the quantity
of degradable organic material and, as in b., by the
rate at which sulphide is transported to the copper

surface.

Solid redox pairs containing Fe(II) and Fe(III) fix the
redox potential in the buffer systém at a value which
is lower than the pe value for the formation of Cuzo.
The redox potential should be close to that which pre-
vails in the rock—groundwater system.

The high initial temperature at the waste canister will
increase the thermodynamic stability of metallic copper.
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APPENDIX Bl

Thermodynamic calculations of equilibrium concentrations

for the system Cu-H20~c1“—co§'—soﬂz"-F' at various redox

“x

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 radicactive waste
for "final storage", KBS (l) has asked for estimates of the
equilibrium concentrations of copper species in a specified
groundwater, known as "normal water", which is in thermo-

dynamic equilibrium 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 equili-

2- 2

brium in the system Cu-Hzo—Cl_—CO =50, "-P- at various

3
temperatures.

The study has been conducted in the following stages:

1. Review of the literature for a definition of known
copper species in the sclid phase and in solution

under the given conditions.

2. Collection and evaluation of published thermodynamic

data for all relevant equilibria.

3. Calculations to estimate equilibrium constants for

the predominant species at temperatures up to 125%,

4, Calculation of relative activity ratios of the indivi-
dual species within the system at 25°C and at various

redox potentials (relative diagrams - redox diagrams) .



5. Estimation of the total Eopper 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
"normal water" with respect to pH and 1;13 . Equili-

brium 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 eguilibrium 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
E:l_] tot 500 mg/1 14.1 mM
"n n
E{zczzo ]tot 120 2.7
- n n
]g(? ot 100 1.0
tot 1.5 0.08
PO4 tot 0.04 0.4 uM

] ’

There is also great interest as to how the coppef concentra-—
tion would be affected by deviations from "normal” towards
Baltic seawater, whereby the pH drops to 7.8, [éli 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/l.



The presence of a natural ané suitable redox buffer with
appreciable buffering capacity cannot be assumed. The
calculations have therefore been carried out so that a suit-~
able redox potential can be selected in the event of the
addition of a redox buffer system. It has been assumed that
the above concentrations 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
specles in the system and relevant eguilibrium data. In
assessing equilibrium constants, comparisons with assessments
in other 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°%. & special study has been
conducted to estimate the temperature-dependence of the equili-

brium constants (Appendix B2).

Table 2 lists relevant copper species and equilibrium con-
stants at 25°C and 100°C in the system Cu—Hzo—c1'-co32'-5042"~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 C1 , HCO, 2=

. S0 and F according to the equation.
3 4 g q

1/x A + yH  + ze g?Cu(s) + pCl™ + cho; + rsoi_ + sF + tH,0

Lo e O

[I.{ij s Bcu(s)

lOgTKr = zpe + log



where x is the number of copper atoms in the Cu-bearing

species A with activity a
oxidation number zero,

A The activity of copper with
Gcu(s) ’

. . - F -
one for pure metallic copper. pe = ETIHlD'ESHE where ESHE =

the redox potential relative to a standard hydrogen electrode

(at 25°C, pe = TSHE (mv); at 100°C, pe = CSHE ).

60 74

has been taken to be equal to

Extrapolation to the higher temperature has not been carried
out for certain species which, after examinaticn of the data
at 250C, have been judged to make only a negligible contribu-
tion to the total copper concentration.

The following protolysis constants have been used:

ngTK
25% 100°¢
H + OH &2 H,0 14,00 12.3
+ 2- -
—>
HT + O3 HCOY 10.329 10.26
H + HCO36“91H2C03 6.352 5.97



Table 2. Species and reduction constants (see text)

l/2Cu2(OH)2CO3(s)

con-
sidered here for the system Cu-H,0-Cl~ cog"-soﬁ'—F'
at 25° and 100°%
Species logTKr
25°¢ 100°¢
Dissolved cu” 8.76 7.66
cu?t 11.44 10.72
cu (o)t 119.44 15.90
Cu(OH)2 26.5 21.42
Cu(OH)3 39.2 32.3
CU(OH)4 51.05 -
1/2Cu (OH)Z 16.62 14.82
CuCl 6.06 4.93
cucl, 3.26 1.98
CuClg 2 3.06 3.42
l/2Cu2 4 2.21 3.57
cuclt 11.04 -
CuCO3 ”e 15.04 +11.58
Cu(CO3)2 22.27 l6.44
' CuS(_l)_4 9.08 -
CuF 10.14 -
Solid l/2Cu20(S) 7.96 7.65
Cuo(s) 19.06 16.00
CuO(Hzo)(S) 20.08 17.80
CuO(H2O)2(S) 20,74 -
cuCl(s) 2.03 1.49
cu(OH)l.SCIO.S(S) 15.14 12.06
CuCO3(s) 12.14 16.38
1/30u3(OH)2(C03)2(s) 12.34 10.56
Cu(OH)l'5(504)0.25(S) 15.69 -
l/BCu3(OH)4SO4(s) 14.37 -
14.02 12.00



CONCENTRATION CONDITIONS

Figure 1 presents the relative activity of different Cu-bear-
ing 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,
Aoy (s) ! has been used as a reference for the activity ratio.
Figure 2 shows the corresponding diagram for the equilibria
at 100°C. Some minor species have not been included.

In the part of the diagrams where pure copper is stable
(aCu(s) = 1), the concentration (logiéuY;]) for all mono-

nuclear species can be read directly at different redox poten-
tials. In the case of peclynuclear complexes, Cu Y ’

log[éu Y‘] L/x is read instead. The positions of some solid

phases which are not stable at equilibrium for the concentra-

tion 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 greater than 10-6M (~0.05 mg Cu/l) at
redox potentials lower than -100 mvV. The copper(I) chloride
complexes dominate the entire region helow -100 mV at 25°
while the hydrcolysis and carbonate complexes become more
significant above -150 mV at 100°C and at the pH level of
the "normal watexr".

In figure 3, the total concentration of dissolved copper
species hags 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 = 5000 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.

to a reduction of the total copper concentration at 100°C and

E values above =150 mV.

are not dealt with here.)

DISCUSSIDN

This report is concerned with the thermodynamic stability of

A pH reduction would only lead

(The effects of redox buffer systems

copper and it is 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 mainly for the following reasons:

a)

b)

c)

The assumption that quantitative data have been
published for all relevant Cu species. However,
copper equilibria have indeed been comparatively
thoroughly studied.

Practically all experimental determinations of
equilibrium constants for Cu-species have been
carried out at considerably higher Cu concentra-

tions, which has necesgitatéd ‘long extrapolations,

Extrapolation to temperatures higher than 25°%¢
introduces an uncertainty 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 higher temperatures

have been particularly uncertain (e.q. Cu(CO3)§_

and CuCOB), the least favourable wvalue from the

viewpoint of corrosion has been used.



d) The uncertainty in the total concentration of
copper is probably considerably less than
©#0.5 log units at 25°¢ and approx. #l 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 com-—
plexes with copper, e.g. biological degradation
products, are present,

b) No nitrogen compounds (e.qg. NO., organic complex-—

ing agents} which could form NH, are present.

3

c) No biochemical processes ({(bacteriall.
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 alsc 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 the formation of local cells, if the
copper is impure or if it is in contact with

other metals or alloys.

<) The risk that the equilibrium constants which apply
in aqueous solutions may not be wvalid for the

medium in gquestion (gel?).

a) Irradiation effects (e.qg. H202 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 pro-
gramme.
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Figure 2 Redox diagram for the system KBS report
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Figure 3 Total copper concentration for
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The thermodynamics of the system Cu - H,0 - c1 - CO3
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-

at elevated temperatures - A preliminary investigation

DPerek Lewis

SUMMARY

An estimate of the values of the equilibrium
constants for some processes in the system

Cu - H,0 - €17 - co3”
125°C has been asked for in connection with

at temperatures up to

a KBS investigation. The present report
summarizes the results of the most significant
of these processes as obtained‘by means of

the method described in a previous report
concerning the thermodynamics of redox

processes in water at elevated temperatures,
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1 INTRODUCTION

A report on a preliminary study of the system
Cu - H20 at elevated temperatures has been sub-
mitted in connection with a study of the thermo-
dynamics of the so-called "neutral" mode of
operation in steam power plants (1). 1In
connection with the question of the thermo-
dynamic stability of copper in contact with
natural water, this study has now been extended
to reactions with chloride and carbonate ions.

2 BASIC THERMODYNAMIC DATA

Very few equilibrium data for copper ions and
copper compounds in water above 25°C are
available. In particular, very little is known
about the entropy of copper ions, even at 25%¢.
This means that experimental values for the
property which is decisive in determining the
change of the equilibrium constant with tempera-
ture are lacking.

In this study, the missing data have been
estimated through the use of empirical formulae,
for example the equations for the entropy of
single ions established by Latimer and his co-
workers (2). In most cases, these formulae are
based on numerous reliable experimental measure-
ments. The estimated values which are presented
here for the entropy of copper compounds must,
however, be regarded as highly uncertain as long
as none of them has been experimentally verified.

Table 1 summarizes the data which are used here.
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3 RESULTS

values for the equilibrium constants calculated
by means of the TEMCON program {3) for selected
reactions in the copper system at 50, 75, 100
and 125°C are presented in table 2. Values for
corresponding processes at 25°C taken from a

standard reference work (4) have been used.

Pourbaix diagram, pe(pH)T, illustrating the
stability of the various copper species in equili-
brium with pure water at 50°C and 150°C are
presented in figures 1 and 2,

The limits of error are estimated to be * 0.5 log

units, unless otherwise specified.
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Table 1. Basic thermodynaﬁic data for the system
Cu - H,0 - Cl - cog:
Species ~Bygg G°f “Bygg Hg 2985° a  bx10° ex10”
cal/mol x 1073 cal/mol deg.
Hy0 (1) 56,7 68,3 16,7 18,03 0 0
H* - 0 - 5,0 0 92,25 0
Cu (s) 0 0 7,96 5,4 1,5 0
Cu(0H), (s) 85,3 106,1 19,0 (9,3) (4,8) 0
Cu,0 (s) 33,3 39,8 24,1 14,9 5,7 0
Cu0 (s) 30,4 37,1 10,4 9,3 4,8 0
CuCl (s) 28,4 32,2 21,9 15,4 12,0 0
Cu, (OH) 4C1 (s) - - (43) (30) (40) 0
Cug0, (s) 123,8 142,2 21 (10) (30) 0
Cu(OH) ,C0, (s) - - (42) (25) (60) 0
Cu,(OH) ,(CO,) , (s) - ~ (64) (35) (90) 0
Cut 12,0 -12,4 -11,3 0 152 0
cu?t 15,5 -15,4 ~33,6 0 188 0
Cu(OH)* 23,3 -25,7 8,1 0 119 0
Cu(OH), - - (42) (9) (5) 0
Cu, (om) 2* (78) 72,6 -17,8 0 162 0
fHcuo,” (50) -55,9 19,7 0 -177 0
CuCl - - (18) (6) (19) 0
cuct,” - - (53) 0 (-175) 0
it - - (41) 0 (-175) 0
Cu2c1§' - - [-10) 0 (-172) 0
Cu(co,) 5" 250, 5 - (57) 0 (851) 0
Cuco, 119,9 - (45) (10) (30) 0
H,CO, - - (40) (28) (2) 0
HCO,~ 140,3 165,2 27,7 0 -87,4 0
cos” 126,2 161,6 - 2,7 0 456 0
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Table 2, Estimated values of equilibrium constants
for reactions in the system
Cu - H20 - Ccl - CO§_ at temperatures
above 25°C

t C 50 75 100 125

logT k

{Cul) Cu’ + e~ = Cu(s)

8,4 8,0 7,7 7,3

1 b et sl

(Cu2) ) CuZO(s) + H = Cu™ + 5 HZO

0,1 0,0 0,0 -0,1
{Cu3) cu?t + e = cut

2,8 3,0 3,1 3,1
(Cuk) cu(om)* + ' = cu?* + H,0

6,6 5,8 5,2 4,6

0 + 2+

{Cub) Cu(OH)2 + 2H = Cu” + 2 HZD

13,3 11,9 10,7 9,7
(CubA) Cu(OH) ,(s) + 2 H' = cu?t + 2 H,0

8,4 7,7 7,1 6,6
(CubB) CuO(s) + 2 nt = Cu2+ + H20

6,6 5,9 5,3 4.8
(Cu7A) Cu(OH),(5) + H = Ca(oH)' + H,0

1,8 1,8 1,9 2,0
(Cu7B) Cu0(s) + H = cuon)”

0,0, 0,0, 0,1 0,1
(CuBA) Cu(0H) ,(s) + H + e = %—Cuzo(s) + % H,0

11,1 10,7 10,3 9,9
(CuBB) Cu(s) + H' + e” = L Cu.0(s) + + H.0

u uves e 2u25 22

9,8 9,2 8,8 8,

L~
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Table 2 (cont.)
o]
t°C 50 75 100
logT k

(Cu9A) HCuoz“ + Bt = Cu(OH), (s)

16,3 15,3 14,5
(Cu9B) HCu0,” + HY = cu0(s) + H,0

18,1 17,1 16,2
{CulD) 1 HCuO, ™ + 2-H+ +e = 1 Cu(s) + H,O

Z 2 2 p) 2

17,9 17,0 16,1
(Cull) Cuz(OH)§+ + 20 = 2 cutt 42 H,0

9,4 8,8 8,2
(CuCll)  Cu* + ¢1- = cucl®

2,64 2,7, 2,7,
(CuCl2) Cut + 2 C1™ = CucCl,”

5,6, 5,637 5,64
(CuC13) cut +3C17 = Cu01§'

4,6 4,4 4,2
(CuCl4) cut + €17 = cucl(s)

6,5 6,3 6,2
(CuCls) CuCl(s) + C1~ = CuClz_

-0,9 -0,7 -0,5
(CuCl6) CuCl(s) + 2 ¢1™ = Cuc1§'

-1,8 -1,9 -1,9
uc17) 2 ce®t 4 017+ 3 1m0 = Cu, (0H) ,C1(s) + 3 ¥

6,4 -5,5 4,7
(CuC18) 2 cut + 4 C1™ = cu,c1?”

2%ty

11,1 9,5 8,2

125

13,7

15,6

15,4

7,8

-1,9

=4,0

7,1
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Table 2 (cont.)
%c 50 75 100 125
IogT k
- + _
(C4) HCO,™ + HY = H2C03
6,2 6,0, 6,0 5,9
2~ + _ -
(c5) co;” + #* = HCo,
10,1, 10,1, 10,2, 10,4,
(CuL1) cu?t + co§'= Cucog
7,5 8,5 9,4~8,8 10,3-9,4
(CuL2) cu?t + 2 co?” = cu(co.) i
3 372
11,2 12,8-11,6 14,8-12,2 17,1-12,8
(CuL3) cu?t + coi“ = CuC0,(s)
9,9 10,3 10,7 11,2-10,3
' 2+ 2- _ ‘
(CuL4) 2 cu®” + €OJ” + 2 Hy0 = Cu,(OH) ,C0,(s) + 2 H
6,1 6,9 7,7 8,5-7,8
2+ 2= - +
(CuL5) 3 cu™ + 26057 + 2 HyO = Cuy(0H),(COy) () + 2 K

18,9 19,9 21,0-20,0 22,2-20,5



Fig. 1. pe(pH)p diagram for the copper-water system at 50°, 1 atg.
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Fig. 2. pe(pH)y diagram for the copper-water system at lSOOC, 5 atg.



Appendix B3

THERMODYNAMIC CALCULATIONS OF EQUILIBRIUM CONCENTRATIONS FOR THE

SYSTEM Cu~H20~c1'—c02"—302'—Hs'-F" AT VARIOUS REDOX POTENTIALS

. 3 4
AND TEMPERATURES
Ingmar Grenthe and Tom Wallin
Department of Inorganic Chemistry

Royal Institute of Technoloegy,
Stockholm

Sulphur-bearing species and thermodynamic data

Sulphur (VI}) can be reduced to several different lower oxidation
states. The redox equilibria are highly pH-dependent. These
factors complicate a thermodynamic study of the system. 1In
order tc visualize the main reaction(s), redox diagrams have
been constructed. These diagrams apply at pH = 8.5 (figure 1la),
pH = 7.5 (figure 1b) and pH = 9.5 (figure lc). The reduction
constants given in Table 1 (1-4) were used.

Table 1. Relevant species andoreduction constants in the
sulphur system at 25C.

Reaction . | logTKr

3042" + HyO + 2e'::iso32' + 20H - 31.3

5042" + 4H,0 + 67 S(s) + BOH™ - 75.7
2"- -_.,’ 2"" -

280,°7 + 4H,0 + 6e 2 5,0, + 80H ~100.6
2- - 2= -

250,°7 + 5H,0 + 8e =2 5,0, + 100H ~101.2

5042' + SH,0 + 8¢ 2 HS + 90H” - 92.9

1 1+ - 1...—-

§Cu25(s) tsH + el Cu(s) -+ =HS - 8.56

Cuc12' + e 2 Culs) + 2Cc1° 3.26

cus(s) + H' + 2¢" 2 cu(s) + HS™ - 33.4

In constructing the redox diagram for the sulphur system, [soi'

has been used as a reference., The equations for the straight

8.5 are:

[

lines at pH
I 2_

L§o3 ]

og ——— =
2_

[504 ]

(1978-03-29)

1 -31.3 -2pe - 2 pH + 2pKW ==20.3 - 2pe



-2 -
R R k.
log 2s(s) = -31.7 - 6pe ; log|52% |2

[s04°]

= =23,1 - 4pe ; log '[ﬁs']== -43.4 - Bpe

[20."")

The copper-sulphur system, definition of the system,

= =28.3 ~ 3pe

thermodynamic data

The same premises as in Appendix Bl have been applied to the
calculations, Figure 2 shows the redox diagram for copper in
"normal water" at pH = 8.5, pCl = 1.85, pSO42" =3, T= 25%.
To the left of the line for 1/2 Cuzs(s),copper(I) sulphide is
thermodynamically stable, while metallic copper is stable to

the right of the line,

The equilibrium constant for the reaction:

2Cu(s) + 3042‘ + 80" + 66722 Cu,S(s) + 4H,0 at 25° is log K_=50.
At lOOOC, according to Vannerberg (5), the constant has the

value log K. = 28, i.e. the existence region for metallic copper
will be extended towards lower pe values at increasing tempera-

ture (figure 2b).

The oxidation of copper can alsoc take place through the following

reactions:

2- - + - 2=
2Cu(s) + SO4 + 4C1 + 2H 2CuC12 + 503 + HZO (1)
6Cu(s) + so42" + 1201 + 8H+;:;GCu012‘ + 5(s) + 4H,0 (2)
8Cu(s) + 5042' + 12c1” + 8T Cu,S (s) +6CuC12_ + 4H,0 (3)

In all redox processes, even those where sgsolid sulphidic copper
phases are formed, CuClzm is obtained in solution, since this
species is, according to figure 2, dominant under the conditions
'which prevail in “norﬁal water".

(1978-03-29)



It is evident from figure la that the reductlon of 8042 to

S‘O32_ dominates at pe > -3, the ratio J:O ]/[8042] is <
=14.5

10 "7, i1.e. the amount of copper which is oxidized by 5042"

is negligible. At pe <-3, 5042- is reduced to free sulphur or
hydrogen sulphide. Reduction to thiosulphate does not dominate
in the pe range in question.

The equilibrium concentration of CuClz- can be calculated for

the above three main reactions. The results can only be used
in the concentration and pe ranges where the respective reaction

dominates.

For (1):

SO ]E:uCl ] _ 10-9.8
[so, ™ ] [T

According to the redox diagram, the reduction of 5042_ will be

insignificant, s0

\'—SO ‘] pH = B.5, pCl = 1.85
I:CuCl2 1 =2 [O .] ®
i.e. 1/2x° = 10 .+ 1073 . 1074 - 1.85 | 1472785 L 737,20
% = 10 -36. 9/3 - 10—12.3'
The oxidation of copper will be negligible.
For (2):
- |6
E:“Clz] - 1ol6.7
-2 -112+]8
150, %] [ex]] "]
EuCJ“Z} = X
X6 _ lO16.-7 . 10-3 10-12°1.85 . 10-8'8.5 - 10-76.5

« = 10-12.75

In this case as well, the oxidation of copper by sulphate will

. be negligible.

(1978-03-29)
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EuCl i - -

2l 1030466 46 L 107625y o 172044
BT TR

Thus oxidation is negligible.

The most favourable case for an oxidation of copper by sulphate
occurs at a combination of high chloride concentration and low

pH.

For a solution with pCl = 0.85 and pH = 7.5, the concentration

of cucl,”

2 calculated in accordance with (3} will be:

x% = 10397 . 10 10

7.1 «

~3 -12-0.85 _ 10-8'6.5 -42.5

= 10

x = 10

pCl = 8.5 corresponds to the chloride concentration of Baltic
seawater, and it is unlikely that this level will be exceeded

if the waste repository is located on the Swedish east coast.

The pH of the groundwater should not be allowed to drop below 7.
Considering the composition of the groundwater and the buffer
material in the tunnel.system in the waste repository, the buffer
capacity of the system is expected to be sufficient to prevent

a pH‘drop.

The possibility of a pH drop due to pyrite oxidation need not be
taken into consideration; in the first place, the amount of
oxygen will be very small and in the second place the buffer
capacity of the system is high.

The amount of solid copper which is removed by oxidation by
sulphate ion can be calculated in the same manner as oxidation

by oxygen.

At pCl = 0.85 and pH = 7.5, the equilibrium concentration of
CuClz_ is 10—7'tMi The original sulghate concentration has been
reduced by (10 ""7)/6 M, i.e. each m~ of water can oxidize a
maximum of about 6.4 mg of copper. As a comparison, it can be
mentioned that each m3 of water with an oxygen content of 10 ppm

can oxidize a maximum of 80 g of copper.

(1978-03-29)



Thus, reactions (1) - (3) do not lead to any substantial oxida-
tion of metallic copper under the conditions which can be
expected to prevail in "normal water". But some oxidation can
be expected, which will probably lead to a surface coating of
sulphidic copper phases.

~ The oxidation of metallic copper by sulphate is negligible if
it does not lead to the formation of Cu,S (see page 3). This
process is thermodynamically possible only at low values

(pe < -3.5 at 25°C).

Copper could also be oxidized by water and hydrogen sulphide

with the formation of Cu,5 and hydrogen gas.

2
2 Cu(s) + HS (aq) + H20(1)—e-Cu25(S) + Ho{g) + OH™ (aqg)

Ac® = -4.38 keal r = 25%%

At pH = 8.5 and equilibrium, the ratio is P /[ﬁs‘]= 108-7
2

i.e., hydrogen sulphide in the groundwater produces roughly an
equivalent amount of copper(I) sulphide. The amount of Cu,S

which is formed is determined by the flow rate in the system,

by the concentration of hydrogen sulphide in the agueous phase
and by the rate of diffusion of HS .

The copper-iron system; possible reactions with the buffer
material

A number of different reactions between copper on the one hand
and iron and sulphide-bearing species on the other hand are
possible.

The redox potential in the system should be so low that no
oxidic copper phases are formed. This is evident from figures
2a and 2b and from A G° for the following process:

2Cu(s) + 3Fe,0(s) —> Cu,O(s) +2Fe304(s),AGO = 11.9 kecal,T = 25% (6

(1978-03-29)



Cu,5 can alsc be formed by, for example, the following reaction:

4cu(s) + 4Fe,04(s) + FeS,(s)— 20u,S(s) + 3Fey0,(s) ,AGS =-19.8 kcal  (6)

All iron-bearing phases are present in the buffer material or

are formed due to the presence of groundwater.

The redox potential in the buffer material may be so low that
the oxidation of copper by sulphate is thermodynamically

possible e.g. as follows:

20u(s) +50,% (aq) + 6Fe,0,(s) + 2H'(ag) >Cu,S(s) + 9Fe,0,(s) + H,O

2

AG® = -40.8 keal (6)

Iron(II) can occur as a silicate and the following reactions are

also thermcdynamically possible.

2Cu(s} + 5042_(aq) + 3F628i04(2) + 2H+(aq)—+ CuZS(S) + 3FezO3(s) + 3Si02(s) +
+ H20(1)

AG® = -55.0 keal (6)

4cu(s) + 250, (aq) + 9Fe,Si0, (s) + 4H' (aq) —>2Cu,S(s) + 6Fe
+ 95102(5) + 2H20(l)

f%(m +

AG® = -127.0 keal 6)

The last reaction may be the principal one. Under the conditions
which prevail in the buffer, i.e., pH = 8.5, pHS = 6.8 X 1.4 ana

pSO4 >
right i.e. SO4 oxidizes copper with the formation of Cuzs.

=3, Ag = -75 kcal, the reaction is spontaneous to the
The AG®° values all apply at a temperature of 25°C, (6) .

There is much geological evidence to support the postulate that
sulphate ion is stable in a strongly reducing environment, e.q.
gypsum deposits at great depths. The reason for this is the
presence of a very strong kinetic inhibiticon of the oxidation

process., As a result, the rate at which sulphate ion oxidizes

copper is very low. The amount of copper which is oxidized by

(1978-03-29}



sulphate will therefore probabiy be negligikle, even over
periods of hundreds of thousands of years.

A survey of the dominant species in the systems copper-sulphur-
water and copper-iron-sulphur-water is presented in the
following Pourbaix diagrams (figs. 3, 4) taken from P. Duby (7).
These data apply at a temperature of 25°C and an activity of 1
(one) for all participating species. The conditions in the
buffer material are such that the formation of CuSFeS4 is un-
likely.

Ferreira (8) has aséembled the redox data for the system Fe-S-
H20 and Cu—S-Hzo at temperatures of 25°C, 100° and 150°c
(figs. 5, 6}.

Figure 5 shows‘Eh = f(pH) in the Fe-S-HZO system at 100°. At

pH = 8.5, the redox potential should be determined by the solid
phases Fe203 - Fe304 - Fe52, i.e. Eh

that the system is within the stability range for Cuzs at this

temperature. The concentration of sulphur-containing ions is

=~ -0.4 V. Figure 6 shows

0.1 M, i.e. much higher than in the groundwater in the waste
repository. According to the relative diagram, figure 2b, we
are within the stability range for metallic copper - when the

sulphide concentration is 100 mg/l, lO—3 M,

Therefore the initially high temperature in the repository ought
to increase the stability of the copper canister,
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Redox diagram for the system
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Appendix B4

THERMODYNAMICS OF GXIDATION OF COFPPER BY NITRATE

Ingmar Grenthe and Tom Wallin
Department of Inorganic Chemistry,
Royal Institute of Technology

Premises

3
no redox buffer; normal water, pH = 7.5 - 9.5; t = 25%.

- System - Pure Cu(s) + NO + catalyst (possibly bacteria);

- Thermodynamics = No reacticn inhibitions, which are
normally of decisive importance for most redox processes

in the N system.

- Radiolysis - No radiolysis considered; in some cases,
however, radiolysis could conceivably facilitate the
attainment of equilibrium.

- Reservation - Due to difficulties in achieving equili-
brium in actual systems, nitrogen equilibria in aqueous
solutions are among the less certain of these which
have been studied {(despite their great technical import-
ance); a high level of uncertainty therefore characterizes

the equilibrium constants.

- Units - For dissolved species: moles/litre (M)

For gaseous species: atm.

Nitrogen-containing species and thermodynamic data (Figure 1)

The nitrogen in NO3 has an oxidation number of V and could be
reduced to one or more of its oxidation states down to -IIT
(NH4+). The redox diagram includes mainly the dominant species,
and for the protolysis equilibria only the species which dominate
at pH = 8.5 have been plotted.

(1978-03-29)



Table 1. Species and equilibrium constants for
the formation of % N2 (g) (1,2,3)
logzgsK

NO, 105.2
NO, 76.9
NO (qg) ' 56,7
1

1

5 NoH, 11.7

+
NH , -13.9

The following important protolysis products have not been
plotted:

u.t and nm..

HNO, , N,Hg 3

The following less dominant species have been accorded little

importance in this context and have therefore not been plotted:

- 2_
NO, (@) , HoN,0o. HN,0,, N0, , NO

3’

NHL.OHT, MNH,CH, NO.

3 2

The solubility equilibria for NO, N20 and N2 have not been marked,

but this does not alter the following conclusions.

Possible effects of NO,~

Study of the redox diagrams for copper and nitrogen reveals that,
provided that thermodynamic equilibrium can be achieved, three

different possibilities can be distinguished at pH = 8.5:

(1978-03-29)



1. There is_so_little NO,” that NH, dominates

Main reaction:

T+ w7 + 310

NO.~ + 8cu(s) + 10HT + lecl™ — scucl, . ,

3

In this pe range (pe <-7), the equilibrium concentration of
CuClzm < 10 3'5. Thus, copper oxidation is negligible.

—— e i B g i B Al . i i, T ot W — g, B i Mt it W A Wt et i L T, B e . . s B . e i o L e T S o —

NO3:_Qresent for Cu.0(s) to form

Main reaction:

No3' + 5Cu(s) + 6H' + 10CL —» 5c:uc12" + %Nz(g)

~7<pe< -1. Eluclz_] < 1078

Thus, insignificant oxidation of Cu(s).

___________________________________________________ 3=
for Cu,0(s) to form

______ p¥Ai8) O IoIm
- + 1 1
NO3 + 5Cu(s) + H — 2§Cu20(s) + §H2O
pe = -0.94. Euc:lz“:[ = 1078, sufficient E\]O{] >1078/5
All NO3_]> 10_8/55='2 + 1072 causes formation of Cu,0(s)

and therefore consumption of a quantity of Cu corresponding
to 5 x E\TO?,—]'

Copper (I} oxide is formed even at very low concentrations (nit-
rate + nitrite). The concentrations in "normal water" should be
very low - according to the analysis data (Appendix A), less
than 2.4 mg/l. Total concentration and waterflow rate determine

how much copper will be oxidized.

The calculation shows that the oxidation of copper by nitrate is
thermodynamically possible. The reaction rate is, as in the
case of sulphate, extremely low. Nitrate/nitrite can therefore

be disregarded as possible oxidants of copper.

(1978-03-29)
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Appendix B5

DETERMINATION OF REDOX POTENTIAL IN GROUNDWATER FROM
STRIPA AND FINNSJO

Ingmar Grenthe
Department of Inorganic Chemistry,
Royal Institute of Technology

Introduction. It is often possible to determine whether general

corrosion of metallic material is possible or not from the redox
potential of the system. This is illustrated by a relative
diagram for copper in an agquatic system of roughly the same com-
position as the groundwater studied here. Appendix Bl, page 9.
As is evident from the diagram, metallic copper is not stable at
redox potentials greater than approximately -45 mV.

The redox potential in most groundwaters is determined by various
mineral equilibria, e.g. oxidic phases and silicates of iron(II)
and iron(III). Redox potentials in systems such as we are deal-
ing with here (2,3) are normally calculated on the basis of the
gtandard free formation energy ﬁstO. It is obviously of great
value if the result can be verified by direct experiment, but
measurements of this type are often complicated by the relatively
low redox buffer capacity of the system; furthermore, in some
cases soluble sulphides are present, which can "poison" the

redox electrodesg.

The results of redox potential measurements in water from Stripa
and Finnsjd are reported in this report. The samples were taken
from a depth of approximately 400 m and kept in rubber-stoppered
flasks in order to prevent contact with oxygen. The sampling
technique and the test flasks were developed by Orrje & Co.

Meagurement method. The redox potential is calculated on the

basis of the voltage measured in a galvanic cell, where one
half-cell consists of the sampling flask with electrode and the
other of an external reference electrode. The two half-cells

are connected by a salt bridge. The galvanic cell is illustrated

in Figure 1.



A silver electrode in 10 mM AgClO4 solution is used as a
reference electrode. Two different types of redox electrodes
'were tested - a platinum electrode, which was present in the
sampling flask at the time of sampling, and a gold electrode.
The gold electrode was a needle-shaped solid gold rod which

was pushed through the rubber stopper after sampling. The part
of the salt bridge which was connected to the water sample
consisted of a needle-shaped capillary tube, which could also

be pushed through the rubber stopper.

Results.

Measurements with the platinum electrode in the groundwater from
the Stripa area gave a half-cell potential of 225 mV in
reference to a standard hydrogen gas electrocde. This corre-
sponds to a pe value of 3.8, i.e. within the corrosion range
for copper. Analyses (Appendix A) of the same water indicate
the presence of Fe(II) and Mn(II) as well as dissolved (?)
sulphides. At the pH in guestion, Fe(II) and Mn{(II) cannot
cccur at the measured redox potential. Thus, there is reason
to believe that the measured potential does not represent the
redox potential of the system. A possible explanation may be
that sulphides present in the system "poison" the platinum

electrode.

Agcording to Rennerfeldt from Orrje, gold electrodes work much
better than platinum electrodes in sulphide-containing solu-
tions. In a new series of experiments, the platinum electrode
was therefore replaced by a gold electrode. The measured emf
values and the calculated half-cell potentials are presented
in Table 1.



Table 1. Emf values and half-cell potential in reference
to standard hydrogen gas electrode for ground-

water from Stripa and Finnsjo.

Sample No. Place Measured Half-cell
emf/mv . = .. potential/mv

Stripa -834 -152
Stripa =713 -31

18 Stripa ~-855 -173

19 Finnsjion -873 =191

21 Stripa -892 -210

14 stripa -707 ~26

20 Finnsjén  -839 ~157

24 Stripa ~-821 -140

A stable potential of I2 mv was obtained after approximately
30 minutes. Its stability was checked over a l2-hour period.

Two of the measured results deviate significantly from the
others. Before the results are discussed, it is necessary to
verify that the measured potential is influenced by the oxygen
content of the system. This was done by injecting 5 ml air
through a syringe into the left-hand half-cell. If all of the
oxygen dissolves, the injected quantity corresponds to approxi-
mately 3.5 ppm oxygen. The measured results are presented in
Table 2.

Table 2. Measured emf and half-cell potentials in ground-
water from Stripa, solution 24, which was
oxygenated by the injection of air.

ml Measured Half-cell
air emf /mV potential/mW
0 -821 =140
5 -670 +12

15 -498 +184




The experiment shows that the addition of an oxidant increases
the measured emf. This indicates that the potential of the
gold electrode which was used is a measure of the system's

redox potential,

It is possible that the deviant redox potentials for samples
8 and 14 stem from the fact that oxygen entered the system in
connection with sampling. These solutions have much lower
iron(II) and manganese(II) contents than the Finnsj& water.
The redox buffer capacity is thus low and the water is more
sensitive to contamination with oxygen than the water from

Finnsic6.

If we disregard these two samples, the average redox potential
in deep groundwater from both Stripa and Finnsjd is -0.17 :0.04
V, i.e. the results lie within the interval -0.254% 0.10 V
obtained by Brotzen from a thermodynamié model calculation.
Approximately the same results are obtained from the Pourbaix
diagram in Appendix B, page 8.

Conclusion

The results of the measurements show that meaningful redox
pctentials can be determined experimentally in groundwater and
that thermodynamic model calculations provide a sufficiently
goocd description of actual systems tc serve as a basis for a

determination of the properties of the systems.
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Appendix C

KNOWN GEQOLOGICAL PROCESSES FOR THE REDUCTION OF SULPHATE
TC SULPHIDE

Rolf Hallberg
Department of Geology
University of Stockholm

I Bacterial sulphate reduction

Microbiological activities are the most important components
of the sulphur cycle. Without the aid of these organisms,
most sulphur would occur as sulphate, which is the most stable
form of sulphur in relation to purely chemical processes.

Sulphur compounds in nature exhibit oxidation numbers for

sulphur of between -2 and +6 . Many bacterial processes parti-
cipate in the reduction and oxidation of these compounds. The
oxidizing processes are performed by autotrophic bacteria, i.e.

bacteria which only require carbon dioxide as a source of carbon
in order to build up their cells. The reducing processes are
performed by heterotrophic bacteria, i.e. bacteria which must

make use of organic compounds in order to build up their own

cell mass.

The sulphate in seawater is the largest, most easily accessible
sulphur source, and it is on the bottom of the ocean that a
large part of the sulphur cycle takes place.

The most important sulphur-reducing bacteria belong to the

genera Desulfovibrio and Desulfotomaculum. They reduce sulphate

to hydrogen sulphide when they break down (oxidize) organic
materials. These bacteria require oxygen-free conditions (they
are anaerobic). They are found in nearly all oxygen-free environ-
ments but mainly marine sediments. They are heterotrophic, i.e.
dependent upon organic substances which they decompose and use

as carbon sources in order to build up their own cellular

material.

The bacterial reduction of sulphate takes place in the presence
cf, for example, lactic acid in accordance with the following

formula:



2CH3 * CHOH -« COOH + HSO4—4 2CH3 * COOH + HS + 2C02

+ 2H20 (1)
This formula was proposed by Baars (1930) and has since been
verified experimentally by Ghose (1965). Two moles of lactic

acid are required for the formation of one mole of sulphide.

The kinetics of the reaction in the natural environment have
been studied by Bagander (1977). The kinetics of the reactions
can be considered to be of the 0th order down to a sulphate con-
centration of sbout 2 mM. At this concentration, the reaction

L = 0.89 x 1072 /day

with respect to sulphate. The main factor which limits the

proceeds according to the lst order with k

activity of the bacteria in groundwater in rock is the avail-
ability of degradable organic material. The bacteria prefer
organic molecules with 3 to 4 carbon atoms. But these bacteria
are also found in connection with o0il deposits, which would
indicate that they can probably break down organic material

with a much broader carbon atom spectrum.

Optimal pH value for the process is ~7. The bacteria tolerate
pH values between 3 and 10.

The salt content teolerances are from fresh water to saturated
solution. The activity of the bacteria generally declines
drastically at temperatures above GOOC, but ZoBell (1963} has
reported several strains which survive at up to 104°%.

The result of the process is a formation of sulphide ions. 1In
the natural environment, these ions are bound mainly to the
most commonly occurring heavy metal ion, which is iron. The
iron sulphide which is formed is a precursor to the stable
phase, pyrite (Feszli7 ghe firgt iron sulphide has a solubility
product which is 10 "7 at 25°C (Lindstrdm and B&gander, MS),
which is considerably higher than the value for the stable

phase.



IT Non-biological sulphate reduction with organic

material

It is thermodynamically possible to reduce sulphate with the

aid of organic material without bacteria to catalyze the

process (Bostrdm, 1967, Thorstenson, 1970). In order for

this reaction to occur, however, temperatures of more than
80°C are reguired (Orr, 1974). According to Goldhaber and
Kaplan (1974): "this reaction is known not to take place at

earth surface temperatures and pressures, except when biologi-
cally mediated". Orr has studied the process in connection
with o0il deposits where large gquantities of st have been
found which have the same ratios between 834 and 532 as
sulphate solution which is present. This indicates that a
biological reduction of sulphate to sulphide has not taken
place. Moreover, the H,S quantities which are formed are so
high that they would be toxic to sulphate-reducing bacteria.
The mechanism of the process would be as follows: an initial
reaction between HZS and soi" at higher temperatures (at least
BOOC), producing elementary sulphur and/or polysulphide.

2= 4+ 356 =>45° + 20,0 + 208" (2)

SO4 2

2
The elementary sulphur will then rapidly oxidize and dehydro-
genate organic material, forming H,5.

45 + 1.33(CH,) + 2.66H,0 g=24H,S + 1.33C0, (3)

2
st is produced in the reaction at the same time as it mediates

as a catalyst.
The process can therefore be regarded as being autocatalytic,

Toland (1960) has shown that sulphate is reduced by a number of
organic substances, including saturated hydrocarbons. The
reaction is very rapid if HZS is present and the temperature

is 300-350°C. For example, m~xylene was converted completely
to isophthalic acid at 325°C in 60 minutes.

2=

+ 3504

_ +
2C5H4(CH3)2 + 6H ;:tZC6H4(C02H)2 + 4H20 + 3H28 (4)



The reaction rate is considerably accelerated by high HZS

pressures.

The lower temperature limit for the reaction is based on assumed
temperatures at the o0il deposits where this type of HZS is
found. Orr has not been able to demonstrate the reaction in
laboratory trials at temperatures of between 80° ana 120°c..

It is therefore probable that the lower temperature limit for
the reaction is higher than 80°¢c.

11T Inorganic sulphate reduction

A completely inorganic reaction which leads to a reduction of
sulphate in the presence of sulphide is also thermodynamically
possible (see Appendix B).

§ + 4H.O (5)

gcu + 3uS” + 50,77 + 5H'=4cu, )

This reaction has not been demonstrated in nature. A possible
source of sulphate could be the gypsum which is present in the
buffer material (bentonite). 1In actuality, however, it has

been found that gypsum is formed in connection with the cultiva-
tion of sulphate-reducing bacteria in the presence of high
guantities of sulphide with CaCD3 as a pH buffer. The sulphate
which was thereby converted to solid phase in the form of

gypsum Cas50,. 2H20 did not subseguently go into solution |
(Hallberg, 1967). The only inorganic source of sulphide known
to geologists is volcanic gases.

iv Maximum guantity of sulphide formed through
bacterial sulphate reduction

According to what has been said abover the limiting factor for
sulphate-reducing bacteria is the availability of degradable
organic material. To begin with, we can disregard which types
of organic material these bacteria can use in their metabolism
and instead assume that théy can degrade the total quantity of
organic material at the repository site. In this manner, we

obtain a maximum value for this type of corrosion and can then



make a reservation on the basis of the composition of the

organic material, which will not permit total utilization.

Three types of organic material will be present at the
repository site:

A. organic material deposited with the buffer material
B. organic material which is supplied via the groundwater
C. organic material which is formed due to other micro-

biological processes.

Types A and B can be decomposed by other bacteria than
sulphate-reducing bacteria. This requires the presence of
0, or NO3.

oM + Ozf—;.-_-\.(CHzo) + CO, (6)
oM + NO, = (CH,0) + N, + CO, (7)
OM = organic material

CH20 = newly-formed biomass

The formulae are not stoichiometrically accurate, but illustrate

the principle.

These processes consume some of the organic material, which is
converted to COZ' But if we are to maximize the potential for

sulphate reduction, we must disregard reactions 6 and 7.

The amount of newly-formed organic material, type C, is limited
by the available quantity of 02. 02 will be consumed in reaction
6, but if we once again are to strive for maximum possible
sulphate reduction, we must assume that all oxygen is available
for reactions of the following types:

2+

. +
8Fe + 13H20 + 02+Co2 ;ﬁ(CHzo) + BFeQOH + 16H (8)

48 + 7H,0 + 30, + 3CO, —3(CH,0) + 4H,50, (9)



Reaction 8 is buffered in nature at about pH = 6, while reaction
9 gives rise to very low‘pH values, about 1l-2. Elementary
sulphur is not present, but the reaction proceeds just as well
with sulphide in ionic or mineral form. According to analyses
from Forsmark, the groundwater contains 5 ppm sulphur in the
form of sﬁlphide. The limiting factor for reactions 8 and 9

2+

is thus not the amount of Fe or 82_, but rather the amount

of 02. This 02

bacterial mediation. The values for this process have been

can, however, corrode Cu directly without

calculated (see Appendix D). Since these reactions give rise
to a greater corrosion attack on the copper than those which
involve the formation of new organic material, the latter have

not been included in the calculations of sulphide corrosion.

The bacterial reduction of sulphate can take place with, for
example, lactic acid according to formula (1l). Two moles of
lactic acid are required for the formation of one mole of sul-
phide. Following heat treatment of the bentonite, all degrad-
able organic material can be regarded as having been oxidized
away. This means that organic material of type A is eliminated.
Similarly, type C is eliminated, since higher values are obtained
for direct corrosion with 0,. Type B, oxygen which is supplied
via the groundwater, remains. A conservative calculation should
thus be based on the maximum COD value, which corresponds to

13 mg/l of organic material (OM). The following equivalences

are obtained:

13 mg OM «+ 0,144 mmole lactic acid €~ 0.072 mmole sulphide «=
¢» 2.4 mg HS << 9 mg Cu

Summary

Geological evidence exists for sulphate reduction to sulphide
only in the presence of organic material. This reaction is
catalyzed by bacteria, but can be assumed to occur without
bacterial mediation if the temperature is above 80°¢c and H,S
is available for autocatalysis of the reaction.



'

In order to obtain minimum corrosion, it is therefore necessary

to limit and control the amounts of organic material and
oxygen.
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’ . Appendix D
THE SWEDISH CORROSION INSTITUTE
Lars Ekbom
1978-03-31

CALCULATION OF THE AMOUNT OF OXIDANTS PRESENT IN A WASTE
REPOSITORY WITH COPPER CANISTERS

1. PREMISES

The repository is designed according to KBS's specifications,
as shown in fig. 1. Copper canisters have been placed in
vertical holes and surrounded by compacted bentonite. The

tunnels contain a sand-bentonite mixture.

The compacted bentonite which surrounds the canister exhibits

the following data:

Dry bulk density approx. 1.8 t/m3 (in situ)
Porosity 33%

Moisture ratio 10%

Permeability < lO-_12 n/s

Diffusion constant
(at 50°C, half at

259C) ;
for metal ions approx. 4 -* 1071 n2/s
for oxygen and anions,
e.qg. sz', soi' g - 10”11 mz/s.
The quartz sand (85%) - bentonite (15%) mixture which fills
the tunnels exhibits the following data:
Dry bulk density approx. 1.6 t/m3
Porosity 42%
Moisture ratio approx. 15%
Permeability approx. lO_lU m/s
Diffusion constant
(at 50°C, half at 25°C):
for metal ions 2 « 107 %0 mz/s

for oxygen and anions,

e.g. 8°7, 3042'

(1978-03-31)



The content of substances in the bentonite which are interest-
ing from the viewpoint of corrosion is stated to be as follows,
after heat treatment at 425-500°C:

24

Fe ~0.1%

Fe3+ 2.7%

S , < 200 mg/kg (as pyrite, Fesz)
80, 0.3 - 0.7%

OM (organic material) < 200 mg/kg.

The followinglcomposition has been given for the groundwater:

Probable interval Max, valuex)
re?t 0.5 - 15 ng/1 30 mg/l
5042' 1 - 15" " 50 n
HS < 0.1 -1 " 5 "

0, < 0.01- 0.07 " 0.1 "
OM 5 - 10 v i3 "

x)Max value at 95% confidence level.

The groundwater flow in the rock surrounding the repository is
assumed to be 0.2 l/m2 and year. 1In calculating the transport
of oxidants via the groundwater into tunnels and depcsition
holes, a mcdel with rock of higher-than-normal fissure content
has been assumed. According teo Neretnieks (1), it has been
assumed that the rock contains fissures spaced at a distance of
1 m with a width of 0.1 mm.

The volume ©f the bentonite which surrounds the canister in

the vertical hcele is 10 m3, and its mass igs 18 tons. The volume
of the portion of the tunnel located immediately above each
deposition hole is 80 ma, corresponding to 128 tonnes of sand-
bentonite mixture, fig. 2.

(1978-03-31)



2. CHEMICAL REACTIONS

A review of possible reactions between various components of
the groundwater and buffer mass on the one hand and the copper
canister on the other hand is provided in a study by Grenthe
(Appendix B). The effect of bacterial activity on possible
reactions with the copper in the canister has been described
by Hallberg (C). The following types of reactions have been
taken into consideration in calculating the supply of oxidants:

Reaction of copper with oxygen:

4 Cu (s) + 02 - 2 Cu20.

Formation of sulphide from organic material with the mediation
of bacteria:

2 CH, * CHOH - COOH + HSO ~—» 2 CH COOH + HS + 2 CO. + H,0

3 4 3 2

Reaction of copper with sulphide in the presence of oxidants:

2 Cu + HS® + H,0—Cu,S + OH + H,.
Although a number of other possible reactions can occur, the
above reactions produce maximum attack on the copper and there-

fore represent a conservative evaluation.

In order to calculate the maximum attack on the copper canister
as a function of time, it is therefore necessary to carry out

a calculation of the amount of oxygen and sulphide which is
supplied to the canister. The amount of sulphide also includes
that which is formed by bacterial action in the presence of

organic material.

{1978-03-31)



3. DIFFUSION CALCULATIONS

3.1 General

The maximum amount of copper which can be oxidized can be
determined by calculating the guantity of oxidants which is
transported up to the canister, whereby transport via the

groundwater is also taken into consideration.

The permeability of compacted bentonite is so low (lO-12 m/s)
that the transport of oxidants through the bentonite is domin-
ated by diffusion. The sand-bentonite mixture possesses higher
permeability (10_lO m/s) . Diffusion also takes place at a
higher rate (5 times) here than in the bentonite. In the mass
transport calculations which have been carried out, it has

been conservatively assumed that all transport of substances

in the buffer mass in the tunnel takes place so rapidly that
the different substances are homogeneously distributed in the
buffer. The transport is therefore limited conly by diffusion

from the tunnel down to the canister, fig. 2.

The diffusion calculations reported here are approximative,
since simplified models have generally been used. But the
models have been chosen so that the supply of oxidants has not

been underestimated.

3.2 Diffusion in the storage hole

The transport of oxidants which are present in the bentonite in
the storage hole is jillustrated in fig. 3. The concentration
(C) of oxidants will decline with time (tl—a t4) due to reaction
with the canister surface, where the concentration of oxidants
is assumed to be 0. On the basis of Fick's second law, the
following equation can be postulated for the initial phase of
the diffusicn in & case with plane geometry (2):

Cix, t) = C_ erf(—=

° ZUD_‘_E

)

(1978-03=31)



where erf is the so-called "error function", which is

evaluated in tabular form. If the distance x is set equal

to the distance from the canister surface, i.e. x = 0.35 m

at the rock wall, and the diffusion constant D = 8 - 10”1 m2/s,
the concentration at an arbitrary point can be evaluated as a

o OF 50%

of the original concentration for a point halfway between the

function of time. Since the concentration C = 0.5 C

rock wall and the canister (t3 in fig. 3}, approximately half
of the quantity of oxidants in the storage hole have been
consumed, The expression within parentheses according to the
table is then 0.48 or

X _ = 0.48

2 \[DT

0.175 = 0.48
2 JB-lO_ll-t

t=23.8 - lO8 s, which is equal to 12 years.

Approximatively then, the quantity of oxidants in the buffer
around the canister will have been reduced to half after 12 years
(cf. curve t3, fig. 3).

The remaining concentration of oxidants decreases exponentially

in accordance with the expression;

C = C,exp [' -t'-_}

where T can be set equal to the half-life (1t = 12 years).
With such an approximation, the time required to reduce the
concentration at the rock wall to 1% of the original concentra-

tion (x = 0.35 m) is calculated to be 60 years.

(1978-03-31}



3.3 Diffusion from fissures in the rock through the

buffer mass

A calculation of diffusion from fissures in the rock through
the buffer to the canister has been carried out by Neretnieks
{1). These calculations have been used in evaluating the
supply of oxidants to the canister, whereby it has been assumed
that the fissures are not filled with bentonite,.

Neretnieks uses a model which is illustrated in fig. 4.
Fissures spaced at an interval S are present in the rock around
the repository. The canister with radius ry is in the storage
hole with radius Yo, which is filled with bentonite. The
fissures in the rock have been filled with bentonite out to the
radius ry.
According to Neretnieks, three diffusion barriers exist around
the repository, represented by the concentration differences
Acl over the buffer mass (r2 - rl),AC2 over bentonite-filled

fissures (r3 - r2) andAC, over the "film" of groundwater which

3
surrounds the repository.

Diffusion through these three barriers is represented by three

equations:

28 1
_ 2 b T2
J = 3 27 L A':‘:_."""-Z—IZJ2 AC2
2D
J-———S—-—-Z'iTL rq kv AC3.

248 is the equivalent mean width of a fictitious diffusion zone
in the buffer mass from the fissure to the canister
(cf. fig. 4}.

2 b is the width of the fissures (0.1 mm)

L is the length of the canister

¥ is the logarithmic mean of the radius

kv is the film transfer coefficient, whose value can be

' determined in accordgnce with Bird et al (4). Neretnieks

finds k= 1.0 ° 10 ° m/s.

(1978-03-31)



Neretnieks finds that the greatest barrier is the bentonite-
filled fissures. Thig barrier has not been taken into considera-
tion in the calculation performed here. The "water film" a-
round the storage hole comprises a barrier which is 10 times as
impenetrable as the buffer mass. Neretnieks finds oxygen
transport to be 22 - ZLO-6 g/year and metre at an oxygen concen-

tration of 0.1 mg/l in the groundwater.

3.4 Diffusion from the tunnel down into the storage hole

In calculating the diffusion of oxidants from the tunnel down
into the storage hole, it can be assumed that the concentration
‘of oxidants in the tunnel is constant and that the concentration

at the top of the canister is 0. A constant concentration
gradient thereby exists and diffusion follows Fick's first law:
AC

g=-AD7Z%

where the area A is the cross-sectional area of the storage hole
and the diffusion distance A x is 2.5 m (fig. 2). When the
applicable values are inserted, we get:

J=20,71 - DAC.

According to the premises, the storage hole can be covered with
a copper lid. The passage of oxygen from the tunnel can be
calculated approximatively in the following manner. Upon
passing down into the storage hole, the oxidants pass through
the gap between the rock and the copper lid. Most will probably
react with the copper lid. But it is assumed conservatively
here that this does not occur, and that the oxidants can diffuse
past the 1lid and on down to the canister, fig. 5.

There are thus three stages in the mass transport, which can be
described in the following manner.

Diffusion in the gap between the lid and the rock:

aC
_ 1_ _1.5% 0.01 | .
Jl = AD Aw 3.1 D A Cl = 0.47 D A& Cl.

(1978-03-31)



After passage through the gap, the oxidants disperse radially
in a 90° dquadrant in the plane through the centreline of the

storage hole.

AC 2 ‘
= I 2 _ 1.57 = -
Jz—-zLD z, 57 DA C2 1.50 DA.C2
in _= 2 1ln .06
1
where
L = the length of the gap between the rock and the 1lid
2 r;= the width of the gap between the rock and the 1lid
r, = the largest radius of the radial diffusion zone, i.e,

the radius of the lid (cf. fig. 5).

Finally, there is a uniform diffusion down towards the

canister:

AC 2
= - _ 3 __0.75" - q - DAC, =-0.88 - D AC,.
J3 AD 7% < 7.0 3 ACy

For the diffusion in its entirety:

and

AC

]

Ac, + AC2 +AC3.
This gives:

ANc =1.80 - Acl

and

0.47

mDAc=_O.26'D’AC.

J = -

With a 1id, diffusion is thus 2.7 times lower than if there

were no lid.

{1978-03-31)



4 SUPPLY OF OXYGEN TO THE CANISTER

4.1 Oxygen in the groundwater

The level of oxygen in the groundwater has been specified in
the premises to be 0.1 mg/l. A calculation of the amount of
oxygen transported in from the groundwater must include the

oxygen which enters via fissures around the storage hole and
the oxygen which diffuses down from the tunnel to the copper

canister.

The oxygen which diffuses in through the fissures (see 3.3)
will be, according to Neretnieks calculation and without

bentonite in the fissures, 2,2 - 10”5

g Oz/year and metre of
canister. For the entire canister, we get 11 .- 1072 g 0,/year,
and metre of canister. For the entire canister, we get

11 - 107° g 0,/year, equivalent to 8.8 - 1074 g Cu/year.

The oxygen which diffuses in via the tunnel (see 3.4) will be,
according to the specified calculation methods, 7.1 * 10_5 g
Oz/year and canister, equivalent to 5.7 °* 107 g Cu/year and

canister.

4.2 Radiolysis oxygen

The total amount of oxidants formed by radiolysis ("radiolysis
oxygen”) has been calculated by K Lundgren (4) to correspond
theoretically to a maximum of:

20 g Cu after 104 years
60 g Cu after 105 years

400 g Cu after lO6 years

4.3 Initial oxvgen after deposition

During deposition, the repository is exposed to atmospheric
oxygen. After sealing, oxygen remains in the buffer mass in the

pores between the bentonite grains.

(1978-03-31)
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After sealing, the groundwater will slowly (over the course
of 1000 years) fill up the pores in the bentonite. After the
pores have been filled with water, it is assumed that the
oxygen will be dissolved in the water. This oxygen can be
consumed by the oxidation of substances which are present
from the start or which diffuse into the bentonite, such as
sulphide, iron(II), manganese(II) and organic material. But
it can be cohservatively assumed that all oxygen goes into

oxidation of the copper canisters.

The air content of the bentonite has been stated to approximately
one m3 (1 atm, 0°c) per storage hole. The total gquantity of
oxygen dissolved in pore water will be 300 g per storage hole,
which corresponds to an oxidation of 2.4 kg copper. As was

shown by the diffusion calculations, most of the oxygen has been
consumed after 60 years, assuming a reaction with the canister.
This means that most of the oxygen is consumed while the reposi-
tory fills with water.

If the tunnel is filled with a sand-bentonite mixture which is
said to contain 25 m3 (1 atm, 0°C) air per storage hole, the
quantity of oxygen there corresponds to the oxidation of 60 kg
copper. However, since deoxidant (iron(II) phosphate) has
been mixed in with the buffer mass in the tunnel, this oxygen
will be consumed by the deoxidant.

It can be of interest to study what would happen if the oxygen

in the tunnel should, against all probability, not be reduced.

It is assumed that the oxygen diffuses down to the canister and
oxldizes it. If there is no copper 1lid in the storage hole, half
of the oxygen will have reached the top end of the copper cani-
ster within 32 000 years and will thereby have oxidized no more
than 30 kg Cu. After a period of 75 000 years, 90% of the

oxygen will have reached the top end of the copper canister and
oxidized no more than 54 kg copper.

If the storage hole is provided with a copper 1lid, these times

will be extended to 85 000 years and 200 000 years, respectively.

(1978-03-31)
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The quantity of oxygen which reaches the copper canister will,
however, be reduced by the flow of the groundwater through

the tunnel's buffer mass. With a flow of 0.1 l/m2 and year
and a homogeneous flow through the tunnel, the water would be
replaced every 14 000 years. Even if it must be assumed that
~the flow is low and inhomogenecus, there is a reduction of the
total gquantity of oxygen, especially if the storage hole is
covered with a 1lid.

A further reduction of this initial oxygen takes place when
the oxygen meets sulphide in the storage hole, which has
diffused in with the groundwater through rock fissures.

5 SUPPLY OF SULPHIDE TO THE CANISTER

5.1 General

According to Grenthe (1), the sulphide concentration in the
groundwater is regulated by the reaction

2

12 Fe 4

s) + HS (aq) + OH (ag) —»8 Fe,0,(s) + SO T(ag) + H,0 (1)

203(
At pH 8.5,[%5']= 10708 M, which is eguivalent to 0.005 mg S/1

in the groundwater. The higher levels (5 mg S§/1) given in
Appendix A and set as the upper limit for the sulphide concen-
tration in the groundwater therefore probably derive from colloid-
al or meolecular sulphide. The additional quantity of sulphide
which it is assumed could be formed through the reduction of
sulphate mediated by bacteria must,; in order to contribute to

the reaction also be present in colleoidal or molecular form.

13 mg/l of organic material can, according to Hallberg (Appendix
C), produce a sulphide content of no more than 2 mg S/1. The
maximum sulphide content of the groundwater can therefore be set
at 7 mg 5/1.

(1978-03-31)
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The diffusion of sulphide in colloidal form through the
bentonite will naturally be much slower than the diffusion
'of sulphide ions, by at least two powers of 10. But it will
be conservatively assumed here that sulphide has the same
diffusion coefficient as HS .

5.2 Sulphide in the groundwater

The supply of sulphide via groundwater through rock fissures
around the storage heole has been calculated using the model
worked out by Neretnieks (cf. 3.3). It has thereby been assumed
that the fissures around the repository are not filled with
bentonite. With the above-reported assumptions of a groundwater
sulphide content of 7 mg S/1 and the same diffusion coefficient

as for sulphide ions, a total inflow of sulphide of 1.5 * 10°° g

S/year and metre of canister or 7.7 - 10_3 g S8/year and canister
is obtained, which corresponds to reaction with max. 31 mg

Cu/year.

The sulphide which diffuses in this manner to the canister wili,
however, meet a copper surface which has previously been oxidized
by oxygen. It will therefore meet a groundwater next to the
canister which is in equilibrium with the copper oxide. At the
prevalling redox potential, the sulphide will be oxidized to
sulphate before the copper is attacked. However, this delay of
the attack has not been taken into consideration in this calcula-
tion.

Sulphide in the tunnel can diffuse down towards the canister.
It is assumed that the level of sulphide in the tunnel's ground-
water stabilizes after a period of time at a maximum of 7 mg S/1.
The maximum quantity of sulphide which can reach the canister is
-3 g S/year,
whereby the diffusion of colloidal or molecular sulphide is con-

calculated as shown in section 3.4 to be 4.9 * 10

servatively assumed to take place at a diffusion rate of
-11

g - 10

of 19 mg copper per year, whereby the attack is assumed to be

mz/s. This corresponds to a reaction with a maximum
concentrated to the top end of the canister. With a 1id in the

deposition hole, the attack is reduced to no more than 7 mg

copper per year.

{1978-03-31)
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5.3 Sulphide in the buffer

Sulphide is present in the bentonite after heat treatment in

the form of pyrite, FeS at a concentration corresponding to

2!
200 mg S/kg.. The solubility of pyrite in groundwater is very
low. The solubility product should be<10™ 18 M (Appendix B).

Since it has been assumed that the groundwater is saturated with
sulphide ions, pyrite cannot go into solution and contribute

to the attack on the copper canister. On the contrary, iron
sulphide is precipitated in the buffer, although this has not

beeh taken into consideration in this calculation.

The maximum quantity of pyrite which is present in the bentonite
in the storage hole is 3.6 kg 8§, which corresponds to reaction

with no more than 14.4 kg copper.

The quantity of pyrite in the buffer mass in the tunnel is
roughly the same as in the storage hole, But this pyrite cannot

contribute towards corrosion of the copper canister either.

The amount of organic material present in the bentonite after
heat treatment has been said to be <200 mg/kg. This organic
material is probably difficult to break down, but it can be
conservatively assumed that it can contribute wvia bacteria to
the breakdown of sulphate, whereby a maximum of 36 mg S/kg of
bentonite can be formed. The bentonite present in a storage
hole (18 tons) therefore contains organic material corresponding
to the formation of max 640 g §. This sulphur can react with
max 2.6 kg Cu,

The quantity of organic material in the bentonite in the
adjacent portion of the tunnel is a maximum of 25.6 kg. Organic
material can, via bacterial sulphide formation, lead to reaction
with max. 2.8 kg Cu. Sulphide which can be formed bacterially
is transported to the canister in the same manner as has been

assumed for sulphide from the groundwater.

(1978-03-31)
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6 THERMAL DIFFUSION OF COPPER IONS

Dug to the generation of heat in the waste, a temperature
gradient will arise in the buffer surrounding the canister
which is relatively great in the beginning, approx. 50°¢
between the canister and the rock wall, but which will have
decreased after a thousand years to a few degrees. This
temperature gradient could conceivably give rise to a diffusion
cf copper from the canister out towards the rock wall, since
the solubility of the copper-I ions is temperature-dependent.
If simple stationary diffusion is assumed from an imaginary
flat canister wall (12 m2) to the rock wall (A x = 0.35 m)
Ficks first law can be used:

J = -AD %%g
where, at 50°C, Ac = 107/ mole/l H

o= 104 mole/m3 H,0 =
10_5 ’ mole/m3 bentonite

2

-11 | 107°

J=-12 * 4 « 10 6753

mole/s

J = 1.5 - 10_14 mole/s corresponding to 0.03 mg Cu/year.

This diffusion of copper ions can only occur under the special
provision that an electron-conducting contact is maintained
between the canister and the copper precipitated at the rock
wall. If such a contact does not exist, the diffusion will be
limited by the very low solubility of the copper-II ions

(10_16 M) and will be completely negligible,

7 SUMMARY

The largest guantity of reactants which can be transported into
and react with the canister is reported in table 1. The
calculations are carried out conservatively. An attack on the
canister will probably be limited to a light oxidation by
initial oxygen. The reaction with sulphide will probably be

insignificant, for a number of reasocons.

(1978-03-31)
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The level of sulphide in the groundwater will probably be much

lower than has been assumed. If there is a higher level in

colloidal form, it will be transported at a slower rate. It

will probably react with various ions in the buffer and will

not reach the canister.
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Table 1.

kg as a function of time

The largest quantity of copper per canister which

can react with oxygen and sulphide. Quantity in

Rate-determining

Maximum quantity of copper which can

reactant react with supplied reactant, kg
103 years lO4 years 105 years lO6 years

Oxygen:

Initial in storage hole 2.4 2.4 2.4 2.4
from tunnel 0

Groundwater via fissures 0.09 0.9
via tunnel 0.06 0.6

Radiolysis 0 0 0.1 0.4

Total, oxygen reaction 2.4 2.4 2.7 4.3

Sulphide:

Initial in storage hole 2.6 2.6 2.6
from tunnel 0.3 2.8 2.8

Grbundwater via fissures G.3 3.1 31
via tunnel 0.2 1.9 19

Total, sulphide reaction 0 3.4 10.4 55.4

(1978-03~31)
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ROCK CANISTER

Fig., 3 Diffusion of initial oxidant to canister.
Change of relative concentration with
time (tl—t4).
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Lars Ekbom

1978-03-17

STATISTICAL EVALUATION OF COPPER CORROSION IN SOIL FROM TESTS
CONDUCTED BY DENISON AND ROMANOFF

Certain results from studies by Denison and Romancff have been
analyzed in the current investigation of the durability of

copper canisters for nuclear waste.
1. COMPLETED TESTS

In a large-scale investigation cohducted in the USA, the
corrosion of various metals in solil was studied. Exposure
testing was started in the 1920s in a large number of
different types of soil all over the United States. Exposure
covered a period of 14 years. These tests were conducted by
NBS, The National Bureau of Standards, and have been described
in a report by Romanoff (l1). The investigation included tests
of copper and copper alloys, which are also dealt with in a
special report by Denison and Romanoff (2).

The soils in which the tests were conducted are described in
table 1. The results of the corrosion trials are summarized
in table 2.

The empirical expression

P = kt" /1/
was used in the report in an attempt to describe the time
dependence of the corrosion penetration depth (P). The
exponent n and the constant k were evaluated for both general
corrosion and pitting. Table 3 presents a summary of the
results in clays and loams. Results from soils of singular
composition have not been included. In evaluating the corrosion
rate according to the exponential expression, the logarithm of

(1978-03-17)



this expression has been taken and a linear regression has
been made to the test values, as shown in fig. 1. As will be
shown later, such a regression leads to an overemphasis of

the corrosion attack after 2 years of exposure.

Four different copper grades were used for the evaluation,
two of which were alloyed with low silicon contents. The
spread in the individual results of penetration measurement
was great, as is shown by Fig. 2. 8Small attacks were given
as "< 6 mils" or as rough surface. As a result, the spread
in the values for k and n in the empirical expression is

relatively great.
2. DEPENDENCE OF CORROSION ON SOIL TYPE

The corrosion attacks varied widely from soil to soil, The
report states that a correlation exists between various
properties of the soils and the extent of the corrosion attack.
With exceptions for extreme types of soil and soils with high
chloride contents, however, it seems to be difficult to find

a correlation between corrosion and soil composition, pH,

aeration and temperature.

An attempt has been made to demonstrate a possible correlation
between the properties of the soils and the extent of the
corrosion by means of "pattern recognition." The correlation
between the corrosion attack on the copper and all specified
soil properties has been determined for 30 soils by means of a
computer program at the University of Umed (Appendix El).

No significant correlations have been found in the material.
3. DEPENDENCE OF CORROSION ON TIME

Denison and Romanoff (2) expressed the time dependence of the
corrosion penetration by means of the empirical expression

p = kt®. The possibility of using this expression to calculate

the corrosion attack on copper after a very long pericd of time

(1978-03-17)



has been discussed, Since the spread of k and n is great (3),
however, the uncertainty involved in such an extrapolation
would appear to be unacceptable.

In the reported evaluation, the values of the exponent n are
given, These values vary between 0.12 and 0.57 for "normal"
soils with a pronounced tendency to cause pitting (high
pitting factor). With these values of the exponent n, the
growth of the pits in depth will decrease with time. As is
shown by figures 1 and 2 and the results of the measurements
of maximum pit depth which are given in reference (2), the
increase in maximum pit depth after 5.4 years of exposure is
slight; in general, it lies within the normal spread cf the
test values. This indicates that pitting ceases sooner than
would be indicated by the specified values for the exponent,
i.e. the value of the exponent also decreases with time. A
probable reason why Denison and Romanoff (2) found higher
values for the exponent than would be expected may be that the
linear evaluation of the log of the expression gives too much
weight to the often immeasurable attack which follows upon two
years of exposure. Another reason may be that pitting is pre-
ceded by a certain incubation period. An incubation period tO
can be introduced intc the expression for pitting, which then
will be

P=k (t-t)" /2/

In order to study these factors more closely, an attempt was
made to adapt the results obtained for pit depth to the
empirical expression /1/ by means of linear regression of the
logs of the values. The exponent n was calculated for a number
of soils, on the basis of results from all five exposure times
as well as after exclusion of the results for two years of
exposure (4 values). As is shown by table 4, the exponent n
decreases in all cases where the Z2-year value is excluded.

This clearly shows that the values of n are actually lower than
the values calculated by Denison and Romanoff (2}).

(1978-03-17)



An attempt was also made to introduce an incubation period
into the empirical expression in accordance with formula /2/.
The incubation period was assumed to be one year. As is

shown by table 4, the exponent n decreases in all cases with
this modification as well and the correlation is improved.
Apparently, pitting of copper in soil is preceded by a certain
incubation period and then exhibits a strong tendency to

decline with time.

Finally, in order to obtain a more correct evaluation of the
test results, the results were subjected to computer processing
using the least squares method at the Swedish National Defence
Research Institute (see Appendix E2), Both unweighted and
weighted values from different exposure periods and with and
without the incubation period tO were processed. The results
are presented in table 5. As before, there is a clear tendency
towards lower values of the exponent at a better £it. The

incubation period t0 is around 2 years in most cases.
4, THE PITTING FACTOR

The tendency for pitting to occur is expressed by the pitting
factor (Pf), which is the ratio of maximum penetration to
average penetration. In the normal pitting process, an
incubation period is followed by the formation of isolated pits
which grow in depth (high pitting factor}). The growth of

these pits in depth eventually ceases, however, and new pits
are initiated. As a result, the pitting factor decreases with

time.

In Denison and Romanoff's study of the underground corrosion

of copper, the pitting factor was evaluated and found to be

24 (tables 2 and 3). However, it is possible to obtain informa-
tion on the change of the pitting factor with time from existing
data by comparing the general corrosicon rate with the pitting
rate. If the former is larger it will become increasingly

(1978-03-17)



dominant with time and the pitting factor will decrease.
This is illustrated by the fcllowing derivation:

P n
p,- max_ kt _k .nu

e -
Pred k't“ k!

If u >n, the pitting factor will decrease with time. 1In
table 3, (n - u) is given for the nine so0ils; averages have
been used for n and u. In seven of the cases, the difference
is negative, i.e. the pitting factor decreases with tiﬁe.

If the spread of the exponents is taken into consideration,
four of the differences are still significantly negative,

one is significantly positive and the others are indeterminant.
As has been previously demonstrated, the exponent n decreases
with time. This is not true for the exponent u, which can be
proved by means of calculations analogous to those carried out
for the exponent n, This is also illustrated in fig. 1. As a
result, n - u is actually negative to a greater extent than
would appear from Denison and Romanoff's original values (see
table 3). The obtained results thus indicate that the pitting
factor decreases with time. In any case, there is no evidence

for the reverse,
5. CONCLUSIONS

The results from the corrosion tests on copper in various types
of soil in the USA can be expressed by an exponential function:
P = kt'. There is a clear tendency towards lower values of n
as the fit is improved. The low values of n which have been
obtained indicate that the growth rate of the pits in depth
declines sharply with time. But the spread of the cbtained
measurement values is too great to permit extrapolation over

very long periods of time.

The soil corrosion tests on copper also show that the pitting
factor in the introductory phase of the exposure does not exceed
25 and apparently decreases with time, so that a pitting factor

of 25 must be regarded as conservative.

{1978-03-17}
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Table 1. Data for soils used in tests by Denison—-Romanoff (2)
. ) '
P | Resls mcidit Composition of water extreet-miili equivalents
Foil . A Moin ?;‘l': tivity | . (:""{],L' 8al- pnl per 100 g of soll Erem equivaien
' Locatlon u;:‘“; e‘“;,'v. n;m— NQ’IF pH { eyulr- ;‘o‘k‘
nt | i | (g go nte | gang e
| o Jour s Nat-K
Ne. Ty ¥y of $010) asNe| C4 | Mg | COu [BCO:| €1 | SO
Per- OAm-
eent em

51 | Acadia elay..... Epindletop, Tex....| P 47.1 | 207 we |4z 1.2 -+ 1077 [15.551 8.03 | 0.00 | O.50 | 6.76{ 2200
& 1 Ceell elay loam Allants, Ga........| O 07160l 12,800 |43 L B} L PO S [N RO IR PR
&4 | Hugerstown Inam__| Loch Raven, Md..| @ 3201149 50| 58 10.9 Lo SN SRR ISR [P EUp S A
56 | Lake Charlesclay._| El Vista, Tex...... VP‘ 27120 408171 5.1 + 312 0.0 | D.47 .00 801 1.5 3.04
58 | Muck........_.__| New Orleans, La...| P 58114 712 | 4.8 150 <+ 2087 23| 1.9 .00 00 ¢ 0.47 25
5 | Carlisle mnoek Kalamazoa, Mich..] VP | 43.6|...... 1,660 | 5.6 126 |4+4+ ] 103 308 270 .00 L0007 3.47] L%
60.; Rifle peat.... Plymouth, Ohio ...| P 3.4 128 218 (26| 7.4 |4++ | 201 |10.95) 288 .00 L0040 0.00| B8.70
6) | Sharkey elay.._.... New Orleans, La_..{ P 80.811.78 3| 6.8 4.9 + 0.73| 0.68(| 0.23 .00 .7l 0| oe
62 Susquehan;l clay..| Meridion, Miss....| F H.8]170] 6920145 120 LT T P JRUROIN EUR IS IO A
63 | Tidal marsh,....... Charleswon, 8. C...] VP | 46.7 | L.47 84 | 6.9 MO ++4+ [B.60] 685| 4.00 .00 .00 (1270 A

64 - Docasclay.........| Cholame, Calif.....| P 41.1]|L88 62175 A T 210 22| 0.76 .00 BB | 2880 0.28
65 | Chino silt loam..,...| Wilmington, Calif .| G 20.4 | 142 48 | 8.0 A - 7.65|1240] 220 004 1.30| 605 ] 1600
66 | Mobave fine grav- | Phoenix, Arit......; F 1655119 82|80 A - &588| 0.5 0.18 000 o) AW zo

elly loam.
87 | Cinders...uvneu reee| Milwaukes, Wis...| VP [ f.o... 455 1 1.8 A ++ 077 | 3 .58 00| .BS} O.08 289
70 | Merced silt Ioam...| Buttonwillow Calil,; F MHT|i160 e (0.4 a - 838 0.38 .2 L0211 187 L12| A&
k]

s Aeration of sofls: G, good; F, fair; P, poor; VP, very poor.
b A Indicates absence of acldity because of alkaline reaction.
w e, Sulfides abscnt; +. sulfldes present in low concentrution; 4, sulfides present in moderate eoncentration; 44, sulfides present in high concentratk

Table 2. Copper corrosion as a function of time according to
Denison and Romanoff (2)
FPenetration * Pitts
Soll tactor b
_ Average Maximum
Aeration
Plaln
No. Type Pr=lyriePyr=14yr| &k o u W | Preyyr|tFrauyr| & ok n o C&E’ :,?3
. steel
Mils Mils Miis | Mila Mils Mils Mils | Mils
65 | Chinosilt Joam. ., .| Geod. ... 1.0 0.4 |1.50| 1.35[-0.18 | 0.40 16.0 4¢3 | 3.5 18 |os7]o2 | 1607 b3
51 | Aeadiaclay........ Poor.._... (%] 3 |063| 0.45 0] .38 4.7 -0.7) LT3 0.46| .38 14| 8.9 [|..-...
5% | Harcerstown logm. .} Good. .. . .3 .02 .17 .02 - N 7.2 B 4T .96 .16| .10) 24019 158
50 | Carlisle mouck.. ... Very poor. .3 05 .11 07 36 ] .28 3.0 .5 238 L7 | e 1T | 36T 57
5 | Cocll cluy loam. .| Good. ..... 8 00 L8] 02 45| .08 1.8 .9 2¢8| .60 .40 .11]3588; 1R
& Mohave fine grave | Fair.__.__. .9 -2 .28 .12 A5 2] - 101 2] 743| L6 A2 i1z 45
' elly lnam. : .

67 | Cinders............ Vory poor, |~ 181 BE |4.40] 54 A7 .82 M7 n 3.7 | 21.0 Sire 32 43 |
- 62 | Susquehannaclay..] Fair...._.. 0.8 003|019} 002 .M| .04 9.6 28] 404 L00| .83| .12]12¢| T8
64 | Docas clay. ........ OO . 47 .8 &4 . % 671 7 15.1 7.1 704| 20 -2 L1482 18
6L | Rhorkey elay....... Poor...... 10 -2 I TR I - I 15.4 ax| 360 1,08 .55 as| 184 64
o | Rifle peat____...... el 8.6 5.8 | .8} L30| .8s] .e0{ 312 16| 300| 288 .80 43| 28) 20
63 | Tidal marsh. .2 ____| Very poor. 2.9 031 .95 0.05 .88 .1 1.2 26| 3.83| 089 | .684 . 23| 11 6.8
56 § Lake Charles elay..| Poor__.__. 1.2 .2 .10 .03 051 16 40 Lo | 188 T2 BT (| 41 4.1
58| Muckoo e oL 4.9 1.4 .00 .08 | Ld21 .31 19.0 30| 128 40| L0 .18 3.9 [

& P=Lk(k’) To(*), where P=average o maximum penetration af the time, T,

b Pitting lactor=

(1978-03-17)
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Table 3. Extract from Denison and Romanoff's table over copper corrosion in soil (2).
Soil| Aera- To1_:a].. Average | Maximum | For average For max. Pe (n - u)
No. tion**)| PH aciilty' Eiziira“ EfﬁﬁE?a' penetration penetration
mT%gé‘Eif um um '

goil : k u k n
65 | G 8.0| alk 25210 406¥109 | 40.3 |-0.18%0.40| 89.1 |0.57%0.26 | 16.0| 0.75
51 | P 6.2 13.2 20%g 1197 18 | 16.0 | 0.10%0.36| 43.9 0.38%0.14 | 5.9 0.28
55 | G 5.8] 10.9 8Z0.5 | 183% 20 2:5 | 0.96%0.16 | 120.4 [0.16%0.10 | 24.0 | -0.10
53 | @ 4.8 5.1 15%0.8 | 198% 23 3.8 | 0.45%0.06{ 68.3 |0.40%0.11 | 15.6 | -0.05
66 | F 8.0 alk 23%s 257% 23 6.6 0.45%0.22 | 188.7 |0.12%0.11 | 11.2 |-0.33
62 | F 4.5| 12.0 2020.8 | 244% 71 4.8 | 0.54%0.04 | 102.6 }0.33%0.12 | 12.0 [-0.21
64 | P 7.5 Alk 120%23 384%180 | 21.3 | 0.67%0.17 | 178.8 {0.29%0.14 [ 3.2 |-0.38
61 | P 6.8 4.9 25%5 391% 80 3.6 | 0.69%0.07 | 91.4 |0.55%0.15 | 15.4 |-0.14
56 | vp 7.1| 5.4 3015 125% 25 4.3 | 0.96%0.04 | 47.8 [0.37%0.19 | 4.1 |-0.59

x) Calculated for

X¥) G
F
P
VP

o

good
fair
poor
very poor

14 years of exposure
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Table 4 Calculated value of exponent n in different soils

Soil Ref (2) With 5 measurement With 4 measurement \\glltjhe? inm%e:;‘tj;:irggr}tz /
No. values in Equation /1/ | values in Equation /1/ ‘1, = 1 year '
n n Correl. n n . Correl.
coeff, - coeff.
65 0,57 0,52 0,76 - 0,12 0,42 | 0,81
55 0,16 0,13 10,65 - 0,13 0,11 | 0,71
53 0,40 0,37 10,82 - 0,02 0,29 | 0,86
62 0,33 0,33}0,82 0,13 0,26 { 0,84
61 0,55 0,56 | 0,86 0,25 0,00 | 0,86
56 0,57 0,52 10,76 - 0,12 0,42 0,81
Table 5 Parameter estimates obtained using average values for
copper grades, both with and without weighting and
both with and without an incubation period to.
Adjustment by average values
g%i‘l unweighted weighted
k n to k 0 to
65 6,3 0,31 - 3.9 0,46 -
' 10,0 0,12 2,0 9,9 0,11 2,0
53 3,5 0,28 - 3,5 0,33 -
5,2 0,13 2,0 5,2 0,12 2,0
66 - 8,0 0,07 - 8,3 0,03 -
8,5 0,05 2,2 8,5 0,04 2,3
62 6,1 0,33 - 3,6 0,33 -
6,3 0,14 2,1 5,1 0,20 1,5
6l 3,8 0,54 - 3,1 0,55 - %
4 3 2 O L] 51 0 9 2

x) difficulty with convergence, tO negative,

(1978-03-17)



Appendix El1

Report concerning analysis of corrosion data for copper in

various soils

Svante Wold, Chemometrics Group, University of Umeé,
March 22, 1978. '

Data from the literature (DPenison & Romanoff NBS RP2077, Vol 44,
March 1950) concerning experiments in which copper specimens
have been allowed to corrode over a longer period of time
(approx. 20 years) in different soils in the USA have been
analyzed by means of SIMCA analogy analysis.

Fach soil was characterized by Denison and Romanoff with the aid
of some 15 variables, such as resistivity, pH, presence of Na,
Ca, Cl ete. In an initial analysis, the differences in these
variables between two classes of soils were studied; soils

where rapid corrosion of copper was noted and soils where slow
corrosion was noted. No differences were found between these
two classes, with respect to either individual variables or

combinations of wvariables.

The so0ils were then classified on a geological basis by a
geologist at the Swedish National Defence Research Institute.

An analogy analysis was then carried out on each of the three
geological soil classes in order to see whether the character-
istic variables (the same 15) exhibited any systematic variation

within each clags. The results were negative here as well.

Since no characteristic pattern was obtained for the 15 vari-
ables within any soil c¢lass, it would be fruitless to attempt
to relate the soil variables further to the observed corrosion

rate of the copper.



The conclusion of the data analysis is that the studied soils
comprise a much too disparate group to permit conclusions to
be drawn regarding any correlation between soil characteristics
and copper corrosion. If similar studies are done in the
future, an attempt should be made to choose as homogeneous a
group of soils as possible. Thus, a group consisting of at
least 10 soils of very similar character should be selected
and a number, say 3, of copper specimens should be allowed to
corrode in these soils. Each soil should be characterized as
accurately as possible, i.e. using a large number of variables,
and these variables should be remeasured now and then, for
example on the same occasions when the corrosion of the copper

is measured.
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Appendix EZ
SWEDISH NATIONAL DEFENCE RESEARCH INSTITUTE
Section 213

Eva Elvers, Lars Bjdrklund 1978-03-10 Page 1

ESTIMATE OF COPPER CORROSION IN SOIL ON THE BASIS OF AN
AMERICAN 3TUDY

Purpose

To estimate, using statistical methods, the corrosion of copper
in soil over a long period of time on the basis of an experi-
mental study conducted in the United States. The study involved

a number of copper grades in different soils for a period of /
nearly 15 years (Denison & Romanoff, 1950).

A common prediction procedure

A common procedure in such a situation is to postulate a function
f(t;p) to describe the time dependence of the process (here
corrosion). The letter t stands for time, and p stands for one
or more parameters. These parameters may be dependent on, for
example, the composition of the soil, and they may be time-

dependent.

The parameters p are estimated on the basis of observed values.
This can be done in different ways, for example by means of the
least squares method. If the test results are associated with
different uncertainties, weighted values may be used, whereby
the weights should be inversely proportional to the individual
variances. In this way, estimated parameter values pX are

obtained.

The corrosion at a given point in time T can be estimated by
f(T;pﬁ). This estimate is associated with some uncertainty.

In the original observations, there were both measurement errors
and random variations between individual specimens. These are
propagated via px to the prediction f(T;px). Moreover, the
function which is chosen is, of course, just an appraximative

description.



Experimental data

The test results which are used here apply to pitting.
Measurements are available for four copper grades (A, C, D, N)
and for seven soils (65, 66, 61, 53, 55, 62, 56). The tests
were conducted at five different points in time (after 2,0,
5.4, 7.4, 9.3 and 14.3 years - with the exception of soil 61,
where 2.0 is replaced by 1.0). 1In general, an average value
from 2 individual specimens is available. If the value for
pitting is less than 6, it is not specified further.

If the four copper grades are ranked for each point in time

and each soil, it is found that D has a tendency to be high,
while A and C are low, although differences between these ranks
are not great. If instead the averages of the results for the
four copper grades are ranked with respect to soils, the same
results, with only a few exceptions, are found for all points
in time. S8Starting from the bottom, the ranking is 56, 53, 55,
62,'61, 66, 65. Thus, it may be advisable to deal with the
solls separately, while it should be possible to use a common
function for the copper grades.

It is noteworthy that the observations for all soils are lower
at the fourth point in time than at the third. This indicates
that the measurement procedure was not the same at all points

in time, differing on at least one occasion.

How should the parameters be estimated? Small values are diffi-
cult to measure, while individual variations can be expected to
increase with time. The logarithms of the values have previous-
ly been used (in order to get linear functions - see below).
When this is done, early observations get relatively great
impocrtance,



Postulated functions

In theilr study Denison and Romanoff use a function of

the type f£(t;p) = kel to describe the dependence of

corrosion on time (both for general corrosion and for pitting,
which is studied here). There are thus two parameters, k and
n, which‘are generally dependent upon soil type and copper
grade,

This function is not fully accurate, since a certain period of
incubation can be expected before corrosion begins. Instead,

it is possible to postulate, for example:

k(t—to)n Af t ook
flt;p) =
0 If € gt

We then have a function with three parameters to estimate, which
is many in relation to the amount of data.

The last named function has the disadvantage of being equal
to 0 all the way up to to. Another possibility is to refrain
from postulating a function for low t values. For example,
the results of the measurements at the first point in time
(when there are, moreover, many unmeasurable values) can be
excluded, and one of the two functions given above can be used
from the time 5.4 years and on.

Some attempts at estimation

The measured pitting values have been used in a number of
different ways to fit the above-specified functions. This has
been done on a computer (DEC 10} with the aid of a program
(MLAB) for least squares estimates. The test results have
been used in the form of logarithms of basic values, logarithms
of average values, basic values, average values,and average
values with weights in relation to the variations for the four

copper grades. The largest number of trials was carried out for



soils 65 and 53, which had high n values when previous esti-
mation trials were made. Some of the results are presented
below,

When an incubation period tovms included in the function £,
the estimate was only occasionally less than 2 years, which is
the time of the first measurement. There are two such cases
in the table.

When the values from the 2-year measurement were excluded,the
function f was tried both with and without an incubation period
t . The results were significantly different in several cases.

o}
For soil 62 with weighted average values, for example, nik = 0.2
when tO was assumed to be 0, while n’E = (0.7 when to was included.

The incubation period to was in this case negative, -18 years.

Parameter estimates should be the same when unweighted average
values are used. and when basic values:are used. But in

the case of soil 65, it was found that the standard deviations

in the estimated values produced by MLAB differ widely (for
example 0.2 instead of 0.4 and 0.6 instead of 0.1 for the parameters

n and to' respectively). This means that the basic values are
distributed in a manner other than that assumed by the estimation
model.

Discussion

It has been described above how a function f(t;p) can be postu-
lated with parameters p, how these can be assigned values px with
the aid of the measurement results, and how f(t;pxl can be used
for predictions. The results when this method was used for pit-~

ting were, however, discouraging.

The main problem is the choice of the function f. There are
five measurement occasions with values that are fairly low on

the first occasion and fairly even on all the other occasions.



However, the values on the next-to-last occasion are all low.
The measured values can therefore not be used to verify a
function postulated on theoretical grounds.

Individual variations should also be taken into consideration
in making a prediction. Such variations can be expected to
increase with time, but it is difficult to estimate the extent

of this increase on the basis of the limited test results.

Conclusion

On the basis of existing measurement results for pitting and
postulated functions, it would seem to be impossible to draw
statistical conclusions concerning the corrosion of copper in

soil over a long pericd of time.

Estimation using average values
unweighted weighted
Soil
k n t k n t
0 o]
65 6.3 0.31 - 3.9 0.46 -
10. 0.12 2.0 9.9 0.11 2.0
66 8.0 0.07 - 8.3 0.03 -
8.5 0.05 2.2 8.5 0.04 2.3
61 3.8 06.54 - 3.1 0.55 -
4.2 0.51 0.2 x)
53 3-5 0-28 - 3.5 0033 -
5.2 0.13 2.0 5.2 0.12 2.0
62 6.1 0.33 - ‘ 3.6 0.33 -
6.3 0.14 2.1 3.1 0.20 1.5
X)difficulty with convergence, to negative.
Table Parameter estimates obtained using average values

for copper grades, both with and without weighting
and both with and without an incubation period ts
in the function f.




Special statement

by
Professor G8sta Wranglén
Royal Institute of Technology, Stockholm 70

concerning

"Copper as canister material for unreprocessed nuclear waste
~- evaluation with respect to corrosion"

(report from Swedish Corrosion Institute's reference group
for canister material for nuclear waste)

Summary

1. According to a guiding principle in the international
debate concerning waste from nuclear reactors, the long-
term toxicity of the waste, after the fission products

have decayed, should not be allowed to exceed the toxicity

of the uranium ore from which the waste originally stems.

In consideration of this principle, French and American
researchers have found it to be "indispensable" to further
separate plutonium from conventional high-level waste from
reprocessing, from which 99.5% of the'plutoﬁium in the

spent fuel has already been separated, so that only 0.01-

0.05% of the original amount of plutonium remains.

2. The direct disposal of spent fuel would entail that all of
the plutonium would be allowed to remain in the waste.
As a result, it will be 10 million years before the hazard

index for the spent fuel decreases to a value which cocrre-

sponds to 30% uranium ore and which is therefore 1000 times

higher than that of the Swedish Ranstad ore with 0.03%

uranium.

3. The direct disposal of spent nuclear fuel would also entail

the risk of criticality accidents, owing to the large

gquantities of plutonium which are stored. Following a

canister failure, uranium can be dissolved by carbon-bearing

groﬁndwater and the plutonium thereby enriched so that an



uncontreolled nuclear reaction occurs, rapidly leading to
additional canister failures and the escape of large
quantities of radicactive material from the waste repository.
The risk of criticality persists for some 100 000 years.

The conditions which prevail in a final repository - e.g.-
the fissure and water content of the rock and the composi-
tion, flow rate and flow direction of the groundwater - at
the time of canister deposition cannot be expected to
persist unchanged for all future time, particularly not
during the next ice age, which geologists fear may occur as

soon as within the next 1 000 - 10 000 years.

Under conditions which have been found to be likely by
hydrogeological experts in the event of a future glaciation,
a copper canister in contact with sulphur-bearing water
for several thousand years could be converted to copper
sulphide, which is the thermodynamically stable form in

which copper generally occurs in the bedrock.

Copper cylinders for the encapsulation of spent unreprocessed
nuclear fuel can therefore not be guaranteed to have a
service life lasting hundreds of thousands of years or more.
Under nco circumstances can such a long service life be
considered to be absclutely certain. Predictions which
extend beyond the next ice age should in general be regarded

as being completely meaningless.
The direct disposal of spent nuclear fuel would be a
morally irresponsible act towards future generations and

towards future life on earth in general.

It should be up to us, the generations now living, to

destroy our own long-lived radicactive wastes, such as

plutonium and other transuranium elements. This would ap-

pear to be possible by means of the reprocessing of spent
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fuel with the separation of transuranium elements and

their use as new fuel in breeder reactors. The storage

problem is thereby limited to the storage of fission

products for a relatively short period of time, 500-1000

vears, which should be possible even from the point of

of view corrosion.

Reguirements on the service life of the canisters

With reference to_the toxicity of the waste (hazard index)
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No precise requirements concerning the service life of the
canister material for the two alternatives of spent fuel

and vitrified waste have been specified to serve as a guide-
line for the judgement of the reference group. But such
requirements on service life can be derived from a principle
which has long been a guiding one in the international debate

concerning nuclear waste, namely that the long-term toxicity

of the waste, after the fission products have decayed, should

not be permitted to exceed the toxicity of the uranium ore

from which the waste originally stems. The waste in gquestion

is vitrified waste with a low transuranium content, deriving
from conventional reprocessing followed by the separation of
transuranium elements. Swedish nuclear power specialists

(1, 2), including the leader of the encapsulation group
within the KBS project (2), have also backed up this prin-
ciple., Such a safety requirement based on comparison with
uranium ore has the advantage of being well-defined and
unambiguous; something which cannot be said of the risk
analysis (or safety analysis) practiced within the KBS pro-
ject which was formerly used in the American space program
and for nuclear reactors. A risk analysis can be of value

in comparing similar systems or designs over relatively short
periods of time. But making estimates of absolute risks

over the long pericds of time in guestion here is obviously

a questionable apprcach. It has been found that the results
can vary by several powers of 10, according to the assumptions

which are made.



Figure 1, taken from a KBS report (3), is a comparison
between the toxicity of spent fuel and that of uranium ore
which shows how the hazard index for spent fuel decreases
with time, whereby an index of 1 tonne of uranium in ore

is chasen as the basic unit. This diagram gives the
impression that the toxicity of the spent fuel has dropped
to the level of the ore after only some 30 000 years. But
this is grossly misleading, since the ore in the comparison-
is 100% uranium ore, while most uranium deposits only con-~
tain 0.2-0.3% uranium, and, for example, the Ranstad depcsit
in Sweden contains only 0.03% uranium. In a comparison of
spent fuel with 100% ore, only the concentration of radio-
activity in time by the nuclear power activities has been
taken into account, not the concentration of radicactivity
in space, which is the result of numerous enrichment pro-

cesses in the fabrication of the fuel.

It is sometimes assgserted that the toxicity of the fuel is
determined solely by the total amcunt of radicactivity, not
its concentration. It is thereby assumed that spreading

the fuel out merely means that a larger number of indivi-
duals will be exposed to a radiation of weaker intensity,
while the product of the number of doses times the dose
strength will remain constant. It is easy to show that this

line of reasoning is erroneous by means of a few examples,

Example l: Relative toxicity_of arsenic_in_the bedrock and in

The Swedish bedrock contains some 5 g of arsenic per m3. Thus,
down to a depth of 1 km, there are 5000 g of arsenic for every
m2 of ground surface, which if purified, would be sufficient

to kill 1000 people. 1In the bedrock, however, the arsenic is
completely harmless. Because it exists in a highly diluted and
inscoluble form, it is physically impossible to obtain a lethal

or even a harmful dose.



Example 2. Waste (tailings) from uranium_production.
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The same is true of uranium and other radioactive materials.
While the Ranstad ore, for example, can be considered to be
harmless where it is, this is not the case with the uranium
which is produced from it. An example of this is the tailings
problem. Tailings are waste from uranium production whose
uranium content is perhaps 100 to 1000 times higher than that

of the ore and exists, moreover, in soluble and exposed form.

Example 3. Detoxifying high-level waste_by dilution,
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One method for detoxifying high-level waste is dilution in
concrete or clay (4). Aside from the fact that the necessary
guantities of material would be much too great, this proposal
shows that concentration is an important factor in determining

toxicity.

The importance of the concentration of the radiocactivity in
space is emphasized in a recently published work by French
geologists (5), from which the following quote is taken:

'But for the evaluation of the safety of a repository, it is
important to notice that the effect of the geoclogical disposal
is to concentrate 3530 tons of natural radicactive material

in about 0.26 ton of glass. Besides, an encrmous dilution is
necessary to meet the safety requirements. For instance,
approximately 1/30 of all France's groundwater resources would
be required to dilute the cumulated quantity of waste prcoduced
in the country up to the year 2000. The high density of radio-
active material stored in a repository makes any compariscon with
natural radicactivity unacceptable until hundreds of thousands
of years have passed, when radioactive decay will have reduced
this density to natural levels in the ground." In this connection,
criticism is levelled at the American nuclear physicist B.L.
Cohen, who disregards the concentration effect and who further-
more is cynical enough to calculate the number of human lives
which are saved over a period of 1 million years (!) due to the
fact that the amount of uranium in the world is reduced by

uranium fission in nuclear reactors (6}.



Other foreign calculations of the hazard index of waste and

ore have taken into account the high dilution of the uranium
in the ore. One example is provided by figure 2 from Bond,
Claiborne and Leuze (7). While the hazard index of the high-
level waste, calcﬁlated as the volume of water of maximum
permissible concentration per veolume of waste, has dropped to
the level of the hazard index for 100% uranium ore after some
5000 years, it has been found that the hazard index of the
waste will never, not even after dilution in 10 times the
amount of glass, be reduced to the level of the hazard index

of 0.2% uranium ore. §Since an intact and effective encapsula-
tion cannot be guaranteed for all future time, the authors draw
the conclusion that it is necessary to separate the heavy
nuclides U, Np, Pu, Am and Cm from the waste. Based on the
requirement that the hazard index for the undiluted waste after
the fission products have decayed should not exceed the hazard
index for 3% uranium ore, the following degrees of separation

are necessary:

99.9% for uranium, americium and curium
95.0% for neptunium
99.95% for plutonium

A French study published one year ago (8) arrived at similar
results. Based on the leaching rate for French waste glass,
combined with the maximum permissible concentration (MPC) for
different nuclides, an acceptable toxicity index has been cal-
culated for waste glass: 3'106 m3H§CVm3 glagss. .As is evident
from figure 3, it takes 107 vears for conventional waste glass
to decay to this value. From this, the conclusion is again
drawn that it is necessary to separate the transuranium elements
from the high-level waste so that the above-mentioned limit is
reached after only 1000 years, which is a reasonable service
life for an effective encapsulation. The following degrees of

separation have been calculated:



99.,5% for americium and curium
95.0% for neptunium
99.99% for plutonium

It is thus concluded in both of these studies that the disposal
of conventional high-level waste glass is not possible, since
the encapsulation materials do not have a sufficient life span.
The solution is to separate long-lived nuclides, especially
transuranium elements. Such a separation is termed in the

French report to be "indispensable“.

This French attitude is of special interest in view of the
existing reprocessing agreement which Sweden has with France,
under the terms of which French waste glass will be finally
stored in Sweden. The fact that a country with such a positive
attitude towards nuclear power as France takes such a hard line
in the question of waste that they demand that 99.99% of the
plutonium be removed from the waste makes the Swedish plans to
allow all of the plutonium remain in the waste seem particularly

heroic.

Up until a couple of years ago, even Swedish nuclear power
specialists considered the direct disposal of spent fuel to be
"entirely unacceptable", not only from the energy point of view
but also in view of safety requirements (ref. 1, page 93). If
it is nevertheless decided that it is desirable tc try to dis-
pose of spent fuel directly without first separating plutonium
and other transuranium elements, then in order to meet the
aforementioned requirements, it is necessary to make sure that
the spent fuel is kept effectively encapsulated until its
toxicity has declined to that of the original uranium ore. A
glance at fig. 1 shows that this can never be possible. While
the ore can be assumed to have contained 0.3% uranium (in the
case of the Ranstad ore, 0.03%), the hazard index for the spent
fuel after 10 million years has only decreased to a value corre-
sponding to 30% uranium ore. Even after 10 million years, the
toxicity index of the spent fuel is still 100 - 1000 times
greater than that of the ore from which it was produced.
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With the direct dispcsal of spent fuel, one doesn't have
the extra safety barrier in the form of low solubility
which can be obtained with vitrified waste. The following
quote from the report of the Aka Committee (the Swedish
Government Committee on Radicactive Waste), part II (10),
pages 115-116 illustrates this:

"Naturally occurring uranium is effectively dissolved by
oxidation by carbonate-containing groundwater, forming
uranyl-carbonate complex. - Uranium concentrations of up

to 1800 ug per tonne have been measured in the groundwater
in bedrock with a high water content from the Masugnsby
district in Nbrrbotten, where a single spring (7.2 m3 water
per hour) is estimated to precipitate more than 6 kg uranium

per year.,"

Strongly oxidizing conditions resulting from radiolysis‘are
automatically obtained in the event of a canister failure.
Groundwater ncrmally contains high levels of carbonate.

Thus, Forsmark water from a depth of 450 m has been found

to contain 400 ppm HCOE, which is about 10 times higher

than the level in surface water. In addition, the basically
reacting clay {(bentonite) in which the canister is proposed
to be embedded contains some 2% organic matter, which will

be radiolytically oxidized to carbonate. Carbonate solutions
are, incidentally, used to leach uranium out of uranium cores.
It even seems that the richest uranium ores in nature were
formed by precipitation from carbonate solutions, which had
taken up uranium on their passage through uranium-bearing
bedrock. If the uranium, which makes up most (95%) of the
spent fuel, is leached cut, plutonium and other transuranium
elements (combined about 1%) will remain in the form of a
poorly soluble sludge. Under such circumstances, there is

a definite risk that plutonium could accumulate in sufficient
quantity to trigger a nuclear reaction. Only 0.5 kg of

fissionable plutonium is required for this purpose (11). A



suitable moderator, water, is always available., The risk

of such criticality accidents in connection with the

direct disposal of spent nuclear fuel is pointed out by

the Aka Committee Report (9): "However, terminal storage

of spent fuel places greater demands due to factors such

as risk of criticality in the presence of plutonium."

The Aka Committee Report pointed out the risk of critica-
lity accidents during storage for the reprocessing alterna-
tive as well: "It would entail special problems if it

became necessary in any situation to include large guantities
of plutonium in the waste. 1In such a case, the risks of
criticality in connection with storage over very long periods
of time would have to be carefully examined" {(ref. 10,

page 99%9.) 1In the direct disposal of spent fuel, all of the
plutonium is incorporated in the waste. A nuclear reaction
in the middle of a waste repository would be a catastrophe
with unforeseeable consequences. New canister failures

could then occur in rapid sequence and large guantities of

radiocactive material could escape.

According to the direct disposal alternative proposed by
the KBS prcject, each copper canister would contain 1.42
tonnes of uranium in the form of spent fuel. This would
contain 0.7% or some 10 kg of plutonium=239. The time
required for this to decay to 0.5 kg is some 100 000 years.
Such a long period of time would certainly embrace one or
more ice ages and would thereby entail unforeseeable con-

ditions in the waste repository.

Thermodynamic aspects of the stability of copper in the
bedrock

Copper would appear to be a promising canister material.
It is, after all, a ductile material which does not crack
and which is among the more noble (electrode-positive) of
the metals. In actuality, copper is the noblest of the
common constructional metals. The aAka Committee based its

assessment on the assumption that copper is thermocdynami-
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cally stable in the oxygen-free groundwater which can be
expected to exist at great depths., This claim has also
sometimes been made within the KBS project. It has thereby
been noted that copper occurs in its uncombined (native)
form in nature. But a closer analysis shows that copper

is not thermodynamically stable in deep lying oxygen-free
groundwater, if, as is often the case, the water contains

sulphide ions,

If we first consider the geological argument, we can note
that of the world's presently known copper deposits, 90%

are composed of sulphides, 9% of oxides and less than 1%

of pure, uncombined copper (mainly around Lake Superior in
the United States). It would thus appear that metallic
copper is thermodynamically stable in the bedrock only under
special conditions. The copper ore at Lake Superior is,
incidentally, largely impure on the surface. It is also
noteworthy that a large number of metals occur in the un-
combined form in nature under special and favourable
circumstances (such as well-isolated inclusions in other
minerals and rocks), many of which are less noble than
copper. Among the latter, the Encyclopedia of Minerals (12)
counts antimony, arsenic, lead and iron (both terrestrial
and metecric), nickel, tin and bismuth and even zinc. It
must be assumed that many original deposits of uncombined
metals have been destroyed and that only those which exist
in a particularly favourable environment have survived. It
would not seem to be possible that such a favourable environ-
ment could be guaranteed by technical means over a period

of time which encompasses one or more ige ages.

It is generally known that the interior of the earth is high
in sulphur content. Velcanoces (like helll) have always

been associated with sulphur and sulphur fumes. It has

also been found that deep-lying groundwater often contains
hydrogen sulphide (and is thereby also oxygen-free). Many
health spas with hydrogen-sulphide~bearing water provide
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examples of this. It is probable that the hydrogen sulphide
is sometimes formed when sulphide minerals in the upper,
oxygen-rich and oxidizing soil strata decompose, forming
sulphate, after which the sulphate is reduced to sulphide

on its way down. The following reaction sequence is
possible:

— . o — -
3Fe (OH) 5 (aq) = F€304 =+ H2 -+ 2H20 H AG = 8.8 kecal (1)
soi’ + 4H, = 52 &+ 46,0 ; AG° = -27.4 keal (2)

With regard to the first reactiosn, known as Schikorr's
reactionl, it is known that this reaction is catalyzed by
copper, while the second reaction tends to take place
bacterially.

Hydrogen-sulphide-bearing water can now react directly with

copper as follows:

2Cu + H,8 (ag) = CE§S+ Hy.
0 -
86° _op. = -l4.1 keal (3)
o = =
Ac mole 14,1 kcal/mole Cu,S

Rough calculations show that AGP is negative, even at the

HZS concentraticons and hydrogen gas pressures in question.

b Schikorr's reaction is the cause of the hydrogen gas

formation which occurs in heat distribution systems
and which necessitates the "bleeding" of radiators,
whereby black magnetite particles and a characteristic
hydrocarbon odour are cbserved. In the case of vitri-
fied waste, Schikorr's reaction could lead to the
destruction of the titanium canister due to hydrogen
embrittlement.
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According to equation (3), hydrogen ions are oxidizing.
There are also a number of reactions with other oxidants
(sulphate ions, iron oxides etc.) which lead to the forma-
tion of Cuzs. Some such reactibns are given as examples
by Professor Grenthe (please see appendix B3):

+

2- _
8Cu + 3H28 + 80, + 2H g 4Cu,8 + 4H,0 (4)
AGoreaCt = -112.4 kcal
© = -
A G nole = -28.1 kcgl/mole CuZS
2- + .
2Cu + 804 + 3F828104 + 2H = CuZS + 3F8203 + 38102 + 2H20 (5)
O — -
AG react. 55.0 kcal
O | J—
AG mole” 55.0 kcal/mole Cu,s
2- _ , +
4Cu + 2SO4 —9Fe25104 + 4H = 2Cu28 + 9Fe203 + H20 (6)
o = -
AG react. = 127.0 kecal
O pard -
AG nole = 63.5 kcal/mole Cuzs
2- +
2Cu + SO4 + 6Fe304 + 2H = Cuzs + 9Fe203 + H20 (7)
o E -
react. — 40.8 kecal
o [ J—
AG nole = 40.8 kcal/mole Cuzs
4Cu + 4Fe203 + Fe52 = 2Cu25 + 3Fe304 (8)
c° = -19.8 kcal
react.
vo - =
AG mole 9.9 kcal/mole Cuzs

These reactions probably proceed electrochemically. Of
special interest in this context is the fact that reactions
which include sulphides normally take place at a rapid rate,
since hydrogen sulphide and sulphide ions are very active
catalysts for electrochemical processes, both anodic and

cathodic. Metal sulphides possess high electrical conducti-
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vity, are highly electrode-positive and exhibit low over-
voltages for electrochemical processes. The overvoltage
of hydrogen on metal sulphides is often as low as on
platinum. These circumstances explain the highly deleter-~
ious effects which sulphide slags and sulphur impurities
have on the corrosion properties of metallic materials.

Figure 4 shows a number of electrode reactions which shed
light on the stability of copper in groundwater containing
sulphate and/or sulphide.

Besides the relevant electrode reactions for copper, the
diagram includes the equilibrium between sulphide and sulphate
ipns and an equilibrium between oxides of bivalent and trival-
ent iron which generally seems to determine the redox poten-
tial in the soil. In oxygen-~free soils, sulphide ions and
thereby Cu

conditions, where sulphur exists in the form of sulphate,

2S, are stabilized. Under less strongly reducing

metallic copper is stabilized. Metallurgically, this
corresponds to the fact that metallic copper is obtained
from the properly regqulated oxidation of CuZS:

Cuzs + 0, = 2Cu + 80,. (10)
Except under highly reducing conditions, copper in the
presence of the system 82_/502_ is only stable in a narrow
potential range between ~0,20 V and +0.06 V. Trying to
stabilize the potential within this range by the addition of
a redox buffer would seem to be fruitless, since the natural
redox buffer Fe{II)oxide/Fe(III)oxide would dominate in the
long run and stabilize the potential within the existence

range for Sz— ions and thereby for Cuzs.
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Data from the literature on the stability of copper in

sulphide-containing solutions

The above thermodynamic observations concerning the stabili=-
ty of copper in sulphide-containing solutions are confirmed
by data on the corrosion of copper in such solutions taken

from widely-used corrosion handbooks:

4:54: "Hydrogenlsulphide accelerates corrosion of most
copper-base materials.”

4:48: "Pitting is most likely to occur in polluted in-shore
waters, particularly when hydrogen sulphide is present., 1In
such contaminated waters non-protective sulphide scaleg are

formed and these tend to stimulate attack."

La Que & Copson, Corrosion Resistance of Metals and Alloys_ (14
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"Copper is rapidly blackened in contact witn moist hydrogen
sulphide and sulphide salts. Generally, sulphide coatings are
not protective, but in solutions low in sulphur such as gaso-
line, the attack is confined to tarnishing of the copper.
‘Advantage is taken of the tarnishing of copper to determine

the sulphur content of gasolines."
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'"Kupfer Schwefelwasser  Starker Angriff"
stoff - feucht.

The importance of slow-acting and unknown material destruc-—

tion processes and the lack of test results.

The long time perspective involved in the terminal storage
of nuclear waste creates problems which were previously un-
known in technical contexts. The long periods of time which
are necessary for the waste to decay lead to a high degree
of uncertainty in extrapolations of test results and exper-
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iences obtained over short periods of time. The entire
history of science shows that scientific exploration
normally begins with practical observations for which an
explanation is then sought, in the beginning (in classi-
cal antiquity) by purely speculative means, later (after
the breakthrough of the scientific method) by means of
systematic experimental procedures, which have gradually
been facilitated by an ever-growing theoretical understand-
ing of certain fundamental phenomena. In many cases,

this has made it possible for us to learn tc master the
problems which gave the impetus to the research work. In
the case at hand, time does not permit this natural process
of development. Even within, for example, the technologi-
cally highly advanced field of space exploration, it has
been possible to work with both simulations and practical
trials from which conclusions could be drawn for the con-
tinued work. But it is not possible to simulate or study
by means of practical trials the effects of time spans which
are far beyond those of human experience. In selecting
materials and designs for waste canisters, it is patently
impossible to take into account processes whose nature is
unknown, but whose existence cannot rightfully be excluded.
Allowance must be made, for example, for the existence of
heretofore unknown processes of ageing and material destruc-
tion. The possibility cannot be excluded that a canister
will, after a thousand years or so, begin to be destroyed
by a slowly-acting ageing process XYZ, the nature of which,
due to the necessarily long periods of time required for
testing, may not have been elucidated until long after,

In the absence of test results and practical experiences,
even fundamentally well-known phenomena and processes can
easlily be overlooked. Thus, the Aka Committee (9, 10)
completely overlooked the'radiolysis effect, which has since
proven to be of fundamental importance for the entire dis-
peosal technique and is the reason why a wall thickness of

200 mm is proposed in the copper cylinder for spent fuel,
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In the case of vitrified waste, the original proposal was
a titanium canister with an "inner radiation shield" of
250 mm of steel, which, in the finally proposed version,
was replaced by 100 mmof lead. With such wall thicknesses,
penetrating radiation and thereby radiolysis effects are
reduced to negligible levels.

The importance of the next ice age (glaciation) for the

corrosion environment.

Within the KBS project, it is assumed that the environment
around the canisters will remain unchanged for all future
time with respect to such factors as the composition and
flow rate of the groundwater. However, in view of the
evaluations submitted by geological experts concerning the
possible consequences of the next glaciation, the postulated

constancy of the corrosion environment must be guestioned.

In his comment (l16) on the findings of the Aka Committee,
Dr. Arne Bjerhammar, Professor of Geodesy at the Royal
Institute of Techneclogy in Stockholm, has the following to
say: "Viewed in a longer time prospective, it is necessary
to make allowance for the fact that the Scandinavian Penin-
sula will once again be subjected to a glaciation, whereby
the outer portions of our rock massif may suffer heavy
damage. By conservative estimate, this will occur in about
10 000 years, but more recent research does not exclude the
possibility that another ice age may start approaching
within 1000 years. - Even if the ice cap only peels off the
top 50 or so metres of the surface of the bedrock, it is
still possible that the canisters will suffer considerable
damage. In the worst instance, most of the radioactive
waste will accumulate in a "Baltic ice lake" of very limited

volume,"

The Quaternary geologist Dr. Nils-Axel MSrner of the
University of Stockhelm is very adamant in his contention
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that no extrapolations or forecasts can be extended lohger
than to the next jce age. The following extract is taken

from his report, commissioned by KBS, entitled "Movements

and instability in the Swedish bedrock® (17).

Extract from "Preface" to KBS report 18 (N-A. MSBrner, ref. 17)

"First we threw garbage into the forest and believed that it
hid everything and that no damage was done. Later we dis-
charged sewage and chemicals into lakes, rivers and the sea
and believed that it disappeared in this 'enormous' recipient
- now it costs millions every year to try to restore better
limnic and marine environments. We are now faced with the
decision of storing nuclear waste in the bedrock in the
belief that the bedrock is 'stable'. The principle of 'out
of sight, out of mind' is still followed, but with more
terrible material: from garbage in the forest via sewage
and chemicals in rivers, lakes and the sea, to radioactive
waste in the bedrock. Of course, it is madness to put
nuclear waste in containers in the bedrock, seal them off
and believe that nothing will happen with the containers
over the centuries and millenia to come".

"It is gquite clear that it is fundamentally madness to put
radioactive waste in the bedrock and hope that nothing will
come of it. But since we seem to live in a world that, to
a great extent, is ruled by madness, I will present an ob-
jective geological evaluation of the Swedish bedrock and
its movements during the past 20 000 years, which may serve
as a basis for further evaluations of the feasibility of
storing nuclear waste in the bedrock."

Extract from chap. "A: Background" from KBS report 18
{N=-A. Mtrner, ref. 17)

"The report of the Aka Committee (the Swedish Government
Committee on Radioactive Waste) provides a very poor and

inaccurate picture of the Swedish bedrock, its movements
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and its stability as a place for storing nuclear waste.
Only a few months after the Committee had published its.
findings, experts had to be commissioned to submit separ-

ate evaluations (one of which is this report)."

"The Aka Committee report would have us believe‘that‘the
Swedish bedrock" 'has been stable for hundreds of millions
of years' (S0U 1976:30, p. 55 of the English version) and
cites this assumed stability as an argﬁment in a number

of places in the study. As regards the groundwater flow

in the bedrock for example, it is claimed that 'the
stability of the bedrock provides essentially stable con-
ditions during the storage period' (cp.cit., p. 57}. It

is also concluded that 'this stability will provide the
necessary precondition for terminal storage in bedrock free

from surveillance'{op.cit., p. 56)}."

"But is the bedrock really stable? And how much instability
can be tolerated? As a geologist, T must point out that
there is no such thing as stable rock. And that the
stability of the Swedish bedrock is a myth which must
immediately be dispelled. We must instead speak of the
instability of the bedrock, although the Swedish bedrock

is generally much less unstable than, for example, the
Circum-Pacific-Mediterranean tectonic belt."

"Future forecasts and extrapolated average values are
usually given for the next 100 000 or 1 million years,
both in the Aka Committee report and in the Seismic Analysis

of Sweden. This is grossly misleading."

"No processes which are measurable today can be extrapolated

into the future farther than to the next ice age, which has

either already begun (circa 500 BC) or will be upon us
within 20 000 years. Forecasts covering longer periods of
time must be disregarded (they serve only to mislead persons

trying to evaluate the guestion)."
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Extract from chap. "G: Paleoclimate and future climate"
from KBS report 18 (N-A., Mbrner, ref, 17)

"We know that the paleoclimate fluctuated regularly between
colder and warmer stages. Each stage lasted for about

10 000 - 12 000 years. The last interglacial period began
about 130 000 BP and ended either about 118 000 BP or

96 000 BP. Paleoclimatologists '‘disagree on this point.
"Everything depends on what actually happened during the
period 118 000 to 107 000 BP. Was it a full glaciation or
merely a somewhat colder stage? This is of decisive
importance for our future forecasts, since we have obviously
been in a similar climatic cycle since 500 B.C. that is to
say, either we are already (for the past 2 500 years) head-
ing towards a new glaciation period (the majority of American
researchers think so) or this glaciation will not begin for
another 18 000 - 20 000 years or so (I am perscnally of this
opinion after having analyzed what igs perhaps the finest
climatic indicator on earth, a 19 m drill core from a lake
in France). It is quite clear, however, that we, in the

most favourable case, will have a glaciation within the

next 20 000 years."

'All forecasts of the future must stop with this future

glaciation. At this time, all effects of the deglaciation
stage (faulting, fracturing, seismic activity) will be

repeated and all stress factors will be multiplied many

times over. During such a period storing nuclear waste

canisters in bedrock is simply out of the guestion - this is

quite clear.”

Extract (in extenso) from chap. "H: Summary" from KBS

report 18 (N-A. MSrner, ref. 17).

"(1) The Swedish bedrock is by no means "stable". Like all

other bedrocks it is unstable.
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(10)

(11)
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The Swedish bedrock has an old and rich tectonogeo-
dynamic inheritance.

The total uplift is about 830 m, 725 m of which is
caused by the parabolic, purely glacio-isostatic
factor, which died out some 2 000 - 3 000 years ago
(the asthenosphere resumed its old position).

The maximum instantaneous rate of uplift reached

50 - 5 cm/yr during a short period at around the

time of deglaciation or the end of the Younger Dryas
Stadial.

The linear factor in the uplift seems to have been
induced at about 8 000 BP and to have been caused by
global cyclic changes of the geoid. The bend in the
West Coast shoreline profile was formed by this
change.

Irregularities in the uplift in the form of shoreline
bends and isobase irregularities have been established
with the aid of ancient shorelines and geodetic data.
They are as a rule all related to major fault lines
and bedrock seams.

Faulting, fracturing and seismic activity was shown to
be linked to the deglaciation period (the maximum rate
of uplift) and to be fairly frequently occurring.
Major fault lines are generally related to old weak
zones. Small fault lines (up to 2 m vertical displace-
ment) and fracturing of the bedrock surface, on the
other hand, are totally independent of these zones.

Bouldery end moraines and bouldery ground in general

- record paleo-seismic activity (these areas must hence

be excluded as possible sites for nuclear waste reposi-
tories in the bedrocck),

No extrapolation of presently measured mean values
{({e.g. for the seismic activity during the last decades)
and no future predictions at all can be made beyond

the next ice age.

The next ice age is either on its way or will, under
the most favourable circumstances, have begun 20 000

years from now (AP).
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(12) During the next ice age, all the seismic and neotect-
cnic effects of the deglaciation period will be
repeated.

(13) During an ice age, nuclear waste cannot be stored in
the bedrock. ‘ )

(14) At each cyclic turning peoint, the linear uplift
factor is likely to be linked to the same effects-
as those which were recorded for the period of about
80 000 BP (and maybe alsc those linked to the peak
rates in the uplift).

(15) If one did succeed in finding a Precambrian bedrock
unit within an area of smooth uplift, absence of recent
earthquakes, the bedrock surface of which shows few
fractures and no faultlines, and where the surroundings
exhibit normal morain features and normal moraine com-
position, this area must still be evaluated with respect
to what will happen and what may happen in connection
with the next ice age and in connection with the cyclic

gravitational changes in the present linear uplift."

Regarding the fissuring of the rock which can be expected to
occur following a glaciation, the following is quoted from
a statement by Professor Nils Hast (18):

"During the last ice age, and probably during a number of
previous ones, the bedrock was under the burden of 3 000
metres of ice. This ice exerted an enormous horizontal
pressure on the bedrock. When the ice melted, the rock

could no longer propagate this pressure and was crushed."
Professor Hast (18) goes on to say:

"T don't think that it is possible to find fissureless
rock in the Swedish bedrock. If such an area should be
found, I would advise against locating a rock cavern there.
The rock has not yet cracked, but the pressure in the rock
is higher than normal and it will crack scooner or later".
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Despite the fact that the KBS project commissioned Dr.
Morner's analysis (17), it 1s shocking to note that of all
the objections he raises to the storage of radiocactive
waste in the bedrock, in view of the consequences of a
future glaciation, not one line is mentioned, much less
refuted, in the KBS report entitled "Handling of Spent
Nuclear Fuel and Final Storage of Vitrified High-Level
Reprocessing Waste" (19). Instead, concentration is
centred on the peripheral question of whether recovery
from the depression caused by the ice cap is still pro-
ceeding (Bjerhammar), or whether the current land uplift
has other causes (M&rner). Even though no other authorities
are cited concerning the effects of the next glaciation,
the conclusion is nonetheless drawn that one more ice age
cannot disturb a deep-lying rock repository. With respect
to vitrified waste, the forecasts are projected 200 000
years ahead. Presumably, the forecasts for unreprocessed
spent fuel will be extended even farther.

Groundwater flow around the waste canisters.X

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. Current knowledge
concerning the permeability and fissure content of rock at
such a great depth as 500 m is extremely limited, so that
conditions even in virgin rock are difficult to assess.

The situation is further complicated by the fact that the
groundwater flow will be disturbed by the tunnel system and,
during a transitional period, by the elevated temperature.
Finally, and most important, are the unforeseeable conditions
which will prevail during the next glaciation.

X) This section has been examined without criticism by the

Department of Land Improvement and Drainage at the
Royal Institute of Technology (Head of Department:

Professor Yngve Gustafsson).
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Furthermore, in the models used for the calculations, it
has been assumed that permeability has a low constant

value or that it decreases rapidly with increasing depth.
The influence of individual zones of permeability, which
account for a large portion of the flow in the deeper parts
of the bedrock, can therefore not be simulated by the
models which are used. This is an obvious shortcoming,
since it is known that zones of high water flow have been
encountered in Swedish mines down to a depth of 900 m.

There also seems to be some contradiction between different
calculations. While J. Stokes (20) postulates that locally
infiltrated water can penetrate down to a depth of thousands
of metres, U. Lindblom et al. (21) posit a penetration of
only a couple of hundred metres. Stokes (ref. 20, p. 10)
further asserts that "it is not possible to draw definite
conclusions concerning the flows at individual points" and
that "the water transit times for adjacent points can vary
over several orders of magnitude". Under such circumstances,
it would seem to be impossible to make any predictions con-
cerning the conditions which prevail in the repository during
and after a new glaciation. It is therefore impossible to
exclude the possibility that, despite all precautionary
measures, the repository may, after a new ice age, come into

contact with a heavily water-bearing "crush zone".

In this connection, I would like to quote some extracts from
an American study which was presented at the special session
on "Underground storage of nuclear waste" which was held in
connection with "Rockstore 77", a conference held in
Stockholm in September 1977, namely "Radioactive storage in
argillaceous and crystalling rock masses" by P.A. Witherspoon,
J.E. Gale and N.G.W. Cook of the Department of Geotechnics
at the University of California at Berkeley, California, USA
(22) . (The main author, Professor P.A. Witherspoon, was,
together with Professor Bo Lindell cf the Swedish Naticnal
Institute of Radiation Proctection, chairman of the special

session.)
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"Thus we must be able to determiné the rate and magnitude
of the groundwater movement through a given rock mass. 1In
addition we must be able to assess how the rock magss will
respond to the thermal heads imposed by the decay of the
waste material. It is possible that high thermal loads
combined with the thexm-wechanical stresses may drastically
alter the fluid flow characteristics of the rock mass. "

"Unfortunately nearly all rock masses are fractured to depths
greater than 1000 meters. These fractures (faults, shears,
joints and sclution channels) will represent the principal
pathways by which radiocactive material can reach the bio-
sphere. The range of fractures that must be considered in
radiocactive waste storage include: (a) those related to

the gstress history of the rock, (b) those generated during
mining, (c) those generated by stress relief after mining,
(d) those generated by thermo-mechanical stresses due to
heat generated by the waste and (e) those from future events
such as glacial locads and major techtonic disturbances. It
is important that we be able to define and assess the
factors that control the flow of fluids through such dis-

continuities in rock masses".

The report does not end with any conclusions, but rather
with a number of questions, which would seem to indicate
that the situation is not at all as clearly understoocd as

is sometimes implied in the KBS reports.

The uncertainty, not to mention the arbitrariness, in the
flow calculations presented in the KBS project is also
demonstrated by a comparison between the final results of
the "Vitrified High Level Reprocessing Waste" project and a
similar French investigation (5). While the Swedish study
arrives at a maximum dose load after 200 000 years which is
at a completely harmless level, the French study (at a depth
of 500 m and a perméability of lO_8 m/s) finds a maximum
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after 20 000 years, when the concentrations of plutonium-239
and iodine 129 at ground level are several hundred times
the maximum permissible concentrations (MPC). While the
result for pluteonium~239 can be explained by the use of
different retardation factors (1100 in the Swedish study, 1
in the French), this is not the case for iodine-129, where
both studies assume a retardation factor of 1. The differ-
ence, according to Dr. O. Brotzen (23), is that the Frehch
study has considered the possibility of an upflow, while
the KBS project only considers the possibility of downward-
flowing water in a repository. But even though the water
might flow downwards at the time of the site survey or
canister deposition, how do we know that the situation will
be the same in a thousand years or during the next ice age?

The KBS project considers two different permeabiiity values,
namely those for

10b9 m/s

107°

Il

Impervious rock k

~
Il

Crush zones m/s

The first value is remarkably low. Stokes, for example,
postulates a mean value of around lO_7 m/s at a depth of
500 m.

An additional value will be considered in the following
discussion, namely for:

Pervious rock kK = 107° m/s

If the hydraulic gradient (the slope of the water table) is

x)

assumed to be 0.057°, the following flow densities are ob-

tained in the 3 cases:

Impervious rock q=5'10~llm3/m2,s=l.5 l/mz, year
8 m3/m2,s=1500 l/mz,year
7 m3/m2,s=15000 l/mz,year

Pervious rock g=5-10"
Crush zones g=5-10"

X) according to ref. 19 page 84,
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It would not seem to be accurate to use the average perme-
ability for impervious rock when estimating the risk of
canister failure in the most unfavourably situated boreholes.
In order to allow for local variations, higher values should
be assumed for canisters in particularly unfavourable
positions. The possibility of locally high permeabilities
equivalent to those in crush zones cannot, in any case, be
excluded during and after a coming ice age (without consider-:
ing for the moment the possibility of any mechanical damage
to the canisters). Furthermore, we must allow for a '
depression of the bedrock by some 1000 m (=amount of land
uplift following most recent ice age). The tunnels might
thereby collapse and/or serve as points of initiation for
new fractures. If the permeability values are high, it is
also necessary to consider the possibility that the buffer
material (clay) will gradually be dispersed and carried

away.

During the first 1000 years, the effects of the heat
generated by the canisters on the pattern of groundwater
flow in the boreholes and their immediate environment must
also be taken into consideration. Even if the effects of
the heating on the flow of the groundwater are generally
small, for example as regards effects at the surface of the
ground, this will probably not be the case with the local
flow around each waste canister. This thermally generated

flow could dominate locally during the first centuries (22).

Supply of oxidants

Oxidants are required for corrosion of the copper. At the
intended depth of 500 m, the oxygen level should be neglig-
ibly low, around 10 ppb. Furthermore, with the intended
thickness of the canister wall, the amount of oxygen produced
by radiclysis will also be negligible. But one oxidant

system which can never be discounted is the system HZS/SOi".
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Even if the waste repository is situated il ah area where
the sulphide content of the water is low, the possibility
that water with a high sulphide content may enter the area
at some point in the future, e.g. in connection with a
glaciation, cannot be excluded.
In a report by Jan Rennerfelt, (24) of the engineering firm
Orrje & Co. AB., the following groundwater analyses are
presented in Appendix 3.

Sulphide and sulphate content of deep-lying groundwater

Forsmark I Forsmark ITI Groundwater analysis,

450 m 450 m primary bedrock,
probable analysis
26.9.77 5.10.77 Range Max. value
so;~ 10 20-40 100
HS ppm 5 0.2-5 10

‘The calculations are limited to reaction (3) on page 9,

whereby st can mean an egquivalent guantity of FeS. Accord-
ing to reaction (3), 10 mg of HS are capable of converting
40 mg of Cu to CuZS.

for pervious rock and crush zones, the following wvalues are

Assuming the above-gpecified values

obtained;

Flow densities, supplied guantities of sulphur and oxidized

gquantities of copper for pervious rock and crush zones at

10 ppm HS  in the groundwater. Hydraulic gradient = 0.05.
Perme- | Flow Supplied { Oxidized |Oxidized quantity of copper
ability| density | quantity { quantity |, .
of sul- |of in 1000 years ;n 10 000
o |, | m femger | =
n/s year g/m”,yearj g/m",year| kg/m kg/m
Pervious -5
rock 10 1.5 15 60 60 600
Crush -5
Zones 10 15 150 600 600 6,000
(during
glacia-
tion)




28.

The copper canister weighs 15 tonnes. Its outer surface
area 1ls about 12 mz, gso the copper weight per m2 is about
1250 kg. Thus, even at a permeability of only 10-6 n/s,

the copper canister could be corroded through after some

20 000 years, and at the highest possible permeability
perhaps only a few thousand years (for example, from the
start of a future glaciation). 1In the event of a glaciation,
the possibility of an infusion of fossile saltwater of even
higher sulphide content could not be excluded.

Conclusions

On the basis of what has been said above, the contention

that copper cylinders for the encapsulaﬁion of speht unrepro=
cessed nuclear fuel can be guaranteed to have a very long
service life, hundreds of thousands of years and more, is
hereby disputed. Under no c¢ircumstances can such a long
canister life be considered to be an absolute certainty. In
fact, any predictions which extend beyond the next ice age,
which the consensus of geclogical opinion indicates is
possible within the next 1 000-10 000 years, are completely

meaningless,

In view of these considerations, the direct disposal of
spent unreprocessed nuclear fuel must be regarded as a
morally irresponsible action towards future generations

and towards 1life on earth in general. We, the generations
living today, should take it upon ourselves to destroy our
own long-lived radiocactive wastes, such as plutonium and
other transuranium elements. This would appear to be
possible by the reprocessing of spent nuclear fuel with the
subsequent separation of transuranium elements and the use
of these elements as new fuel in breeder reactors. The
storage problem can thereby be limited to a storage of
fission products for a relatively short, foreseeable period

of time (500-1000 years) so that geclogical changes such
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as brought about by a new ice age do not have to be

taken into account. It should be possible to guarantee
absolutely safe encapsulation for such a short period of
time, for example under supervised storage in dry rock
caverns above the water table, whereby corrosion problems

are virtually eliminated.

Total
Sr90
10°
Cs 137
102 =]
10 [TAm2a1y” \\
/ 0 \ Uranium ore
Pu24 equivalent to
Pu239] {1 e of fuel
1 . =y } 1 tonne of fual, 100 % uranium ore
f\\——— 30 % uranium ore
oo
-1 [ Am243
\ Y A S— 3 % uranium ore
-2 1129 71 LY v/ 1
10 7 Y A
' \
o .
Np2a7 _// \ - 0.3 % uranium ore
Tc 99
163 /
\ \—- Ranstad ore 0.03 %
. \ '

1 10 102 108 1% 1w 108 107
Time after discharge from reactor, years

Fig. 1

Potential hazard index for different nuclides in 1 ton of
spent fuel in relation to the quantity of uranium ore which
is equivalent to 1 ton of fuel. Actual hazard is also depend-
ent upon the exposure pathways of the elements to man (see
chapter 6). The fuel has a burnup of 33 000 MWd(t)/tU, a
power density of 34,4 MW(t)tU and an enrichment of 3.1%
uranium 235,
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Toxicity for high-level waste in comparison with
uranium ore, from W.D. Bond, H.C. Claiborne and
R.E. Leuze, Nuclear Technology 24 (1974) 362.
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Toxicity index of high-level waste glass in

comparison with uranium ore, from B. Guillaume,
B.I.5.T., CEA, No. 217. Sept. 1876, p. 31.



Electrode reaction

‘Cu20+H20=ZCuO+2H++2e_

2CU+H,0=Cu,.0+2H +2e”

2 2

2

H S+4ﬁ20=304

2

— + -
H2—2H +2e

3Fg(OH12=F9304+ZH++2e"+2H£3

2Cu+s2—=Cu25+2e_

Figure 4.

T+10 B +8e”

. =0.60Q A

Electrode
otential,
h, at pH7

+0.33

+0.06
o

| E§§§§§§§§§§§§§

-0.20

=0.41 -

A\

-0.89
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Stable Copper
phase in nature
Cu0
Oxidic
ores
Cu20
Uncombined
{native)
Cu copper
Sulphidic
ores
CuZS
Cu

Potential diagram illustrating the stability of

copper in sulphate-containing water at pH 7.

Except at very negative potentials, metallic

copper is stable in a potential range between

the existence ranges for Cu

0O and Cu

2S. In

sulphide-containing groundwater, copper is

attacked with the formation of copper (I)

sulphide, CuZS.

indicated corrosion.

Hatched areas in the diagram
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