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The Ministry of Industry has undertaken a review through

foreign expertise of the KBS II report for handling

and final storage of unreprocessed spent nuclear fuel.

As matters regarding final storage of radioactive wasie

are expensively discussed in many coutries a short

summary of the KBS II report as well as the comments

in unabridged form from the foreign expertise are re-

produced in the present volume.

Enquiries regarding this report can be adressed to

Mr. Magnus Grill, Ministry of Industry, S-103 33 Stockholm,

Sweden.
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HANDLING ANO FINAL STORAGE OF UNRtPROCESSED SPENT

NUCLEAR FUEL

A summary of the second KBS report of June 28, 1978

Background

The "Stipulation Law" of 1977 states that new nuclear

power units may not be commissioned until the owner

has shown that the waste problem can be solved in

an absolutely safe manner. For this reason, the nuclear

power industry formed the Nuclear Fuel Safety Project

(Projekt Kärnbränslesäkerhet., KBS). The Stipulation

Law gives two alternatives. In accordance with the

first alternative, the reactor owner shall produce

an adequate reprocessing agreement and shall show

how and where an absolutely safe final storage o r t lie

high-level reprocessing waste can be effected. In

accordance with the second alternative, thi; reactor

owner shall show how and where an absolutely safe

final storage of the spent, unreprocessed nuclear fuel

can be effected. The first alternative is dealt with

in the first KBS report entitled "Handling ^f spent

nuclear fuel and final storage o f vitrified hinh-lovel

reprocessing waste", published in December <~>f ll>77.

Following is a summary of the report submitted by KBS

on the second alternative of the Stipulation Law

entitled "Handling and final storage of uiiroprocessod

spent nuclear fuel".

In the most recent report, the following ötago.-i in

the handling of the fuel on its way to final storage

are proposed:

1 The spent • uel is stored at the nuchvir I'nv.v



plant for at least six months.

2 The fuel is then transported to a central storage

facility for spent nuclear fuel.

3 The fuel is stored in the central fuel storage

facility for 40 years.

4 The fuel is transported to an encapsulation

station.

5 In the encapsulation station, which is located

above ground in connection with the final reposi-

tory, the fuel rods are separated from the other

parts of the fuel assemblies. The fuel rods are

enclosed in copper canisters and the cavities

are filled up with lead. Other radioactive

material is embedded in concrete cubes.

6 The copper canisters are taken to a final reposi-

tory which is built at a depth of approximately

500 metres in the bedrock. The copper canisters

?.re surrounded by blocks of highly compacted

bentonite - a clay which possesses very low

permeability and which swells considerably upon

absorbing water.

7 The facility can be kept open as long as sur-

veillance is deemed desirable. It is then sealed

by filling all tunnels and shafts with a mixture

of quartz sand and bentonite.

8 The concrete cubes containing the metal compo-

nents of the fuel assemblies are deposited in a

separate repository at a depth of 300 metres in

the bedrock. This repository is sealed with

concrete, sand and bentonite.

The proposed procedure entails a safe handling and

final storage of the spent nuclear fuel. When the

final repository has been sealed, there are a number

of barriers against the dispersal of radioactive

substances. Safety in the various handling stages

and in the final repository are analyzed in a special

section of the report.

Following is a brief description of the various stages



from the removal of the spent fuel from the reactor

to final storage deep down in the Swedish bedrock.

The nuclear power stations and the nuclear fuel

nation
Central — » Encapsulation — » Final storage

In a nuclear power plant, heat is generated by the

fission (splitting) of heavy atoms in the nuclear

fuel. The heat converts water to steam which drives

turbines and generators.

There are two types of reactors in operation in

Sweden: ASEA-ATOM's boiling water reactor (BWR) and

Westinghouse"s pressurized water reactor (PWR). Six

reactors, 5 BWRs and 1 PWR, are currently in operation.

Two more have been completed and four reactors are

under construction. All of these reactors are located

at four places in the country: Ringhals, Barsebäck,

Oskarshamn and Forsmark. One more reactor was approved

by the Swedish Parliament in WS (see Fig. 14).

Nuclear fuel consists of cylindrical pieces, pellets,

of uranium dioxide. They are enclosed in cladding

tubes, several metres long and finger-thick, made

of a zirconium alloy. The tubes with pellets are

called fuel rods. In a Swedish boiling water reactor

(BWR), a bundle of 63 fuel rods constitutes a fuel

assembly. The fuel assembly weighs about 300 kg (see

Fig. 15) .

In the new Westinghouse reactors, 264 rods make up

a fuel assembly. Such a PWR assembly weighs about

670 kg (see Fig. 16).

The waste facilities described in the following are
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Figure 14. The Swedish nuclear power program in accordance with the W75 parliamentary
resolution.

intended for spent nuclear fuel from 30 years of

operation of 13 reactors. The total quantity of

spent fuel then amounts to about 9 000 tonnes.

Nuclear power plants have their own storage pools for

spent fuel. They are required when the reactor is

emptied of fuel in connection with service inspections

and when the spent fuel is stored before beino sent

to reprocessing or to a central fuel storage facility.

The spent nuclear fuel is stored in the pools for at

least six months after having been taken out of the

reactors. During this period of time, the fuel decays

and cools considerably.
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COMPOSITION OF THE SPENT FUEL

The fuel pellets contain two types of uranium:
fissionable uranium-235 and non-fissionable
uranium-238. When uranium-235 is split, radio-
active nuclides known as fission products are
formed. The high-level waste consists mostly of
such fission products. Plutonium and some other
heavy elements, known as transuranium elements,
are also formed in the fuel. Most of the fuel -
- both before and after irradiation - consists
of uranium-238, which is not fissionable.

Composition of spent nuclear fuel (percent)

Constituent BWR PWR

0 . 7
9 5 . 6

0 . 7
0 . 1
2 . 9

0 . 9
9 4 . 5

1 . 1
0 . 1
3 . 4

Uranium-235 (fissionable)
Uranium-238 (non-fissionable)
Plutonium
Other transuranium elements
Fission products

The fission products consist of a large number
of radioactive elements. Many of these elements
decay rapidly and thus have a very short life. In
the final storage of spent fuel, it is the fission
products with long life which must be safe.^
stored for a very long period of time. For the
first 500 - 1 000 years, strontium-90 and cesium-
-137 account for most of the radiation. In the
longer run, tecnetium-99 and iodine-129 are
important radiation sources.

The spent fuel also contains uranium, plutonium
and other transuranium elements. These nuclides
are converted by radioactive decay to other nucli-
des, daughter products, which are also radioactive.
In the very long time perspective - millions of
years - uranium and the daughter products of
uranium, such as radium, are responsible for the
residual radioactivity.

Transportation

Powtr
station

Central
ttoragt Encapsulation Final ttoraat

Special regulations issued by the International Atomic



Energy Agency, IAEA, govern the transportation of

spent nuclear fuel and other radioactive material.

A transport cask must meet a number of safety require-

ments, including that it must be able to withstand

a fall or 9 metres onto a hard surface as well as

heating to 800 C for 33 minutes. The transport casks

which are currently in use weigh between 30 and 70

tonnes and can transport between 1 and 2.S tonnes of

nuclear fuel. Such casks have been used for the trans-

portation of spent fuel from the Oskarshamn power

station to England.

When 13 reactors are on-line, approximately 1 400

spent fuel assemblies will be discharged from the

Swedish reactors each year. With the larger type of

cask which is currently being manufactured, this

corresponds to approximately 100 transport casks. The

casks are planned to be transported to the central

fuel storage facility by sea. Ordinary ships can be

Figurt 17. Ship for transport of spent nuclear fuel.



used, but ships designed especially for this purpose

would be more expedient. Such a ship should weigh

about 1 000 tonnes dwt and be able to carry eight

transport casks (see Fig. 17). Such a ship would have

to make about a dozen runs per year to the central

fuel storage facility. The fuel would then be kept

at the central fuel storage facility for about 40

years.

Central storage facility for spent fuel

Power
station H Cantral

»ton». Encapsulation Final storagt

Regardless of whether the spent fuel is to be repro-

cessed or disposed of without reprocessing, additional

storage space is reguired for spent fuel. For economic

reasons, a central facility is preferable to an expan-

sion of capacity at the individual nuclear power

stations. Such a central facility for the storage

of spent fuel from all of the Swedish nuclear power

stations is currently being planned and designed

by the Swedish Nuclear Fuel Supply Company. The

storage principle is the same as that employed at

the nuclear power plants, i.e. the fuel assemblies

are stored in water pools, whereby the water provides

the necessary cooling and radiation shielding. Fig. 18

shows a schematic illustration of the design of the

central fuel storage facility. A siting and licensing

application was submitted to the Government in No-

vember of 1977, with Forsmark, Studsvik and Oskarshamn

indicated as alternative sites.

In the KBS proposal for the handling of unreprocessed

fuel, it has been assumed that the spent fuel will

be stored in water pools for 40 years before being

emplaced in the final repository. However, this
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Figure 18. The central fuel storage facility expanded to a capacity of 9 000 tonnes.

storage period can be varied, its length being prima-

rily a question of finding the optimum solution based

on technical and economic consideration.

Encapsulation of spent fuel

Power
station

— » Central
»torage — » I Encapsulation I — • Final(torage

From the central fuel storage facility, the spent

fuel is transported to an encapsulation station. It

is proposed that this station be located above ground

and in connection with the final repository. In

addition to service buildings, the station consists

of a receiving section and an encapsulation section.

Much of the work in the encapsulation station is

performed in radiation-shieiJed cells by remote control,
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Figure 19. The encapsulated waste. The copper canister is 4.7 metres long and has a diameter
of 0.8 metres.
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In the encapsulation station, the spent fuel is

dismantled and the rods are separated from the other

parts of the fuel assembly. The fuel rods are placed

in canisters made of pure copper. Such a canister

has walls 20 cm thick and is 4.7 metres long. The

spa 3s between the fuel rods and between the rods

and the canister are filled with lead. A series of

lids is welded on and the canister is subjected to

meticulous material inspection (see Fig. 19).

When the copper canister is full, it weighs about

20 tonnes. The finished canisters are transported in

an elevator down to the final repository. The total

number of canisters will be approximately 7 000 when

all of the fuel from 30 years of operation o? 13

reactors has been disposed of.

The canisters may be made of other materials besides

copper. ASEA has developed a canister made of alumi-

nium oxide compacted into a hard ceramic material by

means of a special pressing method. The canister is

3 metres long and weighs 2 tonnes. It can hold approxi-

mately 150 rolled-up fuel rods. The canister, its lid

and a metallic casing are pressed together to form

a seamless body.

The metal components of the fuel element which have

become radioactive after use are embedded in concrete

cubes, moulds, in a special section of the encapsula-

tion station. The total number of concrete moulds

will be approximately 1 200. It is proposed that these

concrete moulds be emplaced in special tunnels 300

metres below the surface in the bedrock for final

storage (see Fig. 20;.

The metal components are much less radioactive than

the fuel rods and decay to \ harmless level much

sooner. Their handling is therefore considerably

simpler. This waste does not have to be stored as

deep down in the bedrock as the spent fuel rods and



12

Groutcd-on
concrete lid

Radioactive
mttal components

Concrete plank

Figure 20. Final repository for concrete moulds, containing radioactive metal components from
the fuel assemblies.

can also be enclosed in a simpler manner,

The_fi_nal repository

Power
station

— • •
Central
storage

—»» Encapsulation — J Final storage I

In the final repository, the copper canisters are

received for final disposal. The design o? the facility

is similar to that of the corresponding facility for

vitrified waste.

The final repository is situated in impervious

crystalline bedrock at a depth of 500 metres and

consists of a system of parallel storage tunnels,

transport tunnels and service rooms. A number of

shafts lead from the ground surface down to the
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tunnel system (see Fig. 21). When completed, the final

repository will cover an area of about 1 km". The

geometric configuration of the tunnel system will be

adapted to the geological conditions prevailing on the

selected site.

9-metre-deep hole?, one for each waste canister, are

drilled in the floors of the storage tunnels. The

hole is lined with rings of highly compacted bentonite,

a type of clay whicn exists in nature. Pressed bento-

nite is also deposited above and below the canister.

When groundwater penetrates into the benton'te, the

bentonite swells considerably and effectively fills

all cavities under high pressure. In this manner, the

' Receiving and . . , , . . .
"4 encapsulation station £Hs?&V^$'i:;£fe':'-£

Storage tunnels

Main shaft

Figure 21. Perspective drawing of the final repository.
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bentorite forms t»n impervious buffer between the

canister and the rock.

The canisters are handled by remote control and with

radiation shielding. However, the copper canister in

itself is such a good radiation shield that some

work can be performed in its vicinity without any

additional shielding.

Deposition work is bequn when approximately one-fourth

of the storage tunnels have been completed. The

repository is designed in such a manner that the

continued construction work and the simultaneous

work with the waste are completely separated from

each other.

The repository can be kept open for as long as

surveillance is deemed desirable. The tunnels are

then filled with a buffer material which consists

of a mixture of quartz sand and bentonite. When the

entire repository is full and is to be abandoned,

shafts and all other spaces are filled with the same

buffer material. The buffer material is prepared

and packed so that ^z. possesses at least as low

permeability as the surrounding rock. Fig. 22 shows

such a sealed storage hole.

Geological investigations

The feasibility of a final storage of high-level

waste deep underground has been under consideration

for some time in various countries. The Geological

Survey of Sweden (SGU) has carried out geological

investigations on behalf of KBS in order to establish

whether Swedish Precambrian bedrock can be used for

final storage. The results of these studies were

presented in the first KBS report (on reprocessing

waste) and are applicable in all essential respects

to the final storage of unrepn iccsscd nurloor fuel as

well. Since the first report was compiled, however,
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SGU has concluded the investigations, so that the

second report is based on more complete data.

The surveys have been aimed at determining what condi-

tions with respect to the bedrock and the groundwater

are decisive for long-term safety if a storage facility

is built in Swedish bedrock. Which type of rock is most

suitable'.-1 Is the rock formation of sufficient extent,

both horizontally and vertically? Are there an^ fractu-

re or crush zones which could jeopardize safety? What

is the chemical composition of the groundwater? What is

the water flow rate? How does the groundwater reach the

surface and how diluted does it become along the way?

What is the capacity of the bedrock to retain certain

waste substances if they should get out into the qround-

water?

Test drillings have been undertaken at five sites,

three of which have been selected for closer study.

In addition, geoLogical and rock mechanical tests

have been performed in the abandoned Stripa Mine. The

locations of the studied sites are shown in i-'iu. 23.

The invent iĝ it ions at Karlshamn, Finnsjön and Kr"ke-

mula show that all Mirep sites possess the <"urw1aniont.nl

prerequisites for a safe rock repository for high-level

waste or spent fuel. But it should be emphasized that

the work has not been aimed at finding a suitable site

to be proposed for the location of a future rock repo-

Figurc -V. Map of'KUS study areas. Test
ilrrllings down in </ depth "/'ahmi ^IH)
metres have hven undertaken at Karls-
hamn ISterrui), north of Oskarshamn
(Kräkemala)ändat I'orsmark (I'innsjonl.
The KttS experimental station is located
at Stripa. Held experiment'' have been
ei>ndueted <il Sludsvik.
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sitory - the geological invest iuit ions C"~:insi: vino

phase of the work aimed at satisfyinq the requirements

of the Stipulation Law tc show where a safe final

repository can be situated. The chosen areas arc-

therefore only examples of such sites.

SOME RESULTS FROM THE GEOLOGY PROGRAM

A survey of the history and evo-
lution of the bedrock in Sweden
shows that the Precambrian
crystalline bedrock has constitu-
ted a markedly stable unit in the
geology of Europe for more than
600 million years. Moreover,
during the past 25 million years,
the trend has been towards in-
creasing stability. There is
therefore virtually no possibility
that such widespread rock move-
ments could occur that the safety
of a rock repository located .'it a
depth of several hundred metres
could be jeopardized.

The possibility of local fracture
movements in the bedrock cannot be
excluded, but they will not lead
to any significant changes in the
permeability of the bedrock or
damage to the waste canisters.

Over the past two million years,
Sweden has been subjected to
10-20 glaciations. These have not
lead to any fracturing of the
bedrock at great depth. A future
ice age cannot differ radically
from the previous ones in this
respect.

liven severe earthquakes have had
very limited effects on tunnels
and rock caverns. Only weak earth
tremors occur in Sweden. Their
effect on a deep-lying rock repo-
sitory would be completely negli-
gible.

Completed rock caverns as large
as the proposed final repository
already exist in Sweden, In many
castes, measurements in these
rock caverns show remarkably
low water infiltration arid good
rock stability. Many of the rock
caverns have been healed to tem-
peratures equal to those which

have been calculated for a final

repository fur high-level waste

without any adverse effects.

The groundwater flow pattern is

charac terii."d by downward flow at

groundwater divides and upward

flow imdi-r valleys. In h-'tween,

the groundwater flow is predomi-

nantly horizontal. Since both

topography and be.irm k pt-rrvabi-

lity are largely det< iTiined by the

structure of 111 - - bedrock, the

gronndw.it er flow pattern will

persist for a very Ions- time.

The groutnlwater flow t i r> "as

been calculated by :•>• HIS of a

three-dimensional rr.od, 1 ever an

area of 10 km" around the study

area .it !;innsj:;n. !"(-.•• .-al cu 1 at i ons

show that a rock rep,-.-i t ory at i

depth of V)0 metres ca:i be loca-

ted here in such a manner that

the flow tine of the ;T.<IKI 'wat, r

front the edges of the repository

to the surface ^t' the ground is

more than 1 OOn years. The flow

tine for the studv area at Karls-

hamn for groundwater from a depth

of "i0f) metres to the surface is

probably hundreds of thousands of

years.

Studies of uraniun ores have shown

that uranium and its decay pro-

ducts are not despersed by the

groundwater utidi r oxygon-free

c ond i t i ons.

Measurements of oxygen content and

other parameters of Swedish ground

'.iter from great depths show that

the water is virtually oxygeii-

-frei • The croundwater therefore

lacks the ability to dissolve and

disperse uranium to anv appreci-

able extent, even if it should

come into direct i on Ia< t with

spent fuel in a final repository.
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Dispersal of radioactive elements

Radioactive elements from the spent nuclear fuel must

pass through a number of barriers in order to reach

the surface of the ground and living organisms. In

order for this to occur, the following events must

take place:

• The copper canister must be broken down or

destroyed by corrosion. The same applies to the

lead and the zirconium surrounding the fuel

pellets.

• The uranium dioxide pellets must be dissolved

in the qroundwater.

• The bentonite buffer must be penetrated by the

radioacitve elements.

• The groundwater must transport the radioactive

elements through the bedrock to the surface of

the ground.

The different barriers (see Fig. 24) retain the

radioactive elements in the final repository and the

bedrock until most have decayed and become harmless.

The copper canister comprises a highly durable barrier

against the dispersal of radioactive elements from

the fuel. The canister also acts as a radiation shield,

facilitating handlinq and preventing radiolysis

(chemical breakdown due to irradiation) of the ground-

water outside the canister.

The copper canister can be destroyed either by

mechanical stresses which breaks it or by corrosion.

However, the mechanical strenjth of the canister is

so great that movements in tne bedrock and uneven

pressure distribution in the buffer material shall

not be able to cau'je it to fail.

Copper is highly resistant to corrosion. Calculations

show that less than 60 kg copper per canister can be
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1'igiire 2-1. Sclwmatic diagram of the proposed final rcpinilnry. A number of barrier\ prevent and
retard the dispersal of radioactive elements from the waste.



corroded away over a period of one million years.

This corresponds to a layer 0.5 mm thick. Nor is

copper subject to severe pitting - the maximum depth

of penetration after one million years is estimated

to be 60 mm. The canister wall is 200 mm thick.

The quantity of copper which would be required to

manyfacture the waste canisters is very small in

comparison to the total copper consumption in Sweden.

The uranium dioxide pellets are a ceramic material

and therefore dissolve very slowly in water- Studies

show that even if very unfavourable assumptions are

made, it would take more than one million years for

the uranium dioxide in the canister to be dissolved

completely.

The water which - if and when the copper canister is

penetrated - comes into contact with the pellets flows

at a very slow rate and will therefore be saturated

with dissolved substances, further retardinq disso-

lution. Of the elements which have been studied,

cesium is leached most rapidly, plutonium and other

transuranium elements most slowly. However, cesium

and many other elements have lives which are consi-

derably shorter than the life o? the copper canister

and will therefore not be able to disperse.

Bentonite is a naturally occurrinq clay mineral which

is formed from volcanic ash. Bentonite is used in

foundry and oil-drillinq technology. B]ocks made of

highly compacted bentonite will be used in the storaqe

holes. The quantities which arc required for final

storaqe constitute a small tortion of world production.

The permeability of the compacted bentonite is so low

that the material is virtually impenetrable by water.

The transport of ions throuqh the bentonite c<in there-

fore only take place by diffusion (mixture due to

molecular movement between different substances).
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Bentcnite is an ion-exchanger, i.e. the positively

charged ions in the clay are replaced by other positive

ions. Most of the radioactive elements which diffuse

through the clay will therefore be qreatly retarded.

When the final repository has been sealed, the original

groundwater conditions will eventually be restored.

Water will then penetrate into and be absorbed slowly

by the bentonite. It is estimated that this process

will take hundreds of years. Owing to the very low

water flow rate, a maximum of a litre or so of water

per year will come into contact with each canister.

Many of the most important radioactive elements are

retarded so much that one-millionth or less of the

original radioactivity is left after they have passed

through the bentonite. Uranium takes a couple of

million years to pass through the bentonite buffer.

The bedrock at a depth of 500 metres is very imper-

vious, even though there may be local fracture zones.

Measurements and calculations show that the water flow

in the rock is less than 0.2 litre per year and m .

The radioactive elements which could possibly come

into contact with the groundwater in a very distant

future will be transported by the water in the fissu-

res in the bedrock. Most of the elements migrate much

more slowly than the water owing to the fact that

they react with the surfaces of the fissures. As

a result, positively charged ions will be retarded

considerably anr1 it will take up to thousands of

times longer for the ion to migrate up through the

rock than for the water.

During transport, the radioactive elements will decay

and certain new ones will form. Radium, for example,

is formed from uranium. The total quantity of radio-

active elements gradually declines.

Some hydrophilic elements, such as iodine, «ire not
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retarded. They reach the surface of the ground as

fast as the water, but are diluted greatly alonq the

way. After 100 000 years, measureable but harmless

levels of iodine may have reached living organisms.

Safety in connection with handling

Transports of spent fuel and other radioactive

material are already being done today, an i experience

shows that safe transports can be carried out without

any great difficulties. During transport, the special

transport cask constitutes a safe containment.

In the safety analysis carried out in the first KBS

report, it was found that the worst accident which

could conceivably occur is that the ship carrying

the spent fuel collides and is then ravished by fire.

The probability of such an ciccident is extremely low

(approximately one in 300 000 years). Even in the

event of such a severe accident, little radioactivity

would be released.

The proposed handling chain includes storage ir

pools for about 40 years. Many years of experience

have been gained with such storage. Neither corrosion

nor material defects have occurred to any significant

extent.

Small quantities of radioactive elements can be

released from damaged fuel rods during storage. Most

of this leakage takes place during storage at the

reactor, where the radioactive elements are disposed

of by the cleaning system. Similar systems will be

provided for cleaning and decontamination at a

central fuel storage facility.

Encapsulation involves certain operations which must

be given special consideration in order to ensure

absolutely safe handling. But considerable exporionce

has been gained in Sweden with the handling of spent
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nuclear fuel. Radiation doses to personnel in the

encapsulation station are kept low by remote control

of all fuel handling, either under water or in radia-

tion-shielded cells. Special cleaning systems prevent

dispersal of radioactive elements to the environment.

Analyses of accidents which could conceivably occur

despite all precautions show that such accidents

would result in only a very small release of radio-

active elements. Damage caused by external forces

such as sabotage and acts of war has also been ana-

lyzed.

The final repository is located at great depth. This

imposes special requirements on occupational safety.

Assessments of occupational safety in connection with

work in the final repository a-e based on experiences

gained from rock caverns and mines.

The radiation from the copper canister is no higher

than the radiation involved in similar routire work

which is carried out today under good radiation

protection conditions.

§^t. ? tZ _iH _?°. n n e c t i-1} J!L ith final storage

The radioactive elements in the spent nuclear fuel

must be kept isolated from living organisms for a

very long period of time. The final repository must

therefore be located and designed in such a manner

that it is protected against:

• Far-reaching natural changes (rock movements,

ice ages, meteorite impacts).

• Human activities (war, sabotage, mining works).

• Slow degradation of the canister and transport

of radioactive substances to the ground surface.

Rock movements could conceivably damage the canisters.

However, the properties of the canister and the buffer
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material permit movements of a few centimetres to

occur without the integrity of the canister being

affected. The earthquakes which could conceivably

occur in Sweden would not lead to any significant

displacements.

During the most recent two million years, Sweden has

experienced 10-20 ice ages. They have not led to any

continuous fracturing of the bedrock at greath depth.

It is therefore considered impossible that a new

glaciation could affect the final repository.

If a meteorite should hit the surface of the earth

directly above a final repository, a crater would

be created which could weaken the rock cover or, at

worst, destroy it completely. Studiss of meteorite

impacts which have occurred over a period of 2 000

million years show that the probability of a meteorite

impact which would create a crater approximately

100 m deep over a surface area as large as the final

repository (1 km ) is arounc. 1 in 10 trillions per

year. History also confirms the assumption that a

meteorite impact is not a risk which need be con-

sidered in this context.

Of all possible acts of war, only large nuclear

detonations could affect a sealed repository. Ground

detonations of nuclear devices of 10-50 megatons

create craters in the rock with a depth of 100-200

metres. Thus, the rock is not penetrated, but weakened.

However, any release of radioactivity from the final

repository would only represent a fraction of the

radioactivity caused by the bomb, which would remain

in the area for a long period of time. Effective

acts of sabotage are impossible after the final

repository has been finally sealed and are not con-

sidered to constitute any appreciable risk during

previous handling either.

It is conceivable that knowledge of the final reposi-
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tory could be lost in a distant future. But there

is scarcely any reason for people living at that

time to perform mining works at these depths, as

the repository is located in our most common rock,

which has no valuable minerals. Moreover, if such

future people can carry out advanced mining works,

they will probably also be capable of detecting and

protecting themselves against radioactivity in the

final repository.

The slow dispersal of radioactive elements

The spent fuel is surrounded by a number of barriers

in the final repository. Each of these barriers pro-

vides protection against dispersal. But they possess

different properties and thereby different functions

which reinforce and complement each other.

The service life of the copper canister is expected

to be more than 1 million years. During this time,

most of the radioactive elements will disappear.

After 1 million years, uranium and its decay products,

e.g. radium, will be present in the spent fuel. This

means that the consequences of the final storage will

be roughly the same as the storage of uranium dioxide

which has not been used in any reactor.

If it is assumed that uhe copper canister has a

service life of less than 1 million years, the dis-

persal of radioactive elements could take place

earlier. However, the chemical conditions existing

in the final repository are such that it would take

millions of years for all of the uranium to be

dissolved. In this case as well, the consequences

would be equivalent to those of the storage of unused

uranium dioxide.

In the assessment of the safety of the final reposi-

tory, the consequences of various courses of events

which are less favourable than those which are most

probable have also been studied.



The Swedish Corrosion Institute, which has evaluated

the service lite of the canisters, is of the opinion

that it is realistic to expect that they will last

for hundreds of thousands of years. The safety analysis

therefore assumes that the first canisters will break

down after 100 000 years and then continue to break

down at a uniform rate during a period of 400 000

years. Leaching of the fuel has then been assumed to

take an additional 500 000 years.

In order for radioactive elements from the final

repository to reach living organisms, they must be

transported with the groundwater. The groundwater can

come into contact; with water at the surface of the

ground in a number of ways. Three such paths have

been studied: a deep-drilled well, a lake and the

Baltic Sea. The case which would give rise to the

largest radiation dose is the deep-drilled well.

On the basis of these assumptions concerning canister

penetration and leaching time, two different hypo-

thetical cases for dispersal of the radioactive ele-

ments have been studied. The first, referred to as the

"main case", assumes a water flow time from the repo-

Highest radiation doses
from final repository

Main case Pessimistic case
after 70 million years after 1 million years

Well Well

120 140
millirems/year

Design goal for Limit for nuclear ICRP recommended
nuclear power plants power plants in limit

Sweden

Figure 2.1 Comparison between different radia'ton doses and limits. ICRP is the Internaional
Commission on Radiological Protection. Natural radiation from the bedrock and the atmosphere
varies from place to place and ties within the hatched area in Sweden.



27

sitory to the surface of 3 000 years in combination

with known retention factors. The second case, referred

to as the "pessimist- ic case", assumes a water transit

time of 400 years ai.d much lower retention factors.

In both cases, the highest radiation doses to indivi-

duals in the "critical group" are calculated (see

Fig. 25). The critical group consists of persons who

live in the vicinity <->f the repository and take all

of their water from a nearby deep well. This group

will probably be relatively small in any case, since

tl.9 water supply is limited.

RADIATION DOSES TO THE CRITICAL GROUP

Main case

During the period from 100 000 to 1 million years after disposal, when
deterioration of the canisters and dissolution of the fuel has been
assumed to be in progress, the radiation dose is calculated to be
0.5 millirems per year, which is less than one-hundredth of the natural
radiation level. The dose derives mainly from iodine-129, which is not
retarded by the rock. The largest doses - which come from radium and
uranium - are not expected to appear until after 70 million years, at
which time the radiation dose is calculated to be 11 millirems per year,
approximately one-tenth of the natural radiation level.

Calculated maximum radiation dose to the critical group

Number of years before Radiation dose
Element element reaches surface mrems/year

Fission products

iodine-129 100 000 0.4

cesium-135 1 million 0.007

Heavy elements

radium "\ 10
uranium I in .,,, 0.7

, . . 7 70 mi 1 lion .. cprotactinium I 0.5
thorium J 0.2

Pessimistic case

In this case, the radiation doses appear during the period from 100 000
years to around 3 million years after deposition. The maximum radiation
dose is calculated to occur after about 1 million years and to amount
to about 70 millirems per year.

Radium makes the dominant contribution to the radiation dose in this
case as well.

The limit recommended by the International Commission on Radiological
Protection for persons who are exposed to radiation over a scries of
years is 100 millirems per year. Even in the pessimistic case, the
calculated radiation doses from the final repository are below this
limit. In the main case, the radiation dose is roughly one-tenth of the
limit (si'i1 Fig. 25).
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The copper canister is expected to be free of material

defects, but in order to illustrate the consequences

of such defects, this case has also been considered.

The radiation doses do not occur until after 3 000

years, but one or a few damaged canisters do not

change the overall picture.

It is proposed that radioactive metal components from

the fuel assemblies be stored in concrete moulds in

a separate repository at a depth of 300 metres. This

waste mainly contains radioactive elements which

are so short-lived that they *^cay in the repository.

The calculated maximum radiation dose from those

elements which remain would, in the most unfavourable

case, be equivalent to one-hundredth of the natural

radiation.

The possibility that a self-sustaining chain reaction

- of the samt type as occurs in the reactor - could

be initiated in the final repository is virtually

nil. Even if such a reaction should nevertheless occur,

its consequences are expected to be insignificant.

The health hazards resulting from a dispersal of

radioactivity from the repository are extremely low,

even in the most unfavourable cases. This applies to

both nearby residents and the rest of the population

for all future time. Assuming the usual relationship

between radiation dose and health effect, the calcula-

ted radiation doses in the main case would give rise

to a maximum of two cancer cases among the entire

world population during the period of 500 years when

the highest doses occur. The number of genetic defects

would be no more than one-tenth of a case during the

same period.

Time perspective

The time spans discussed here are of such an order of

magnitude that they are scarcely conceivable in our
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Figure 26. Comparison between time spans for barrier durability and the same time spans back-
wards into the past.



normal frames of reference. A better overview of the

situation may be obtained by considerinq the future

sequences of events divided into different phases.

During the phase extending several thousand years

into the future, the copper canisters will remain

completely intact, with the possible exception of a

few isolated canisters which were defective from the

start. Leakage from these canisters gives rise to

completely negligible radiation doses. Durinq this

phase, the final repository can therefore be regarded

as being "absolutely safe", regardless of how this

concept is defined.

For the phase extending several thousand_years

to several hundreds of thousands of years in the

future, the calculations show that there is no chance

of any dispersal of radioactive substances to living

organisms. During this phase as well, it can there-

fore be stated with certainty that the final reposito-

ry meets the requirements of being "absolutely safe".

During the phase extendinq froir. several hundreds of

thousands of years onward, a number of radioactive

elements may spread to living organisms. The radiation

dose increment after approximately 1 million years

is lower than the variation in the doses deriving from

natural radiation sources. In the time perspective

of millions of years, it does not appear to be meaning-

ful or reasonable to discuss the impact of a final

repository in relation to present-day standards. Nor

has any attempt at such an evaluation been made within

other areas of human endeavour which could have long-

-term environmental impact. The impact of radiation

on living organisms will be dominated by natural

background radiation. In comparison, the impact of

the final repository would be small locally and

negligible globally.
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CM*

1979-04-04

Enligt bifogad sandninqslista

Dear Sir,

In Sweden a considerable amount of work and researcii
is undertaken in order to develop a strategy with
regard to the handling and disposal of waste from
nuclear power reactors. The handling of the waste is
also governed by a very strict legislation.

In order to develop methods for the disposal of the
waste the nuclear power plant operators have formed
a special project organisation called KBS or Nuclear
Fuel Safety.

Last year KBS presented a report with a nulti-barrier
solution for the disposal of high-level vitrified
reprocessing waste.

This report was subject to intensive scrutinizing
through comments froin Swedish and foreign organizatio:
and scientists.

KBS now has presented a second report with a proposed
method for the handling and final storage of unrepro-
cessed spent nuclear fuel. It is the governments
intention to have this report analyzed in a similar
way as was the case with the first KBS report.

,/L A copy of this report in two volumes, I: General and
,/2 II: Technical, is enclosed.

I would appreciate if it were possible for you to
analyze this report and riake comments on the technical
solutions suggested in it. If you consider the report
to be lacking in some respects or if you consider
there to be technical deficiencies it would be of
considerable assistance to us if you could develop
the basis for such an opinion. On the other hand if
you consider the report to present a safe method for
the disposal of spent fuel it would also bo of con-
siderable value to have your reasons for such a
statement.

Mull addrcit OBIc» *ddrt» T«l*pfton>

Ficfc Slorkjrliobflnlttfi 7 01 7O10H
S 10310 STOCKHOLM
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The main concern for the government is the safety and
environmental aspects of the disposal method. Your
comments should primarily deal with these aspects but
you are of course free to comment also on other fac-
tors such as technical or economical.

If you would like to limit your comments to some parts
of the report, I would appreciate if this is clearly
stated.

I look forward to hearing from you and hope ycu are
able to confirm that you are in a position to provide
comments on the report. If you have costs for the
review of the report they will be paid by us provided
we receive an estimate before the work is started.

If it is possible for you to make an assessment of
the report your comments should reach Stockholm before
the end of December 1979.

Yours sincerely,

Lars Hjorth
Head of Department (energy)
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The Handling and Final Storage of Inreprocessed Spent
Nuclear Fuel:

The KBS Report

Introduction

1. In general we find this Report an excellent, professional analysis,

which maintains the high standards of the previous study on vitrified reprocessing

wastes. W« have set out to be critical, but wish to say before doing so that

in our opinion Swedish technology and planning are at least the equal of those

in other countries of which we have knowledge. We also believe that the disposal

of spent nuclear fuel in Sweden poses no threat to future generations, if it is

carried out along the lines detailed in the Report.

2. We are agreed, however, that in one way the report is misleading.

There is constant use of the word "conservative", which is used as a synonym

for "ultra-cautious". In numerous places the work described is based on

highly improbable assumptions that have been chosen so as to build in huge

safety margins. The correct won! would be "ultra-pessimistic" If, for

example, a safety analysis assumes that groumlwater will ri*« from a repository

to a drinking water source in 500 years, when the best professional estimate

is 5,000 years, a safety factor of 10 has been assumed. We suggest that is

an unacceptable and misleading practice.

3. The correct approach should, in our view, be to base the central

analysis on the best estimate of all parameters. It would then be possible

to indicate confidence li.nits for the worst possible and least-imaginable

impact cases This is common practice in ••ther reports of engineering safety

analysis. It formed the basis, for example, of the U.S. Climatic Impact

Assessment Program analysis of the potential impact of halocarbons on

stratospheric ozone.
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4. We recognize that the authors >f the report have leaned over

backwards to meet their critics. But the definition nf acceptable risk

should be a political action, and not an attitude that should colour professional

assessment of that risk. Such assessments should always be based on the most

realistic values of all parameters. Scientists and engineers are notoriously

conservative, and if these are conservative estimates the public can be sure

that the true figures will be much worse (without being sure what "worse" means).

By the time hard figures are available the pessimistic figures used here will

be carved in stone. One example is the treatment of gr'>undwater. It is assumed

in the calculations that it will be oxidizing, but all data indicate it is

reducing. This will increase the time for dissolving Cu, Pb, U by orders of

magnitude, yet the figures in the tables relate to oxidizing conditi>ns.

5. Sweden will set an example for the rest of the western world,

and the conclusions and methods used will be a major influence for a long time.

Thus, what is done must be safe, but not unreasonably pessimistic. We think

it essential that the calculations begin with the most reasonable assumptions

and then show they might be modified if specified conditions materialize. In

this way, the pessimistic cases will be seen to be what they are, rather than

conservative estimates made by people who will be charged with trying to

sell a product.

II General Comments

6. The report is an outline of a method of final storage of Swedish

irradiated fuel designed to meet the legal requirements of demonstrating

"how and when an absolutely safe final storage of unreprocessed nuclear fuel

can be effected". Thus, the methods described are not necessarily designed to

be economical or optimal between present or future risks but rather are

designed to meet the requirements of "absolutely safe". The report attempts



37

to demonstrate analytically a method that would meet this requirement. We

can assume, perhaps, that it describes what could_ be done, not necessarily

what will be done.

7. Also, because of the terms of reference of the study, the final

storage is aimed at a finite amount of irradiated fuel, i.e. 9,000 Mg. Granted,

if a fully satisfactory final storage method is developed for this much fuel,

then presumably much more could be disposed of in the same manner: but we

believe the report should have dealt with the possibility and consequences of

continuing and expanding nuclear-electrfc generation of electricity in Sweden.

H. We are again favourably impressed with the thoroughness, breadth

and readability of the KBS Report, and extend our compliments to the authors.

The report is obviously the result of extensive research and development and

careful planning. It is difficult to find fault with the approach being

taken except that it appears to be excessively cautious in many aspects. Some

of the barriers proposed are probably redundant and give protection beyond what

is really needed.

q. As the method of final storage tor spent nuclear fuel, as outlined,

is? in our opinion, very safe and would result in little if any long-term

impact on the environment or life in the vicinity, most of our comments are

directed at what appear to be unnecessary and possibly expensive aspects of the

proposed scheme. We believe that the report meets the objective of demonstrating

analytically that a method for safe final storage of unreprocessed spent nuclear

fuel can be put into operation. We also suggest that the hazards associated

with the operation could be reduced by avoiding unnecessary steps. These are

indicated in the following comments.
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III Central Fuel Storage

10. The proposed storage period prior to deposition in the final repository

is 40 years. This is to avoid any possible adverse temperature effect on the

buffer material Which would surround the storage canister, or on the sur-

rounding rock. Though we recognize the problem of the disposal of the heat

generated by the radioactivity in the spent fuel, we question the wisdom of

extending the surface storage to 40 years. The heat production rate, after

20 years storage, is only about twice as high, and the maximum temperature to

be found in the final underground storage is very much a function of the

detailed design of that storage. The amount of spent fuel on the surface would

be reduced by two by shortening the storage time to 20 years, and this would

also halve the hazard associated with storing fuel at the surface. The balance

of cost between doubling the surface storage facilities for 40 years of cooling

and the designing of the underground facility to disperse slightly more heat

is far from clear.

11. We agree that the irradiated fuel could safely be stored under water

in the facilities described. Corrosion should not be a problem.

IV Encapsulation Station

12. The layout of the encapsulation station seems well-conceived, although

we cannot comment in detail on the operating procedures; but we do question

the need for some of the steps. Is complete dismantling of the fuel assemblies

really needed? This is a potentially hazardous operation that will result in

some fuel being spilled, so why not cast the whole assembly in lead and avoid

this problem? The answer is not obvious to us from the information given in

the report.

1.3. The extent nC the encapsulation appears to be excessive One

main reason given is to provide a barrier from '-oiinterattaek that will last

for at least one million years. Secondly this is excessive when there are

also other barriers to the escape and migration of radioactive particles?
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We suggest that the copper canister might be reduced in thickness, perhaps by

a factor of 10. The other reason given for having such a thick ca ister is

to afford radiation shielding, which simplifies handling and reduces radio

lysis of the groundwater around the canister, which is important in limiting

corrosion. As for the case of handling, there are many other possibilities

than building a thick canister around each bundle of fuel. The effect of

radiolysis on the rate of corrosion of copper may be a factor, but in a

reducing environment, such as would be established after the final storage is

sealed, the effect if any would be expected to be small.

V Final Repository

14, The design of and operating procedures for the final repository appear

satisfactory to us. The use of bentonite to seal around the canisters should,

of course, be demonstrated in test facilities, but we agree the concept should

work. The addition of 0.5% ferrophosphate to the sand-bentonite buffer used

as a tunnel fill is a very good step, but we wander why it is not added to the

bentonite blocks that are to surround the canisters. After all, it is close

to the copper that reducing chemistry s' ould be established as quickly as

possible. The oxygen in the tunnels should also be retained, but if by chance

it did diffuse to the canisters it would take a long time.

VI Buffer Material

15, We agree that bentonite makes a good buffer and bac'<-fill material.

The studies done and supported appear to be extensive and have revealed no

unacceptable problems.

16, Some question might be raised concerning the capacity of the bentonite

to prevent the canister from settling to the bottom of the repository, thereby

bringing it into contact with the enclosing rock and escaping from the protective

shield of the bentonite. The possibility is remote, but it is the sort of
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argument one might expect from critics: "We all know that when bento:iite gets

wet it becomes a mud and the canister could slide right through it to the

bottom. After all, bentonite muds are actually used as lubricants in drill

holes." Anticipatory rebuttals to this sort of argument would be useful in

the report

VII Canister Material

17. The primary function of the canister is "to constitute a long-term

double barrier against the escape and dispersal of radioactive elements from

the fuel". In fact, it can be a barrier against escape, but can have no

influence on the dispersal if escape does occur. In any case, we do not see

the need for the canister to provide a barrier with a calculated life in excess

of one million years if account is to be taken also of the other barriers, i.e.

the lead, the zircaloy, the buffer material and the 500 m. of rock.

IP, "The secondary function of the canister", says the report, "is to

afford radiation shielding to reduce radiolysis of the gioundwater to a level

which is low from the viewpoint of corrosion." This contribution to corrosion,

assumes all the oxygen and peroxide formed by radiolysis contributes to corrosion

a very unlikely situation. A calculated total corrosion in one millio i years

is given on p. 140 as 0.4 Kg. Cu., corresponding to a penetration of 0.003 mm.

in the thickness of 200 mm. If a more realistic view of the influence of radiolysis

on the corrosion rate is used, and a val ie of total corrosion of say 100 kg

in one million years is accepted, it is obvious that the copper canister could

be a lot less thick than the 200 mm. proposed, and still provide a very

adequate long-life barrier. In calculating the effect of radiolysis. account

should be taken of the fact that the intense beta and gamma radiation from

the fission products will be nearly gone after 500 years. The remaining alpha

activity would not even penetrate the zirconium cladding let alone the

copper canister.
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Xn, It would seem that irradiated ttiel in a minimum container, and

buried in the repository at a depth of 5uo-600 metres where it was enclosed

by the bentonite buffer, would be safely contained in the Precambnau rocks

of Sweden (or Ontario). It, however, calculations snow that some more sub-

stantial container is needed, consideration sno^id oe given to non-metallic

materials. Although there AS no indication that the world wii: be short or

copper in the next few generations, we are nere considering a goo i many centuries

or millennia. To establish a repository containing some hundreds of tonnes of

Cu could defeat the purpose of the repository. We are now mining Cn at about

0.4% grade, or 4 kg. per 1,000 kg. Although, on average, the grade of Cu in

the repository as a whole would be less, yet there would be specific targets.

And the extraction of the Cu would not depend on crushing, grinding, milling

and smelting. Of course, a society advanced enough to recover the Cu would

also know the hazards of the material it contained. Nevertheless, we have adopted

the axiom of reducing temptation to succeeding generations. We suggest,

therefore, that serious consideration be also given to a canister of ceramic

or other synthetic material.

VIII Leaking and Material Transport

20. In many places, so-called conservative assumptions have been made

in calculating affects. For example, if radiolysis contributed significantly

to the condition and dissolution of uraiium, how can high-grade uranium ore

bodies exist in wet areas? Also, the assumption at the bottom of p. 161, used

to calculate uranium dissolution, gives needlessly high values. We do not

understand the need to distort the real situation this way, and, in fact,

these assumptions make Table 6-1 very artificial. Again, all calculated retention

times in Table 6 2 assume oxidizing conditions, but in fact, the clay barrier

will be operating in reducing conditions. Is it safe to assume that the real

times will be much longer for all estimates? The statement on p. 165 first
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paragraph, is only true if the values given in Table 6 2 are assumed; but it

is obvious that they are incorrect.

21. The repository considered nas five buffer or retardation zones:

(a) Tne irradiated fuel itself is difficult to dissolve;

(b) The Cu canister is soluble with difficulty and it is very durable;

(c) The canister is packed in material that is highly absorptive, is
not porous, and expands if wetted;

(d) The flow of groundwater is very low;

(e) The rock itself provides chemical barriers against dispersion.

22. The system of redundancies seems a case of "overkill". The critical

element is case c. If experiments show that this functions well, then it

hardly matters what the canister consists of, as long as there is sufficient

protection for the people who have to get the irradiated fuel into the repository.

Thus tne bentonite/quartz mixture permits passage of water very slowly, and

expands somewhat when it is wetted. Any water tnat might reach the periphery

ot the repository would cause the bentomte to expand and therby seal any openings

that might exist and make it impossible tor water to pass through it to the

canister.

23. Even supposing that the groundwater reacned the canister, it would

be in small amounts and in a reducing state. Tnat it would dissolve the Cu
6

canister and the Pb filler in less than 10 years we find incredible. Then

it has to leach the irradiated fuel, which would be iugt as difficult to get

into solution as the Cu and Pb, The dissolved nuclides would be able to leave

the repository only by passing tnrough the bentonite, a very slow process, and

the bentonite would absorb practically all the radioactive elements. The

principal escaper would be 1-129, but it would be in extremely small amounts

and, since the groundwater would move very slowly through the bentonite, so

would the PT29 and any other non-absorbed isotopes. Finally, the contained

nuclides would have to migrate vertically upwards for 500-600 metres before
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reaching the biosphere. Moreover, even if there were fracture paths for the

solutions to follow, it is unclear how the fluids will be driven to the surface

in an area of low topographic relief except over very long periods. "Hie hydro-

static head will inevitably be low as well.

24. Some critics seem to be worried about the escape of the nuclides that

are not absorbed on rock materials or even in clays. The amount that would

escape under credible conditions is very small. We wonder, however if some

organic compounds might act as retardera for those few elements. Certainly

organic material has a strong influence in concentrating uranium as described

in the KBS Report. At Cluff Lake in Saskatchewan. Canada, some 6 metres of

a maturated mixture of glacial wand, gravel, and clay are enougl' to prevent

detectable amounts of radioactivity from reaching the surface. True, these

glacial materials froze solid each year, but frost action is a possible release

mechanism. Perhaps the organic environment of the high grade deposit was an

important inhibitor. It was surely an important collector.

25. The test site at the Stripa mine (visited by Harrison) contains a most

impressive array of equipment at a depth of about 335 m. Several small

fractures were leaking water at that depth, so it will be most interesting to

learn how well the bentonite/quarta mix will repel the water. Even so, we

wonder if 500 m. is deep enough to close the fissures through increasing rock

pressure. Perhaps 600 metres Mould ensure a tighter repository and the

extra cost of going from 500 to 600 m, should not be excessive. While we are

confident that the Swedish system is safe, it might be wiser not to tempt

fate (and the critics) by placing the repository at a depth where such open

fractures exist, even though they are very small openings.
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IX Conclusion

26. Finally, no endeavour is absolutely safe but we Relieve that Swede-

can safely dispose of its high level nuclear wastes using present technology.

However, none will be disposed of for at least 25 years. If one ca") use the

last 25 years as an example, our successors will have better knowledge on which

to base decisions, and better technology to carry out the decisions. We see

no cause for alarm concerning the disposal of irradiated fuel or high-level

wastes - only the need for the utmost technological and social vigila ice in

carrying it o;->t.
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INTRODUCTION

At the request of the Swedish Ministry of Industry (Industrydepartnent), the

"Institut de Protection et de SQreté Nucléaire" has reviewed the KBS II report "HÖ: :-

ling" and final storage of unreprocessed spent nuclear fuel" which has been establ.s-

hed by KarnbrcuslesHkerbet" organization (KBS) in order to demonstrate, in ro^por;: ti-

the Swedish legislation, the availability of an"absolute safe method" for the dis-

posal of spent fuel elements.

The technical background of the KBS II Report has been examined by specialisi;

of the CEA : Institut de Protection et de SQreté Nucléaire, Division de Chir.ie,

Division d'Htude et de Développement des Réacteurs and of the Laboratoire d'Hydro-

géologie Mathématique de 1'Ecole Nationale des Mines de Paris (M. de Marsily; as

consultant, under the general coordination and supervision of the Institut de

Protection et de SOreté Xucléaire.

The KBS II Report has been reviewed in its entirety, but items dealing with

the safety aspects of the proposed solutions have particularly been considered :

therefore, particular attention has been paid to the capability of the different

barriers, namely waste form, canister, buffer material and geological fornation,

for confining radioactivity in the long run. The analysis has been strongly suppor-

ted by reading of additional technical reports on which is based the KBS II repor:

and which were available in English. The IPSN has to acknowledge the Swedish Emha-;v

in Paris and the Swedish authorities for their help in providing most of these

documents.

Besides, a meeting between Swedish scientists and engineers of the IPSN was

hold in Paris, last January during which complementary information on KBS II Sepor:

were obtained by the French party.

The KBS II Report deals with the disposal of spent fuel elements in a reposi: -

ry located at a depth of 500 m, in a crystalline formation. The fuel elements are

encapsulated in a conper canister and overpacked with bentonite.
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The French reviewers have been strongly impressed by the tremendous ar.-.< unt

work and the value of studies presented.

The analysis includes different comments related to the different topics

cussed in the KBS II report and a technical report, only available in French, ;

ted to the activity resulting from the disposal of ?'.*R spent fuel elements incc

geological formation. This work has been performed with a model different iron

model used by the K3S specialists. The French results are consistent with the I

dish results.
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I - FACILITIES.

An examination of chapter 2 of the KBS document "Handling and final störar; of

unreprocessed spent nuclear fuel", clearly written and illustrated, enables a i. jar

understanding to be obtained of the logical sequence of the installations and ~.i

successive operations leading up to geological storage of spent nuclear, fuels

There is nothing in this chapter which would lead us to contest the choice:

or the hypotheses but it does appear to us to be interesting to emphasize certs-i

points which in our opinion merit further development or greater definition.

I - I - Central storage capacity for spent nuclear fuel.

In the KBS document it is considered that : having regard to the at preset:

excellent in-pool mechanical resistance of the spent nuclear PWR or BWR fuel, i:

is possible by extrapolation to state that at the end if forty years this nude.:

fuel will remain in good condition and entirely suitable for the various handli:;

operations.

This hypothesis, although plausible, cannot be accepted as such from a sa:;:y

point of view and it would appear logical in order to provide against a difficult

situation :

- to define and to undertake a continuous surveillance programme of the central

storage capacity, of a few elements of spent nuclear fuel particularly represer.:>ti-

ve, luring the course of the forty years of storage.

- to have a complete mastery of the container-making technique so that this nay :e

used before the period of forty years should that be required, even if it were

necessary, for thermal reasons, provisionally to store the containers thus ol>t£_-.ed

before geological burying.

The decision to bring together all the nuclear fuel elements in a central

storage facility appears to us to be good, since, for example, the physical in_r-

pendence of the installation (not forming a part of the reactor) enables prntec:-on



against external attacks (buried installations» to be increased and its sc.ile o-.:.«;-

rages the provision of means of surveillance oi the spent fuel which •ill bo .-.'.;

more important. This solution nevertheless requires the fuel to be transported : .;

involving additional mechanical stresses for the fuel. Ic will be sought to sin:-."e

these stresses.

I - 2 - Station for encapsulation.

It will be noted thst the arrival of the spent nuclear fuel at the enc-ips..::-

tion station will occur after this fuel has been collected and transported, t.v-1.

it not be preferable to have a direct connection between the er.capsulati r. stjii.:

and the central storage installation, thus enabling a second transport to be av.i.^rf.

The series of handling operations which will permit, starting with the r.ucii.r

fuel, to encapsulate it in three different forms : fuel pins, fuel pin waste, ir.

copper containers, and the structure of the nuclear fuel in concrete moulds, ap;-:rs

to us to rely on known and secure techniques.

It should nevertheless be noted that the rate of fuel pins damaged during . .. t-

ling is in the first place related to the state of the nuclear fuel at the röner.: :

dismantling, but also to the quality of the design and the construction of the c: -

mantling machines which must be particularly studied and analysed subsequently ir.

order to minimize the production of waste fron the fuel pins.

In the chain of operation, the correct filling of the container with lead a: ;

the quality of the welding of the container lid are extremoly important since :r. •

establish the container as a defensive barrier against the dispersion of the rac:;-

elements. It is therefore necessary to avoid any incident which could disturb chc;

operations.

The encapsulating of the nuclear fuel waste - which one will be satisfied is

completely dry, in boxes, in their turn placed in a copper container, which is sub-

jected to the same series of operations as the containers containing the fuel pir.5

does not call for any particular comment.
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It would have been desirable that the paragraph dealing with the quality :J\-

trol should emphasize the controls carried out on the container before burial, ad

explain the reasons for them

In particular and although it is difficult to envisage a cause leading tc ~.

incorrect filling of the container with lead, it would be reassuring to have --::r.s

of verification other than the measurement of the level of lead in the contain:

(by weighing for example).

I - 3 - Final storage.

The placing of the containers in the cells cut into the granite after pas;-:?

through various wells and galleries is described in an convincing manner The

following comments may nevertheless be made :

I - 3 - I - It would be desirable that the statement made in the text to the effect ::st

ground water before coning into contact with the nuclear fuel must pass throug- :he

copper of the container, the lead, the zircaloy covering should be corrected. '.:

effect it app?ars from the ir.eeting organized with the Swedish experts that "-hcT-: :s

no"sticking" of the lead on to the fuel pins (retraction after solidification,

presents of "cruds") anJ thit the water after having passed through the copper ::ntai

ner could spread out into the space between the zircaloy covering and the lead

without having necessarily eliminated the latter.

1 - 3 - 2 - In order to control and to reduce to the maximum the risks of handling ~rin?

the transfer of the container from the encapsulating station to the repository .- the

granite, controls instruments (acceleroneters for instance) should be placeH or. ;ich

container during the entire transfer so as to prove that the container has beer

subjected to mechanical stresses insignificant or below a determined threshold.

2 - GKOLOCA' AJ.'i.' GR0U"D '.-' VI^R cr

The purpose o! the KBS II report is to demonstrate the possibility of fine, i

in Sweden a suitable crystalline formation.

? - I - ~eisrolo;y.

It is said th.it "th- fcandinavian earthquakes are related to bedrock r;ve-~:s
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which are independant of the ice age. It is difficult to assert that no carttiq^.ce

can be generated by an ice cap loading and unloading as it has been observed ai.i-

ciated on a more United scale with dam reservoirs. The extrapolation of the pr'.:ent

law of the seismic activity in the long run is questionable.

Discussion of nev: fracture movement in the bedrock.(p. 84-95, vol.II).

It is worthwhile noting that this paragraph does not bring any significant :ew

information above the previous discussion in the report for reprocessed waste (-.:!. II

geology,p. 49-59). In the first report, it was said that "further studies are ri:ui-

red to obtain a complete picture of the formation and importance of reported rt'_?r.t

rock movements". Clearly, these new studies have not been achieved at this pcin: 7e

believe that a considerably larger attention should be given to this problem,ar..

that such studies may take many years.

The discussion of the problem shov;s a fatal lack of scientific evidence to

.support the reassuring conclusions such as "future rock -r.ovements therefore pre::-.t

no threat to an absolutely safe storage outside zones of novements"(p. 95). Thi: is

wishful thinking, not safety analysis. It may well be true, but it has to be prcid.

The major objections to the discussion are the following :

4) Past stability will nevc^ be sufficient to prove future stability 'p.?5

otherwise no new tectonic phases in the earth crust could be conceivable.As the .z-

velopment of a new tectonic activity in general is not yet clearly understood, - re

caution is needed.

£) All the figures given to assess probability of fracturing average out t": :

tectonic activity over a very lony period of time (570 to 1.400 millions veers) for

isntance, the probability of 5 x IO" in 10^0'" years that a circular repository • :

I km be hit by a new faulr 'p 66). or the probability distribution of displccs-jnts

of a given magnitude (p. 90-91). But it is well known that "movement took place _-.

rapid steps separated by long periods od little or no movement" (vol. II, geolor,

p. 51). Those averages are iherefore not valid for safety analysis.

f) It is worthwhile not in;; that tectonic actvity in Skåne is said to be rel.ied

to volcanic activity around the Alps (from France to Poland), the latest activir-

being reported in Germany 11,000 years ago (vol.11, geology,p.57). It is well kr.-m in

France that this volcanic activity is not considered completely dead, only in-ct.'a ;H

present.



The discussion of uplift and glaciation (p. 92) shows that opinions in Swede:

vary as to the causes of rhe observed phenorenon. The subsidence of the Baltic se:

and its consequences shoul.-l be clearly understood.

At last, the rock mechanics studies undertaken by Stephansson (technical repo:

29 : deformations in fissured rocks) should be continued and applied to the proposi

repositories, for the given density of fracture and various directions of nei: stre:

ses. Influence on the integrity of canisters as well as permeability of the rock

should be assessed under pessimistic assumptions for a safety analysis.

2 - 2 - Groi'r.cT-'.-'ater.

It is difficult to predict the exact spatial distribution of the transrnissive

rocks. Considering the large extent of the repository, the total 1,-ick of tror.s.-.issi

ve rock in the vicinity of drifts may be difficult to prove ; the conservatism of

the variation of conductivity law used in the report is questionable.

It is stated thet the heating gives rise to only an insignificant perturbcticr

of the prevailing flov pattern ; this assertion is not demonstrated. Furthermore,

the presence in spent fuel elements of a large mount af activities can entail a s_

ficant thermal load during s long period of tine with consequences or. fracturing

and o:v movements of cov-vo.ctLve currents.

It would be interesting to evaluate the consequences of rhe drainage of the

area around the repository during the operational phase and of the presence of res:

dual gases in the fractures after restauration of the natural ground equilibria.

Owing to the importance of the stability of the redox conditions during a lor

period of time in order to prevent any corrosion of canisters, we need a more conv:.

cing demonstration of the stability of these conditions in the long run.

It Is stated that the question of the location and extent of water-bearing

zones is not of decisive importance for the safety of the final repository as long

as each individual waste canister can be surrounded by a rock volume of low permea-

bility. Considering the very large extent of the lay-out of the repository such a

situation more during a long period of time, may be difficult to deracnstråte. The

value of several metres of rock with low permeability seems to be very low and not



conservative. The concept of impervious rock around the canisters is questicna:".

because it is difficult to prove without a large number of destructive bore'r.ole:

Most of the studies on ground-water flow around the repository are based ĉ

the assumption that the fractured medium can be represented by an equivalent hc-a

geneous continuum. This leaf's KBS to the following conclusions :

- the transit cine of the water from the repository to the surface is aro.-

3,000 years a-<d will remain so for a million years ;

- the convective flow due to thermal loading is negligible ;

- dispersion due to heterogeneity in fracture properties can be approximate

by saying that 5% of the maximum concentration can be obtained in 20 7. of the zn

transit time.

As a pessimistic case, KBS assumes that the transit time of the water can

400 years.

These conclusions seem to us very arbitrary and not based on sound scier.n:.;

evidence. We will discuss them in detail below ; however, it must be realised

that the hypotheses used by KBS give a very minor confining role to the geologi:

barrier (apart from the retardation mechanisms due to sorption, which will ;e --.-

cussed later --n. Even if the pessimistic case showed a transit time of 100 year =

instead of 400, tne overall safety analysis of the KBS proposal and we have shr.-

in I that the bentonite cannot, at this stage, be proved to be insensitive to rrr;nd-

water flow.

2 - 2 - I - Discussion_on "ground-water movement around a repository", Hagcor.sult ;j.

October 1977, KBS n°54:O6:

This report deals with analysis of water movements around a repository in crys-

talline rocks.

The principal comments that can be made on this study are caused by the re*r:-

sentation of the fractured mediun as an equivalent porous medium, in & way whic: ioes

not seem justified.



2 — 2 — I — T - The concept of an equivalent continuous permeability may perhaps help t:

predict, in a fractured medium, the global flow of water in a large mass of roc: ;

but then, in predicting flow path and travel time alonj a flow line (i.e; solur;

transport), one i.wst explicitely account for dispersion. This is only done in ::3

safety analysis (chap.8, vol.II,p.234 and 185) by saying that "5 Z of the maxirum

concentration can emerge after only 20 % of the mean transit tine".This is not -sry

satisfactory. In systems with parallel fractures, it can be shown that Fickian :is-

persion can sometimes never represent transport adequately. This figure stens i:?m

the experiment performed at Studsvik with only 22 or 70 m spacing (whereas the :ii-

ta-oe ol" displacement will necessarily be greater than 500 m), or from statist.:al

analysi* of normally distributed fissures. These values have to be confirnsd b~

experiments or measurements.

2 - 2 - 1 - 2 - The assumptions made for the value of this ecuivalent continuous perme-iility

are very arbitrary. Three cases are considered :

Q

- case I : K= 10 m/sec (homogeneous,isotropic),

- case 2 : K varying with depth (inhomogeneous, isotropic),

Log K = -5,57 + 0,362 Log z - 0,978 (log z) 2 + 0,167 (log z) 3

- case 3 : anisotropic, inhomogeneous

K as in case 2 (horizontal permeability)

K = I0"9 ra/sec.
z

These values seem relatively low for a safety analysis. Furthermore, the t;sum-

tion of a systematic relationship between permeability and depth is not valid :.r a.

safety analysis : it may be true in the average, for a large nunber of wells i: 3

large sample of rock type, but it certainly cannot be applied to a unique loce^jn

such as a repository, where permeability at depth may vary greatly around this ivera-

ge relationship. See, for instance, the values of permeability obtained in the :ore

hole of 500 m at Karlshamn I, Finnsjö I and 2, KBS report for reprocessed .,as:;s, vof

II (geology),p. 13, 20, 21. No relationship of this type can be found, the distribu-

tion of permeability seems more random.

* G. Matheron et al. : Is transport always diffusive ? A counter example. To i:ear

in Water Resources Research, 1980.



2 - 2 - 1 - 3 - No serious attempt has been made to handle the problem stochastically. On

p. 32, it is stated that "stochastic models . were not appropriate for modelli::

spatial variability" which is nonsense (see, for instance, L.W. Gelhar et al. :

Stochastic analysis of macro-dispersion in a stratified aquifer, Water Resources

Research, 15(6), Dec 79).

The so-called "assessment of variability in velocity predictions due to uncer-

tainty in estimate of the flov parameters" which was performed assuming spatial in-

dependence of these parameters is meaningless (curve, p. 33). The stochastic anal;.;.3

of flow cannot be made without taking into account the spatial correction. The

variability of the "average" predictions given with the "average" permeability is

therefore completely missing in the report.

2 - 2 - 1 - 4 - The convective flow of water generated by the thermal loading of the repcr. •

tory has also been approached using the concept of an equivalent porous medium. Tr_5

seems even more inappropriate for a safety analysis, as convection can take place .n

a single fracture (or at least a small number of interconnected fractures). Convec-

tion should be, in that case, studied with laminar flow in the fracture, and condi-

tion in the rock mass. Results may be very different from the case of an equivaler.:

porous me iiura.

Even so, the values obtained in the report (p.73) show a time for rise to sur-

face of 200 years (case I),to 2.000 years (case 3) after a storage of 1.000 years _i

the repository. As these values are averages which disregard dispersion (heteroger.î .-

ty in veocity), they do not seem very satisfactory for safety. The argument that

this vertical velocity component will be overpowered by the regional horizontal fir/

(p. 77) does not seem convincing. It may be true in the average for the present cI.na-

tte conditions. But it may be wrong for localised areas poorly interconnected with

the regional flow (which can occur due to the random nature of fracture patterns),

or also for different climatic conditions, or boundary conditions of the flow (e.g.

repository situated below a piezometric dome, or a stagnant area like a lake...).

Thia is not quite satisfactory for a safety assessment.

As a final comment, the report is very often difficult to understand, and muc:

important information (e.g. the models) are not included.

jl 2 ~.IS5E.*r£22 *P* 95-99,vol.II)

The Blekinge coastal gneiss et Karkshamn seems an attractive rock in view of



its characteristics. But :

- a very limited number of not deeper than 750 m is completely insufficient zc

ensure that no crushed zones or fractures exist at depth. This is only wishful

thinking. Furthermore, the wells should go deeper ;

- experiences from existing heated caverns for oil storage can only be cc-r.-

dered with caution to be applicable to the problem at hand : have fractures bee:

encountered during the excavation, and subsequently sealed ? Furthermore, it i.- veil

known that heating the rock closes the fractures (cf. Stripa), thus reducing tis oer—

meability . The important aspect is what happens at the cooling stage, when ths frac-

tures open again.

The other areas exhibit variations in the permeability which are the signs ::"

heterogeneity of a fractured granits and of the existence of non sealed fractur-:-

at depth.

2 - 2 - 3 - Groundwater conditions (p. 99,vol .II)

For groundwater flow time calculation (p.109), a porosity of O.I 7. has bee:

used, from data obtained by tracer tests in a "permeable zone at a depth of arc.::

500 m". This value is relatively high for fractured media, and may perhaps be r;li-

ted to a crushed zone. At a crystalline "massive" in France, at a depth of 40 :

we found a kinematic porosity of 0.01 X by interpreting the tracer test, -.;hich ::

more representative of a fractured medium (e.g. a I mm fracture every 10 m, or ..'. met

every 100 m). In a rock with very few or very closed fractures, the kinematic p:— -

sity could be much lower (10 ', 10* , . . . ) . Thus, the flow time computed by K3S --.

be over-estimated by a factor of 10 or 100, thus making the picture much less f-:-

rable.

Now, this porosity of O.I 7. may be assumed to represen*: the porosity of the in-

fractured rock matrix which is then a much more realistic value : usual figures izt

between I 7. and O.I 7.)? But, in that case, it should be proved that an exchange ri-

chanism exists between the flow in the fracture and the porosity in the matrix ; -3

view of the very low permeability ot unfractured granite, this can only happen tir

ionic diffusion (see Barbreau et al. : Premieres evaluations des possibilités d£-

vacuation des déchets radioactifs dans les roches cristallines - colloque AI2A/.-.I ,

Otaniemi, 1979). But then, this process is very much a function of the transport

velocity in the fractures, a problem which has not at all been considered by KB/
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Furthermore, values cf diffusion coefficients in grnnite should be ne;.surc for

each species. The only information given in the KB.S report is that the electric re-

sistivities of the water contained in the fractures or in the rr.atrix are very :-ffe-

rent (40 and 3 Qia respectively,p. 104). This would tend to show that diffusic: is

very inefficient to "equalize" the concentrations in the medium.

The figures given for the transit time from the repository to the surface ire

therefore not very conservative and cannot be accepted without further studies.

However, the problem of the interconnection of existing fractures (p. 106.".07)

is real and should be tackled experimentally in site at depth.

Finally, the case of a canister surrounded by bentonite and "several r.eter;" of

low-permeable rock, anJ then by fractures, shoulJ be studied and modelled in cV.ail,

and not just covered by the statement that the transit would take "several thc-:and

years" (p. 107). All mechanisms should be studied at a scale of a few meters d:er-

mal convection, influence of temperature variations on joints, diffusion, osinci.s,

Soret effect, etc... as well as the leaching of the bentonite).

2 - 2 - 4 - Groundvater cge (p. 107, vol.11)

In view of the numerous assumptions And corrections necessary to obtain a: age

from C 14 measurements, this chapter does not bring much evidence. Furthenr.ore. an

average age of, say 10,000 years cannot prove that the transit time takes 10,o::

years : a very small quantity of "young water" may be present in a few circulating

fractures, while the pumping of the well to obtain the sample may draw very cl. water

Crapped in non circulating fractures or pores, which mixes vith the "V.ew" water and

gives an erroneous average age. Here again, we face the problem of heterogenei:- and

dispersion, which is ignored by KBS.

2 - 2 - 5 - Chemical environment (p.Ill,vol.II)

The fact thct reducing conditions are likely is encouraging. But :

- in order to prove that a source term of actinides is impossible, insolur.lity

is not enough. One must prove experimentally that no radio-el err en t may be extr;:ted

from the waste and migrate, either as soluble ions, or as insoluble colloVds c:

complexes ;
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- it is well known that radiolysis can bring oxydizing conditions. The prohH-

is avoided by KBf by stating that the canister will annihilate radiolysis. This is

inconsistent with the concept of barriers in safety anal.sis : if the canister is

efficient, no leakage will occur, but if the canister fails to obtain the waste

(corrosion), then water will, while leaching the waste, be submitted to radiolysij

3 - BUFFER MATERIAL

It is clear to us that a considerable work has been undertaken, as a result c:

investigation both theoretical and experimental and our remarks are only of a miner

critical nature, since the report is very clear and, further, all the chemical pr~-

blems concerning storage ot the fuel havr been evaluated by the Swedish specialist;,

who have given acceptable replies in the present state of knowledge.

As a matter of fact, the chemistry of transuranium elements is extremely con-

plicated. It is fairly well understood in conditions where concentrations are easil/

accessible, in acid surroundings, with or without the presence of complexing anion:,

with or without the presence of a redox couple vhich fixes the potential of the sec-

tion.

With storage, the looked objective is a zero (or minimal) flow of transuranium

elements, in particular in a real environment which has not been the subject of preci-

se laboratory study (absence of oxygen, reducing solution, pH domain to close to

neutrality, low ionic force).

The values of K,, K , K., given in pages 184 to 185 of the report are stated

to be conservative since it appears certain Lo the authors that U(VI), Pu(IV) are

more mobile than U (IV) for example, whence the K, in general higher in reducing
a

conditions than in oxidising conditions. These values may be doubted in the case o:

plutonium in that the behaviour of Pu (III) is very little known.

However, it is necessary to improve our knowledge of the chemistry of plutoni.ai

in a natural setting, which needs for this particular element, as for transuranium

elements in general, to be perfected in the laboratory.

It appears to us that the retention data concerning plutonium should be per-

fected. An experimental investigation should enable the ratio [̂ Pu (III) Pu (IV)J a-

a function of E. , the content in carbonate and in Fe (II), etc... to be defined.



59
It is very desirable to define the values of K, for each of these two degrii>

of oxidation apparently representative of plutonium in the storage conditions

Seme doubt may be permitted as to the real compounds of plutonium (IV: in

conditions appioaching neutrality (presence of condensed ions, polymers of lov IZ./OT

high molecular mass, monomeric hydroxides, complexes principally carbonated an: :r

sulphated)

However, the measurements of the coefficients of diffusion in bentoni re ar?

sufficiently significant to conclude that this barrier ensures a complete lcr.z -.zra

"water tightness" in storage, provided that the bentonite remains compacted.

That only the barrier of the "canister" should ensure the confinement of î =;e

two fissionable products appears to us to be a weak point in the storage scr.e-t

So far as the "buffer material" is concerned the determining factor of the

retention by the compacted bentonite subjected to considerable stress is the v= —

low diffusion coefficient which needs to be confirmed in the case of the ur£ni_= -:nd

transuranien elements, since to our knowledge, only experiments concerning Na .

Sr**, CH,H have been effected (ef K.B.S.86 and 87).

3 - I - Non-retained radio-elements.

Two fissionable products with a very long half life, technetium (in oxidisir:

conditions) and iodine 129, are found in solution in anionic form and do not urn:go

any interaction with solids ; they could be transported by water without any re.::-

dation This radio-element is pre-occupying due to its toxicity.

Although the "buffer material" is in particular intended to protect the czz.i-

ter against attack from water, it is also a geo-chemical barrier limiting c'r.e ^ r a -

tion of the radio-elements The bent*nite does not fulfill this role vis-a-viä v-se

anionic fissionable products .We would draw attention to the fact that cereal- -_ne-

rals exist (ores of copper, iron, lead) which can ensure a satisfactory retenti- of

iodine and of technetium. It will be useful in a general report to draw aczenzi—

to the existence of these anionic geo-chemical barriers in the case of subsequent

questions arising in connection with safety vis-a-vis technetium or iodine.



3 - .? - Beh.-iviour oi pure bontonite in a fractured r.ediv.ri.

KBS proposes to introduce blocks of highly compacted bentonite into the si:-

raf.e holes, then etnplacing the canisters inside the bentonite blocks (with onl-

a 30 mo gap), then filling the hole with bentonite powder and more bentonite b.:cks.

Here it is worthwhile to point out hte technical skill needed to introduce a U ' m

long canister with a 0.77m diameter into a hole with only a 0.83m diameter, wiv.wt

loosening the bentonite.

The average density of the bentonite, after saturation with water and swe'..ing

is said to be 2.1 t/m .

Three mechanisms can be imagined, which could alter the efficiency of the .•en-

tonite barrier :

i) displacement of bentonite by water transport in the fractured rock ;

ii) displacement of bentonite because of its swelling pressure ;

iii) modification of the property of the bentonite by sodium-calciu.-rt ions sxchart

3 - 2 - I - Transport of bentonite in fractures.

It is well known that, in fractured rocks, the fractures are very often c::;ed

with clay particules, which consequently are able to migrate in the fractures -r.der

natural flow conditions. This clay generally comes from the chemical alteratic: of

feldspath, and is found at very large distances from the points, where it was ite-

rated.

Furthermore, it is also standard engineering practice not to use pure ber: mite

when grouting a formation (especially fractures system), but to use a mixture ::

bentonite and cement (or also silica and cement), especially if the grouting •_; to

be impervious for a long time period. It is also standard engineering practice :hat

grouting around a dam in a fissured system may have to be performed several ti-is as

the dam ages, because of disappearance of the grout through transport by water

Therefore, it is very optimistic to suppose, as does the KBS report, that ?ure

bentonite will indefinitely remain in the storage holes as an impervious buffi:

material.
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3 - 2 - 2 - Displacement of bentonite because of its swelling pressure.

One may fear that bentonite can migrate, because of its swelling pressure,

either in the fractures, or in the back-fill material in the above tunnels, in

spite of the KBS statement to the contrary. Such migration would lower the densit;

of the remaining buffer material, thus increasing its permeability and diffusion

coefficients. As it is believed that bentonite in the fissures may be leached avs;

(cf. (i) above), the over-all effect of this bentonite migration can be very nega-

tive.

a) It is said ,p.I33, vol.11, that the swelling bentonite in the borp hole:

cannot penetrate into the pores in the sand-bentonite filling of the tunnels. Ha==

this statement been substantiated with experiments ? Considering the difficulty of

obtaining an homogeneous and compacted back-fill material (see Dames and Moore

comments, D I 1978:28), this statement goes against standard engineering practice,

where bentonite (with or without cement) is often used for grouting sand layers.

b) Page 129, the blocks of pure compacted bentonite are said to be compact*:

at 100 MPa. Page 133, a swelling pressure of 10 MPa - 20 V. (i.e. up to 12 MPa) is

given for blocks compacted at 50 MPa. We can then expect a swelling pressure of

compact bentonite higher than 12 Mpa.But, at 500 m with a granite of bulk density

2.8, the overburden is in the order of 14 MPa. Now,because of the fact that the h:li

are larger than the compacted bentonite blocks, with loose powder bentonite in bet-

ween, a swelling pressure of 5 MPa is assumed by KBS. Considering the variability

in natural materials, the difficulty in the laying of the bentonite and canister, iz

is not possible that localized high swelling pressure may modify the fracture prc-

perties of the rock ? A detailed rock mechanics analysis is needed, taking into

account the combined influence on the permeability of the rock around storages hole:

and tunnels of :

- swelling pressure in the holes,

- thermal loading of the formation

- stresses around the tunnels due to the opening, including the fracturing

around the tunnels induced by blasting if this method used for tunneling.

This modification of the fracturing can seriously influence the flow around trj

storage holes.

c) According to comment b, it seems unrealistic to assume that localized !,i_::
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pressure due to swelling will not occur. If these high pressures apply to an £rii

v;here mixtures of sand-bentonite are in contact with the rock, it has to be re-t--

bered that sand is very often used to keep fractures open in hydraulic fracrur.;:

of rocks....

3 - 2 - 3 - SoaluTi-calciiin ior. exchange of the bentonite

This problem is discussed p. 165,vol.II. It is well known that the trsnsf: ra-

tion of sodium-bentonite into calciura-bentonite will increase the permeability ::'

the buffer material, and decrease its exchange capacity.

The calcium will be provided by the flowing groundwater, and is therefore :

function of the flow-rate around the waste (see also comment below on hydrolor

KBS indicates that 3.8 millions years will be needed to fully exchange the soci-z

with calcium. But this calculation assumes that the buffer-material offers per:;::

resistance and that calcium migrates through it only by diffusion.

But if the buffer is less efficient than anticipat~d(e.g.according to pre;^±

coimnents then the Na _>Ca ion exchange «ar° will increase, thus increasing ths

permeability of the buffer : this would b° dangerous negative feed back loop.

One should also note that discontinuity in the bentonite (e.g. between the

blocks) can create a nreferential path for this mechanism : one does not need t:

have a complete ion exchange from Na to Ca before the efficiency of the buffer

can be jeopardized.

In short, the confidence that KBS has put in the bentonite buffer does not ;=

totally justified.

4 - CORROSION AKD CANISTER.

We basically object to the burying of 110,000 t of pure copper (7,000 cani.;:::s

of 15,5 t each) inside a repository. This will certainly be an incentive for rei-

ning of the renositcry by future generations.

Corrosion rates are not given for the most sensitive parts of the canister.



e.g. voiding. Furthermore, if pitching occurs, it ru; t be remc-.:>cred th*ic t:e -rias-

missiiri of Y rays will increase with the decreaiin^; thickness of 'he catur.e: ihus

locally increasing rcdiolysis, and oxydation. Can this oe important ?

If, for some reason, the canister is perforated, whac will be the gi. r;ni

effect of the copper, the lead, and the fuel rods ?

The corrosion rate of the canister is said Co be a function of the :~:w

rate of water in the rock (due to dependence en ul;hide and/or oxygen brcu:h: :y

the water). According to the concept of !>rrriers, a riven barrier has to be a:. • to

insure safety in case another barrier, for some unexpected reason, tails to i--..lll

its duty. It is therefore questionable to assume a low flow rate of the water :.-̂ u

the canister whan making a safety analysis.

In fact,the KBS safety concept is essentially based on two engineered barr ars :

- a very thick copper canister containing the spent fuel rods.

- a buffer material o f highly cotr.pcctec pure bentonite surrounding the cc:_ster,

in the sccrn^e holes.

The integrity of the copper canisters, in the long run, depends upon spec.iic

properties of bentonite.

More precisely, the resistance of copper to corrosion is not taken into c::junt

as far as it is the very lov diffusion velocity ot conpiexing cr oxydising spe:.Js

towards the metnllic envelope vhich linits the corrosion. This approach seers .: be

reasonable because it would be illusive to extr.-.polrte up to I r.illior cf yeari

corrosion velocity values of only a fraction of micrometer per year.

4 - T - Diffusion coefficient of cherical speci^r- into the bentonite.

The initial step consists in evaluating tYe quantity of o:<ydising cheric^'. -earii

able to reach the canister in order to determine the qu.-.ntity of corroded r.cca*.

Consequently, the values of diffusion coefficients of theje specie ni.at .;
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known with a high confidence. Laboratory experiments, on compacted bentcnito ̂ Iiov
-II 2 -I

values of about 10 nT.s

Using these results for an actual case supposes th.it bentonite arount! the car.s-

ter is thoroughly homogeneous and of the same compactness, vjithout any gap. These

conditions result from the swelling properties of bentonite in presence of T.vuer.

However, the value of the diffusion coefficients may '.'.apend on tbe swelling rats .

measuremsntj per^orme-' on a quartz-bentonite mixture shew an increase of De (effec-

tive diffusion coefficient) in comparison with compacted bentonite.

4 - ? - Justification of the choice of a copper canister.

The copper choice is not based on comparison of the copper corrosion velocity

with the corrosion velocity of other materials because the bentonite overpacking

safety concept is unconnected with the nature of the canister. At the utmost, it i-

possible, with this choice, to take into account only a limited number of corrosivi

species such as sulphur and oxygen.

Copper is, in fact, the noblest usual metal and is particularly thermodvnar.i-

cali/ stable in presence of pure water. It has also the advantage to be homogeneou:ly

corroced because it is not very sensitive to local attack.

4 - 3 - Pureness of bentcnite

Resulting from preceding comments, it is necessary to insure that no chemical

oxydising or complexing species are able to come into contact with copper. Particu-

larly, it will be necessary to control very seriously the chemical purer.ess of ben-

tonite and the lack of any pollution when it will be set around the canister.

It will be also necessary to verify that no interaction between copper and

bentonite is possible.

4 - 4 - Choice of the copper thickness.

The foreseen canister thickness is 20 cm. This high value nas been chosen so

that radiolysis process on the external surface of the canister may be negligible.

Tliî  is an important point since the presence of oxygen would produce corrosion of

copper. Hov.evor, the adopted solution seem to be an expensive one.



In conclusion, it results from the chapter IV and V of the KBS report that v.e

only efficient barrier for corrosion is bentonite. It is therefore, very ir;ortr .

to evaluate very seriously itj physical, chemical and mechanical properties anc i-.ei;.

possible evolution in time.

However, in a recent comment, the KBS party consider the rock surrour.dir.j; -_-; be

tonite as the essential barrier as far as the transport of chemical species is :r>

cerned. It would be necessary to examine if this statement used in studyin™ the

uranium-oxyde dispersion is applicable to the diffusion of oxydising species tcrv-rds

the canister.

With regard to copper, it is a good choice but only if the bentonitc barrier

is efficient. In this opposite case, copper cannot be consider as a safe nateriU

for the contemplated period of time.

5 - LEACHING A.'.TP MATERIAL TRANSPORT.

In the KBS analysis, the release rate of radionuclides from the spent fuel .:

said to be governed by the diffusion rate through the bentonitc buffer, and the

film resistance in the fractures at the boundary of the bentonite. This provide-

a very long time for the leaching away of the radio elements from the repositor-

(500,000 years in the safety analysis).

Here again, if the efficiency of the buffer is jeopardized, the leach rate ::

the waste will be much higher : this barrier also depends on the bentonite, as ~i

the canister.

Furthermore, for mass transport in the buffer material (p.157), no indicat..-.

is given of the increase of permeability, diffusion coefficient, etc... which ZJ.-

result from the sodium-calcium exchange in bentonite. Also, when transport volci:-

ties are assumed to be so low as I/I00 th oi* that of diffusion in pure water, c. :r

uechr.nisms of transport must be investigated, i.e. the off-diagonal Onsager coc::.-

cients :

- soret effect due to temperature gradient ,

- osmosis effect due to the high concentration gradients.

Nothing is given aloiv; this line.
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Firally, the amount of radio-elements which are more easily leached Cron t:

fuel pellets than uranium dioxide seems rather arbitrarily assur.ed (10 7. of the

iodine, I ';, of cesium, O.I % of all other elements, p.225,vol. II).

The back-filling of the tunnels and shafts by a mixture of sand bentonite .is

been discussed in detail by Dames and Moore, London, in their review of the fir::

KBS report (D I 1978 : 28). The questions that they have raised remain complete!'

unanswered, and throw much doubt on the possibility of efficientlv sealing Che iro-

nings and grouting thj area around them, where the work has increased the pern\e;_:i-

lity.

Transport in this area is perhaps the most difficult to predict, and the m:;t

relevant for the safety analysis.

As pointed out by Dames and Moore, the flow of water under thermally indues:

gradients along the direction of the tunnel and shaft, in a zone of higher perc=.i-

bility, has not been considered (p. 177). This possibility should be evaluated.

Note that digging into the shaft and galleries by future generations (even :ot

very technologically advanced) is possible.
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5 - 2 - Leaching of fuel.

In chapter 6.2 of the KBS report there is a summary of the results of work c

cerning :

1) the leaching of the irradiated UO. and of some radioactive products.

2) the transport of these products by migration in the ground waters of the

range.

5 - 2 - I - Solubility of UO and of sese radionctivs products.

The study concerns the solubility of UCL constituting the first barrier agair. ;t

the leaching of the fissionable products.

At Hanford, the study concerned the crushed irradiated VC .

At Studsvick, the study concerns a portion of the covering still containing

irradiated fuels.

Without going into the details of the representativity of these tests, it may

be concluded :

UO possesses a certain degree of solubility, function of the pH, of the redci

potential and of the possible components of :hese waters :

In the ground waters, the reducing potential of the water appreciably reduces

this solubility, but it is on the contrary increased by the presence of Cc -, or of

Ca,H and of organic acids : fulvics, humics for example ; the possible radiolysis

of the water may also have a prejudicial role by destroying the reducing potential

of the subterranean water.

This increase of the solubility of the UO. in oxidising conditions in the prt-



sence of C0? has recently been mentioned by Heinrich D.HOLLAND (1) in his stuJy ::

the natur.'.l compounds of UO,, :

- ochoepite (UO.̂ , x H?O)

- rutherfordite (UO ) CO3

It should be noted that the increase in the solubi'ity due to the presence ::

the CO^ or of organic acids is due to the formation of snionic complexes which v:\.d

no longer be stopped by the possible presence of clays (bentonite).

Pu The sane rcmcrks apply to plutoniun.with an additional factor fiivci-r.-.bl ; .0

its physical retention by the absorption of colloidal or pseudocollotiJal for-.; c

cloys and rocks.

Cs An element easily leached, certainly enriched at the joins of the irrac.;:ed

UO particules, its nitration occurs in ionic form at the speed of thi

of the vaters in the range. T t: may be retained by the clays (2).

_Ra The possible tresence of SO, linits the speed due to the low value of tn

solubility products.

_I Speed of dissolution imposed by bein£ in a solution of UC stopped by the :lay-

Vr Behaviour approaching that of Cs but '.ore efficiently stopped by the -1^;:

(KdSr = 100 K('Ce = 400)

(1) Heinrich D. HOL'LMID and Laurence H.3XU:H. Uraniur.i oxides in ores and spent i'.-...

^^UREG/C^ C05. Proceeding of the Conference on High Level Radioactive Solid '.»'acte 7:ms.

Dec.19-21 1978. Denver. Colorado.

(2) Note : In general for clay shale exchanges the following rule nay be applied :

- a cation is all the nore easily exchangeable when it? valency is high and _:s

state of hydrati.on low.

- for each ionic compound, each clay has a minimum pH retention.
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In conclusion to this chapter :

1) The data of th-> KBS 2 report may be considered as fundamental but must .1

examined in the following specific context :

- first barrier : UO (role similar to that of the glasses in the French p::-

cess).

- second barrier : watertight recipient (Cu or Al» 0^). Resistance of the -.rder

of one million years.

- third barrier : clays (bentonite)

The whole in an environment where permeability to water is as low as possi:.e.

2) So far as the extrapolation of these results and their possible applicai.ori

to another site are concerned, the given values must be considered as semi-quar. — ta-

tive. Leaching tests must be carried out with the underground vaters of the ch::en

site (pH, E.i content in impurities : CO-, organic acids,SOip ere). Only the var.j-

tion tendencies as a function of these parameters nay be used for an understand-;;

of these phenomena, which considerably limits the interest of the quantitative vi-

lues quoted in this notice.

3) The conclusions of the chapter are nevertheless an avowal of weakness t:

which we have to subscribe; we would thus recall :

a) a comparison between the results of the tests conducted at Studsvick £.: i

the results of the tests of ÖIWL is difficult,

b) the tests effected over a limited period are not representative of the :on

ditions which may be expected on a storage site when the groundwater has crossec ill

the barriers and has arrived in contact wit!) the nuclear fuel.

Finally the most important corament :

c) the tests carried out so far must be used with care end in particular

their extrapolation tc tho periods to which we are concerned here arc very dcicz.Ac.
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6 - DISPERSAL VEC1IANISMS FOR RADIOACTIVE ELEMENTS.

An interesting study of the theory of the phenomena of water flow in fracturt:

rock has been made in association with an original experiment in the granite of

Studsvick. We have no particular remarks to make concerning this well explained r.é.:-

ter.

We uculd like to draw attention to transfers in colloidal form, the irr.portanc;

of which is made clear, but which require additional study. The experinents in crc-:r

to evaluate diffusion of the macromolecules in compacted clays have been made vith

ligno-sulfonate of sodium. Transfers of certain radio elements including plutoniu-

may occur in colloidal form ; whereas the behaviour and the nature of the colloids

of Pu, somewhat particular and still little known, could be appreciably different

from that of the ligno-sulfonate. Various authors at the Otaniemi conference (Avo-

gadro, Erdal, Ranijon) r.ention the existence of "mobile forms" of Pu in penr.eable

areas : additional studies have shown that this mobile form is colloidal in nature

and that it is evolutive in time.In the KBS report a more detailed exposition concer

ning colloidal Pu would be useful in order to be able better to evaluate the future

of this important element.

Important work has been catried out in the field of nuclide transport in the

rock with a considerable acquisition of data. This data concerning the retention of

the radio-nuclides in varying circumstances is all the more interesting in that it

will be able to be used for subsequent and more searching investigations when the

new results allow of even more rigorous interpretations.

The principal remark concerning the notions oZ Kd and of Ka the definitions

and uses of which are set out in the KBS II need to be more closely defined.

Kd, equilibrium constant of mass, is characteristic of permeable areas when th-.

whole of the mass is affected by micro-crystal or micro- grain interaction ; Kd is

a characteristic of these areas whatever may be the mass affected.

Ka, surface equilibrium constant, is characteristic of impermeable r.reas when

retention occurs solely or. the surface of the material; Ka is a value characterinti:

of these areas whatever may be the area of contact.



If the Kd is measured with impermeable crushed rock, for a given mass -, t:; Kd

increases as the size of the particles diminishes since the reaction occurs en -_.•;

surface and the surface is all the greater when the particules are smaller ; or :.-.e

other hand Ka remains constant.

An analogous reasoning is applicable in the case of monoblocks because the : a

ratio is all the greater when the block is smaller.

That is why the relation of Kd to Ka, Kd = a Ka is only applicable for a

clearly defined size and granulonetry.

It is also necessary to take the case of rocks of low matrical permeabilit; ;

it is then necessary to use a different value (K'd) different from Kd since at i

given moment the area is partially impregnated ; this K'd is a function of the :x-

tact time, the dimensions and the permeability of the solid and K'd = Kd when a'.'.

the rock is impregnated.

The various notions require to be expressed more clearly in a general repor:

such as "CBS2 even if they are more precisely set out in other reports such as K'-'

79.19.

Remarks concerning the granite.

The various retention r.easuretr.ents have been carried out on crushed granite.

In this case it is necessary to take certain precautions ; in fact, the granite. •

heterogeneous rock, is composed of minerals of varying hardness (quartz, felcspirj,

micas) after crushing, sieving can bring about a separation of these components

(accumulation of quartz in the large particles and of feldspars-micas in the sciH).

This phenomenon has been observed under microscopic analysis, not with granite, r.z

with sandstone (quartz and silico-clay cement). It is necessary therefore v.hen v:z-

king with this type of crushed material not to separate tht different components

and to work on the whole of the crushed product. Comparative measurements on the

various granulometries and can only be effected in a rigorous manner on rock of :.TDO-

geneous texture.
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Page 182-183, the relationship between the distribution coefficients Kd z-'.r

unit volume of crushed rock and Ka per unit area of fracture is questionable, "ilues

of Ka should rather be measured directly on non-crushed samples, possibly in r.:u,

to take into account the possibility of a "coating" on the fractures which nay - or

may not - modify Ka. The listed values of Ka (p.184) are therefore of very que::iona-

ble use for prediction. Values of Ka obtained experimentally in France for a rrmite

massive in situ do, however, fall in the range given by KBS (strontium O.I =,ciiium

0.05 m). But we have no values for other elements.

Equation (8)(p. 183) is wrong, in the case of fractures. It should be wri:-en :

K i = : + - ä | ä and not I + — ( I - e )

Due to the small value of£, the difference is however very small.

The statement that "transport velocity for a nuclide is not affected by t:i

porosity £. "(p. 183) is only valid if the sorption is important and wrong when f:rp-

tion is negligible :

K i
Equation (9) should be written : Ui = - * - — — (Ui is the velocity of a sricies

t + ana ^s

£ is unimportant only if aKa is significant, otherwise £ is of utmost inprrtancc

The complexation of actinides by organic compound is considered (p. 178), :ut

not by carbonates (see the experiments performed in Ispra). The statement that :nese

effects are negligible are subject to many hypotheses and are not very convinces.

They almost assume that the bentonite barrier is intact.

7 - NUCLIDES TRANSPORT IN THE BIOSPHERE AND RADIATION DOSES.

A study of the consequences of the dispersion od radio-nuclides from ur.derrround

storage of non reprocessed irradiated nuclear fuel has been made by the conjunction

of two calculation codes : " GET OUT" devcted to dispersion and the transport i.rough

hydrogeological structures and "BIOPATH" concerning exposure pathways to man t.vrough

the biosphere. The quantitative results obtained from the GET OUT programme ta.-.ng

into account the variations in tine of the release rate from the containers an; :he



physical transfer coefficients represent the BIOPATH source term. In these condi-

tions it is difficult to ^nly analyse the results given by BIOPATH code alone sine;

the report takes direct account of the conjunction oi these two calculation codes.

The use of dynamic compartment model based on reciprocal transfer coefficient:

is a classical method perfectly adapted to impact studies associated with a comple:

source term both in its composition and its dynsmics. It enables the population ex-

posures expressed either as individual dose equivalent for the critical group, or î

collective dose equivalent on a regional or planetary scale, to be calculated adn ;i-

tuated in time.

Before setting out a few general and particular criticisms concerning the con-

ditions of application of the "BIOPATH" model it is necessary to adopt the hypothe-

sis proposed by the report : actual transfer conditions are assumed to be maintain-:!

on a geological time-scale future.

7 - T - General remarks.

On the whole most parameters used to establish the exchange dynamic between

the different compartments have been chosen on a pessimistic basis. Tvo consequence;

result from this :

- the conclusions are calculated with a large safety margin

- if the choice of the parameters has not been established on the same, appre-

ciation scale there could result a debatable classification of the relative importrt-

ce of the different transfer pathways?

The physical and geographical dimensions of some compartments require justifica-

tions particularly with regard to the local zone.

The quantitative data supplied by the KBS ZOO-report on irrigation practised ir

Sweden ..ppear not to be very realistic either the rainfall is sufficient and irriga-

tion is only required exceptionally and it is possible to ignore it, or irrigation

is a current practise and the quantity of water taken as representing it (35 litres

per year and per square meter) is quite underestimated.

In spite of the importance given to radium 226 in the different dose equivalent

calculations, the consequences of the radon 222 and of its daughter products are no:

analysed ; they should not, a priori, be negligible.
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In the text the numerical values expressed in rens have to be called dose

equivalents.

7 - 2 - '. odel transfer in the biosphere.

In the schematisation of the transfer pathways on the local and regional lê ;L

there should not be two connections between the atmosphere and ground compartMf.s,

Definition or the locnl terrestrial ecosystem.

The assumed surface appears to be small and to correspond to a fraction of ::;

land used in an agricultural exploitation (radius 250 meters). The elected de:n

of 0.5 metsrs for the arable soil layer appears to be overestimated particular".;

if the concentration in this compartment rather than the total activity which i:

contains is subsequently used for the calculation. These two values in respec: ::

which any errors of estimation may be compensated for in the analysis of the crr-

sequences should be justified.

Definition of the local and regional marine ecosystems.

No Jistinction is made between the local and regional marine ecosystems, thi;

identity should be justified.

7 - 3 - Exposure pathways in the local ecosystem.

The consumption of fresh water fish is implicitly only taken into account f;:

ingestion of muscular parts. In the case of radium 226 which is bound to the s\ '.'.?-

ton and to the teguments, ingestion in the form of small fried fish requires f:.-:

choice of a concentration factor which could be 30 times greater (1).

Absorption relation in the alimentary canal.

For the pathways to pasture, irrigation atmospheric depositions are taken iz::

account. The retention factor of 80 7. for the deposited activity is substantia:!-

overestimated. Average values of 20 7, between dry and humid deposits and of 10

(1) Unpublished data. Department of Protection, C.E.A. (Departement de Protect:::,

C.E..'.. ) - FRANCE.
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for irrigation are more generally accepted (2).

The physical retention period on the surfaces of the green parts of the ve:3ta-

bles is some 20 days. A period of 14 days for permanent pasture and of 30 day: for

other vegetable production are values more commonly in use (2). If the choice jf

20 days is an average value this should be indicated and justified.

The absence of cereal contamination from depositions or spraying affecting the

surface of the leaves of green vegetables is not generally accepted (3 and U).

The report should indicate that it has not taken into account the conseque-.̂ es

inherent in the transformation of foodstuff (culinary preparation, extraction rate

of cereals, etc..) which again appreciably increase the safety margin of rhe in-

clusions.

7 - 4 - Irradiation.

The effective dose equivalents calculated for the different organs should :e re-

vised :

- rndium 226 ingestion

It Is indicated -n page 196 that the dose equivalent for bone is in fict cr.ly

applicable to the surface bone cells, that the red bone marrow and the soft t.ssues

receive respectively 1/10 th and 1/25 th of this dose equivalent.

The dose equivalents for the bone surfaces at the red bone marrow and the ;oft

tissues are respectively 3.7.10 , and 1.2.10 rems per Ci of radium 226 inge.= :-id ;

this should correspond to an effective dose equivalent of 1.6.10 rcms wherei;

the table indicates 2.8.10.

(2) Methodology for evaluating the radiological consequences of ladioactive

effluents released in normal operations.

Report CEA-NRPB, July 1979 - European communities.

(3) Radioactivity in Human diet - R. SCOTT RUSSEL,1966 Pergacon Press.

(4) The mechanisms of the contamination of cereals ; consequences on the pol'..tion

of flour - R.COULON International Symposium on Radioecology - "Centre d'Etucii; Nu~

cléaires" of CADARACHIi (8-12 September 1969) FRANCE



76

It may be noted that by utilising an effective dose equivalent derived fro;r.

the annual inr.cstion linits laid dovn by publication No. 30 of the I.C.R.i'. Lhe

value obtained is 9.2.10 rons.

Caesium 137 in"estion.

In accordance with publication 2 of the I.C.R.P. the dose factor for the

is not greater than that for the organism as a whole ; the use of the values indie;

ted by the table sives an overestimated effective dose equivalent.

7 * 5 - Results of calculations usinc, the biopath model.

For the use of well v;ater, the importance of the ingestion path for meat con-

pared to that of mill' is a function of the choice of the distribution factor Fi

(KBS 100) : that is to say 10" for milk and 9.IO"2 for meat. This difference ap.e:

to be excessive, et the most it should reach a factor of 2 in favour of meat (2).

7 - 6 - Consequences of dispersion from the storage place of the nuclear :~-_i

The dose equivalents due to technetium 99 for individuals of the critical grc.
-4

and dor the principal cise should appear in figures 8-13 and 8-14 (4.2.10 rens &•

from 3.10 years).

Conclusions

The analysis of the exposure pathways by the BIOPATH code is particularly well

treated. In general the choice of the pcrar.eters which have been used to define the

transfer factors has been made in favour of the most constrainting values. This re-

inforces excessively the safety margins of the conclusions reached from a sanitary

point of view to the detriment of a better evaluation of the relative importance c:

the various exposure pathways.

It will be useful to justify the scale of the local compartments to be used fc

the application of the methodology to a real site. In the same way the results for

effective dose equivalents shall have to be estimated taking into account the data

contained in publication No.30 of the I.C.R.P.

Finally in order to be exhaustive it is necessary to deal with the consequcr.c.

of raden and of its daughter products as from the future of radium 226.



8 - SAFETY ANALYSIS.

With regard to the problem of long term (40 years) in pool storage of spen:

nucleer fuel, we are inclined to share the view expressed in the KBS report : ;:̂ t is

to say the storage should not create any particular problem due to an accelori":. cor-

rosion of the zircaloy with loss of mechanical properties and breaking of the v::;r-

tightness. We would nevertheless state that for reasons of safety it appears to -i to

be necessary to be ready before the period of forty years has passed for an enci: .-jla-

lation of the spent nuclear fuel.

The technical options chosen for the various operatiors in the encapsulate:

station appear to u; to be both classic and sure. We would nevertheless draw att̂ r-

tion to the fact that the stated margin between the circumferential breaking str;;s
2

(300 N/mm ) and the circumferential stress obtained during reheating of the JS»:

fuel rods at 400°C (IION/mm ) do not appear tu us to be a guarantee against the

breaking of the asod fuel pins during reheating.

In fact the probable presence of cracking in the zircaloy risks upsetting :::

preceding optimistic statement and it must be expected that during the rise in :-.n-

perature under vacuum of the container that there may be a possible release of ~:l ,

of radioactive aerosols, and even in extreme cases of water vapour at temperatur;

greater than the foreseen vaporisation temperature. It is not excluded that Did

cracked fuel pins into which water has been introduced vill have had their crac:.:

plugged during the forty years of storage and will suddenly break open during

reheating.

Assuming (p. 222 - 8.5.2.) as a reference case that the first canister start to :-:

penetrated after 100 £00 years is not conservative, a probabilistic approac! Stirling

from the closure of the repository could have been more convincing as far as thi

safety aspect is concerned.

In regard Co the possible future disturbance by man, the following statc-ner:

is very optimistic and highly questionable : " the loss of knowledge of the iocr.-on

of the final repository presupposes that our current civilisation is destroyed,

such a civilisation would also possess the ability to detect the radioactivity

in the fin.il repository and act accordingly to prevent harm being done.
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The safety analysis is conceived ss the determi natie». of dose-: to nan erour.'i •..?

repository (i:ic! .vitlual uosts to the critical group and collective doses to t'.\c- co-

pulation). Thij ij d<ve by vsint; tvo computer codco,GETOUT and U10PATH, ada; te:

from Bnttelle, into which various scenarios are introduced in form of parareteri

for source terms, transit tine, retardation factors, etc...and pathways to wan.

The value of the safety analysis is therefore very much dependent on the :.-.3ice

of the scenarios and the pathways considered.

Another approach to safety analysis, fault-tree analysis, which conple-er.-.: the

scenario approach , has not been conside -ed. This is probably en inportant cniiion

in the KES proposal. Fault-tree can then help to determine the various para-.eteri

needed in the scenarios analysis.

If fault-tree analysis had been used, for instance, it would be much es^ie: to

perceive that the KBS safety analysis relies .lmost entirely on the efficiency ::

the bentonite barrier.

8 - I - Main case

The "main case" may very well represent a good picture of what will prcbz'r'.y

hapDen in the future if waste is stored under the KBS concept, with a reasonabL-

conservative set of parameters, thus allowing for minor unpredicted events. Tw:

comments can be made :

- thi maximum individual dose is probably not a conservative estimate. In :rac-

tured rocks, the heterogeneity of the flow is such that dilution in the superf-:ial

groundwater of the flux of radionuclides arriving from the repository can be v-:r/

different fron the computed average. Therefore, much higher concentrations are -3ry

likely to appear locally,e.g. in the well. Furthermore, the pathways to man •..•h;:.->

are considered are probably representative of average conditions, but not of s--:;ial

situations (which fault-tree analysis could have helped to con:ider). As an ex—.-̂ ie,

the loc.il farmland ecosystem is considered to be of 25 ha, on vhic'.i fluxes c : r : i io-

nuclides nre averaged. I t can easily be conceited that the return of radio.ictiv.ty

to the surface will eventually happen in a very localized area (e,g. a crushed : jne

of 1 010 Y. 10 m = I ha) through which all water migrating through the repositrr will

be drained. This crjshcd zone may even be at some distance fron the repository, jnd



need not contain any waste : its higher permeability will act as a drain for all

fluxes from the r.ore impervious rock mass, where the repository lies. If this lian̂ t-

the critical group will be submitted to much higher doses than those computed by

KBS, It is worthwhile noting that if a well is used, it will probably also be situa-

ted in the crushed zone.

- the collective doses which are said to be representative for the regional
h 7 10

population (1.8.10 ), the Baltic population (10 ), or the world population (10 ).

The representative group varies from a radionuclide to the other, but is not indi-

cated in the report (tables 8-12 - 8-14).

The highest figure given is 17 manrems/ year (iodine 129). If this value is

for the regional population (I.8.10 ), then it is close to 1 m rem/year for tht .ive-

rag2 nan, which is relatively high considering the design goal for nuclear power

planes in Sweden (10 mrems/year). On the other hand, if the collective dose is for

the Baltic or world population, these figures should include the consequences of th-:

release of radioactive waste from all Baltic countries, or from the world, respec-

tively, assuming that cazh country stores its waste with the sane efficiency as '.he

KBS proposal. This comment should be kept in mind for all the collective Joses r;iver

by KBS.

8 - 2 -"Pessimistic case"

Ii should represent a scenario wher a large number of things go wrong. It does

not seem to be the case. It differs from the "main case" only by :

- reducing the transit time in the geologic formation, from 3,000 to '>00 years

- reducing the retardation factor for all the sorbed radionuciides.

All other barriers remain as efficient as in the main case.

As the geologic barrinr is not the important barrier in the KBS proposal, it i<

no wonder that the so-called "pessimistic case" does not bring any significant modi-

fication to the safety ai.iiysis.

Furthermore, we have discussed earlier the uncertainties associated with

the flow and retar.iaticn factors, so tl a: this pessimistic case does not soon very

pessimistic even for the geologic barrier.
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8 - 3 - other sensitivity analyses

As the bentonite is the most important barrier, scenarios and consequences : :

a not so optinistic behaviour of this barrier, should have been included. Tr is _ ; i

major deficiency of the KBS proposal. One would then have seen that both the cor.::er

life and the release rates suffer drastically from the reduced efficiency of th«

bentonite.

Therefore, all the sensitivity analyses performed by KBS seem rather arbitrary :

Canister life : The extreme cases considered by KBS are : i) one

canister damaged initially, all the others remainirg intact until "'

years ; ii) one n-

nister damaged after 3,000 years, and then one more every 6 years. j;t

it is unrealistic to assume that the leaching of the radionucl i-Js • :rurr

the canister takes 500,000 years, which is the figure for the case.

where bentonite is efficient.

Organic conplexinj* agent : we have already discussed the probld-n ::" :he

formation of complexes, which may greatly influence the trans i: tir;

of actinides through the fornation. On page 233-234 of the safety -i-

lysis, it is said that, in the worst case, coraplexing agents (fulv::

acid) could bring at the most 60 Kg of actinides to the surface iz

500,000 years. It is not clear how this figure is obtained ; howev;:,

it must certainly assume that the bentonite barrier is intact. In.t-.i,

if we use the other figures given by KBS, assuming that Che beritcr..:̂

barrier is broken, we find that 120 g of heavy metal can be trans::::ec>

per m of groundwater (p. 233). Assuming a flow in the repository ::
2

0.2 1/m x year (p.IOI), and an area of repository of 1000 x 3 ai ...i.

the flow is supposed horizontal), v;e find that 60 t of heavy r.etal.:

could be transported in 3CC,0C0 years instead of 60 Kg ! Accoriir.: :J

the individual dose of 3 mrem/ycar given by '.CBS for 60 Us, we voul:

find a dose of 3,000 mrem/year !

Dispersion : '.,'e have discussed before ttv? limited influence of Ms-

persion in the sensitivity jn.nlysis stems from the fact that cani;: .rs

are supposed to live 100,000 years, t'..en iiave a release rate rpver-.i

by diffusion in the bentonite, taking 500,000 years. Di .sptrr, i:.n v:..J

then only r.'.o'Iify the transit tine in the ^eoloyic formation, -.•;-. i c: .i

of 3,000 or 400 years. If dispersion should arcrensz the tr.-'nsit :.;c
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even by one order of magnitude, it would not be a significant t.::or.

On the contraty, if things go wrong (e.g. bentonitc .canister, cc _exin~

agents,...), then dispersion can be significant. This is completely

ignored by KBS.

Extreme situation : The unique calculation which seems relov.-.r.t :; the

safety analysis (i.e. is not over-optinistic) is jiven p. 2'»5. I:

assumes :

- a canister life of 10,000 years for all canisters,

- a leaching time of 10,000 years,

- a transit time of 4C0 years in the formation,

- sorption with oxidizing conditions, but without censiderir" c:~le-

xation (which is then optimistic).

In this case, only limited figures arc given for the individual :ses :

- 20 mren/year for iodine 129 .ifter 10,000 years,

- 100-150 mrcn/year for heavy nuclides after 100,000 years.

Note that these values are above or close to the recommended li-_;i

given by ICRP for nearby residents. But the fact that the role c:

complexing agents has not been considered prevents this case ire;

being a very pessimistic one : if the other barriers are broken, .:

probably means that the bentonite barrier has failed ; thus, the ;jni-

plexing a;;cnt brought by the groundwater can be active and mu^t .-.

considered.

This is another example of the lack of logic in the building of :u

various scenarios proposed by KBS, that a fault-tree an.ilyci:; ni.-t

have helped to correct.

Storage of pie tal components : "ost of the comments cade on tt.e t :. iy

of the !ii;;h level waste :il'jo apply to the storage of n'.et.il ci ~pc- its

(u_-urology, sorption, dispersion,...). For this kind of wa:;t<_ ,.'._.

assumes th.it t tic concrete click.; in uiiich the metal conpon.nt •:::

stored './ill r.ot bo crac'/.cd, ever hundred:; of tho.-a:'.ds or nilk; or

years (p. 16"), T!:i:; sncr.is p.irt icul.irly optirsistic, and the .: •: • an;i-

l y : ; i r . r.:: •-.! 1 .'. i r. •-• 1 v. <lc- ,i •.CL'ii.iri >i i n '.;h: i " h c r a c k : ; . r e :"..ule i n t • - "i; f e -

t e .



The statement "the radiation doses from the final storage of metall.-

fuel assembly components are low" (p.24) is therefore very arbitrar ,

and not supported by any scientific evidence.

As a conclusion, the safety analysis provided by KBS for the storage of spen:

fuel seems to us to be far from proving that "an absolutely safe final storage of

spent, unreprocessed nuclear fuel can be effected", although many of the technical

proposals made by KBS seem interesting and deserve further studies.
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CONCLUSION

The KBS II report "Handling and final storage of unreprocessed spent nuclei:

fuel" is a remarkabke work. It is based on a large number of studies of hiz'r. q'_:l.-

ty and constitutes a rational and exhaustive approach to all the problems create:

by the storage of irradiated fuel in crystalline geological fornations. In this

connection, it will together with its predecessor, the KBS I report concerning

storage of reprocessing waste, set a standard.

Nevertheless, it may be asked in the light of the preceding criticisns vhev. =r

this report achieves its objectives : to show, at todays date, that there exist; i

perfectly safe system of long term disposal of irradiated fuel. It is to be not;;

that bearing in mind the nature of the phenomena and the tine scale under crnsi:.1-

ration, that the report contains a certain number of statements which have not "=:

been entirely proved or which should be based on full scale experiments. Many c: :he-

se statements often appear rather as acts of faith : for example, amongst other;.

the long term resistance of bentonite and its capacity to plug the cracks which .;

the basis of safety in storage, the existence of geological and hydrogeolo.^ical au-

ditions truly favourable to the scale of the deposits, the absence of risks c: .3-

trusicn which could cause future damage to man (the large quantity of copper cc.l:

appreciably increase this risk).

It should be noted that the report actually contains no complete risk r,nal-;:3

to the extent that there is no real study of an accident. The report cannot ther;ore

entirely be considered as a safety study, which, it. did not perhaps pretend to bi.

but it is not sure that it can then be considered as totally achieving its obje.;.ves

t ; provide proof of the existence of a tatally safe solution.

It may be thought that it would have been interesting to consider a sijnif .:;.-.t

series of plausible hypotheses for the breakdown of the barriers as in fact aprs::*

sometines, buL insufficiently, to have been begun and to demonstrate that r.aiet

'./as assured. It should also be noted that a particular problem raised by the st.r;-

ge of irradiated fuels that is to say the fact of a high actinices content coul;

lead to not rseglijibl:: long tcrr. thermal pheno-.ena (the thermal mnxirx.m pcr.k i? ;.-

tuatcd at ,iround 10,^00 years according to a recent Canadian study in "Fir..'; . • .;'.

report of f.i.c Canadian nuclear fuel waste manajeneni progr.'rcnie" 1979 December .'•.""_ -
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report and which appears to contradict paragraph 8 - 2 - 2 - of KBS II repor;..

It is obvious that questions may be raised as to the consequences of this - ;e-

nomenon on the environnent cf the spent fuel and therefore on tr.e long term rai.j-

activity confinement capacity of the envisaged system.

The KBS II report appears to us therefore to be entirely convincing but or.l/

within its own limits. It is not therefore the scientific and technical v.-ork o:

the KBS project engineers which we would criticise buc it appears to us tha; £-.-. lish

law v/hic!i is at the origin of the drawing up of this report did not aim at a verv

realistic objective. Apart from the fact that no hum^n activity can be complete/

certain, it appears to us to be highly debatable to seek to require, a.s of nov.

that the total safety of a deposit of radioactive waste in the very long tor- -:.:uld

be demonstrated v/hen the location of the repository has still to be chosen .inc :.-.at

the detailed study of it:; real characteristics can only be made the site has c:.~

chosen and accepte-'.. Thore is there a certain contradiction. One should not ;h-:::-

fore be surprised that absolute proof of the safety of the deposit camiut,a pr.ri,

be provided.

Provided that the techniques are validated by experiments and that an act_;l

site is qualified, it is nonetheless true '.Vu-.t the techniques proposed in the io

II report are realistic and appear to be realisable in the present state of techno-

logy. Similarly the safety principles are generally reasonably conservative : i:e

very low dissolution rate of the U0- and the corrosion of the copper in recuci:r

conditions, the lov; permeability of the bentonite barrier, the first and enco1-: :>injj

result with regard to the geology and the hydrogeology of certain regions of :.:den

are good auguries for thp realisation in entirely satisfactory conditions cf z:-.

safety of the repository for irradiated fuel.
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Honorable Lars Hjorth
Head of Department (energy)
Ministry of Industry

Fack
S-1C3 10 Stockholm, Sweden

Dear Dr. Hjorth:

Thank you for the opportunity of reviewing the KBS proposal for
disposal of spent nuclear fuel. Our review concentrates on the
technical part of the report.

Although there are some deficiencies in the K3S proposal, it is
extremely well written and does a concise job of describing one
potential method for the disposal of radioactive waste. Again, thank
you for the opportunity of reviewing this significant work.

Sincerely yours,Sincerely

-: f,
David M. Rosenbaum

Deputy Assistant Administrator
for Radiation Programs (ANf?-458)

Enclosure
U.S. EPA Comments on "Handling and Final Storage of

Unreprocessed Spent Nuclear Fuels"



U.S. Environmental Protection Agency ;
i
i

Comments on "Handling and Final Storage
of Unreprocessed Spent Nuclear Fuels

Generally, the report is very well written and in most respects
represents the ctate-of-the-art for nuclear waste disposal. However,
there are some technical and philosophical questions which merit
further consideration.

In reviewing proposals for nuclear waste disposal ii the United
States, The Environmental Protection Agency (EPA) is fortunate to have
employees who nave previously worked at the locations where disposal is
proposed. EPA does not have any employees who have done extensive work
with Swedish granite or Swedish geology; for this reason some aspects
of the proposal are best reviewed by Swedish .scientists Jho have spent
their professional careers working on Swedish nuclear and geological
problems. In the United States a number of different media such as:
salt, sliale, basalt, and granite are being considered for hi,ji-l3vel
waste disposal. Although we believe media othe»" than granite should be
considered for U.S. high-level vaste disposal, there is no reason for
Sv/sden to do this, since othe1* media are not available. There are also
some issues involving le^al interpretations, statutes, and regulations
which EPA has not considered since these issues are best decided by
proper Swedish authorities.

In North America, isotopie data province boundaries haze been
delineated in the PrecambrLan basement rock (Dott and Batten, Evolution
oT the Earth, 1976, p. 165). While these boundaries are exposed in :i<?
Canadian Shield, they are buried beneath sedimentary rocks in eastern
North America. The extension of the Grenvllle isotopie boundary
beneath the sediment has been correlated with major seismic events.
Although we know of no work that relates isotopic date boundaries to
seismic.Ity in the Baltic Shield, the earthquake map shown in Figure 3-5
should be compared with isotop!? date boundaries in the Baltic Shi' Id
to see if a relationship exists.

The reducing nature of the Swedish granite is given proper credit
in the report. The low Eh conditions in the bedrock are an important
control on the solubility of U, Np, Pu, and Tc (See, for example,
3ondietti. and Francis, 3ci.enc_e, 203, 1337-;l0, 1979; Rai and oerne, J.
5nvLronmental Quality, 6, §9-95, 1977; Oangmui", Geojjrurnicq et
"(33_m_ociT_i,!]uca AcJ;_a_, £2, 5''9-569, 1973). Solubility considerations
drastically limit the arour't of the nuclides that can be transported to
people. Although this principle is clearly shown in the report, there
ic! occasional details that are not cons iJtant with this fact.
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For example, in Table 6-2 and 7-2, Tc99 is shown as mobile in
•"educing terrains, contary to the findings of Bondietti and Francis;
Furthermore, in section 6.4.1, the maximum solubility of uranium
(1070 mg/1) is much higher than one would expect in a reducing terrain
as reported by Langrauir. Because of these solubility considerations,
it is obvious that the assumed "worst case" of leaching the fuel will
never occur unless the groundwater is made oxidizing. Since the
granite has remained reducing over geological t'.me (including periods
of glaciation), it is doubtful that postulated natural events might
change the reducing nature of the rock over periods of time which are
short when compared to geological time.

The use of bentonite Is subject to some problems. On page 132, in
section 4.2, it is mentioned that the bentcnite may be heated to remove
sulphides and organic materials. This may adversely affect the
adsorptive properties of the clay discussed in section 6.7. If studies
have been done on the retention ability of the heat-treated bentonite,
these studies should be referenced in section 6.7- If no studies have
been performed on heat-treated bentonite, much lower retention factors
should be used in Table 6-2. Since the primary use of the ber.tonite is
to seal cracks in the repository, this is only a minor deficiency.

We think the disposed radioactive waste should be retrievable. If
a more attractive disposal method becomes avaMsble in the future,
people at that time will have the option of digging up the waste. The
KBS proposal clearly meets this desirable goal.

The biggest problem in the report is the treatment of possible
future disturbance by man. One cannot rely on knowledge concerning the
location and hazard of a repository being available in the distant
future. We recommend that institutional or governmental controls be
relied on for no more than 100 years after the sealing of a
repository. Additionally, the high resource value of the canister
materials micht attract intentional mining of the metal in the proposed
canister, without the mining organizations realizing that radioactive
materials are involved. The present value of the canister is about $US
35,000 each (34,000 pounds copper at $US .9 per pound and 5500 pounds
of lead at $US .6 per pound). In view of the high resource value of
the copper and lead to be emplaced in the repository, the granite would
contain valuable materials which could be profitably extracted. We
suggest that section 8.7.5 be revised to better reflect the possible
loss of institutional control and also what the health effects of
future disturbance might be.
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Dear Mr. Lars Hjorth,

Ref. Your letter of " y-04-04.

We are sending You " i-ough the Embassy of Sweden in Moscow

comments on the technical solutions suggested in the Report of

KBS on handling and final storage of unreprocessed spent nuclear

fuel made by experts from the Union Research and Design Inst. of

Complex Power Technology (Leningrad)*
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International Relations
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З А К Л Ю Ч Е Н К Е

по отчету "Обращение и окончательное захоронение
непереработанного отработавшего ядерного топлива"

(2-й отчет Щ ? том I и П)

Надежно ̂  решение завершающей стадии ядерного топликгого
цикла (ЯТЦ) в настоящее время является одной из наиболее актуаль-
ных проблем. Б странах, интенсивно развивающих атомную энергети-
ку, рассматриваются два основных направления:

- регенерация отработавшего топлива АЭС, позволяющая вер-
нуть в топливный цикл невыгоревший уран, выделить плутоний,
который необходим для развития реакторов на быстрых • ейтронах ;
осуществить с целью локализации радионуклидов отверждение высо-
коактивных жидких отходов, захоронение отвержденных отходов
после выдержки в геологические формации ;

- захоронение отработавшего топлива в геологические форма-
ции без регенерации подобно отвержденным высокоактивным отходам
перерабатывающего завода.

Во П отчете КБ*,' рассмотрена схема обращения с отработав-
шим топливом атомных электростанций без его регенерации, включая
стадии наземного хранения и захоронения в геологические форма-
ции (так называемый "вариант прямого удаления"), описаны техни-
ческие средства, рекомендуемые для каждой стадии (хранение в на-
земных хранилищах, транспортировка, контейнеризация, размещение
в могильнике и пр.) и обоснована безопасность предложенного спо-
соба окончательного захоронения отработавшего топлива.

Обоснование безопасности этого метода обращения с отрабо-
тавптат топливом А̂ 'С в течение всего времени, необходимого для
распада содержащихся в отработавшем топливе радионуклидов, про-
изведено на основании геолого- и гидрогеологических исследова-
ний подстилающих коренных пород (их структуры, водопроницаемос-
ти, устойчивости во времени и других факторов), изучения хими-
ческого состава и свойств пород, грунтовых вод и буферного мате-
риала, а также процесоов выщелачивания радионуклидов из захо-
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раниваемого топлива и рассеяния их по пласту, коррозии конст-
рукционных материалов контейнеров, химического взаимодействия
радионуклидов с пластовым материалом в случае их проникновения
в грунтовую воду и других процессов, определяющих безопасные
условиях захоронения радиоактивных веществ.

Экспериментальные данные получены на реальных природных
материалах, добытых путем бурения скважин на трех предполагае-
мых площадках размещения могильников.

Принятое в отчете однозначное решение об окончательном
(безвозвратном) захоронении отработавшего топлива в подземных
могильниках является, по нашему мнению, преждевременным.

Так, необходимо отметить, что несмотря на полученные дан-
ные, трудно оценить достоверность (надежность) прогнозирования
безопасности на период в несколько миллионов лет, как это сде-
лано в отчете.

При нарушении принятых "барьеров" безопасности за более
короткий срок в биосферу могут проникнуть в опасных для чело-
века количествах долгоживующие нуклиды, например, плутоний и
трансплутониевые элементы.

Для их обезвреживания могут оказаться более приемлемыми,
с точки зрения надежности, разрабатываемые другие способы, в
частности, трансмутация.

Однако, в этом случае потребуется химическая переработка
отработавшего топлива, предусматривающая выделение актинидов
из высокоактивных жидких отходов.

Одним из преимуществ варианта замкнутого ядерного топлив-
ного цикла с разделением актинидных и осколочных нуклидов явля-
ется повышение надежности (достоверности) прогноза безопаснос-
ти захоронения отвержденных высокоактивных отходов, содержащих
только В - , у - активные нуклиды, для снижения радиоактив-
ности которых за счет естественного распада потребуется более
короткий срок ( ~ 1000 лет) по сравнению с предлагаемым "ва-
риантом прямого удаления".

При сложившемся в настоящее время в мире положении с реше-
нием заключительной стации ЯТЦ наиболее целесообразным является
поэтапный подход к проблеме локализации радионуклидов, содержа-
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щихся в ядерном топливе. Первой стадией при этом является хране-
ние отработавшего топлива, что и предусматривается в предлагае-
мой в отчете схеме.

Однако, в связи с тем, что окончательно не принято решение
отказаться от переработки топлива, и в недалеком будущем может
оказаться целесообразным проводить его химическую регенерацию,
что планируется осуществить в соответствии с соглашением шведско-
го правительства с французской фирмой сое- Ш А ( Нис1е1ес,
1979, № 1929, п. 9482), поэтапная схема должна предусматривать
возможность временного хранения не только твэлов, но и отверж-
денных высокоактивных отходов.

Поэтому более целесообразным был бы смешанный вариант схемы
завершающей стадии топливного цикла, изложенный в I и П отчетах

По существу поставленного во П отчете КВ,? вопроса о доста-
точности обоснования безопасности предлагаемого способа захороне-
ния отработавшего топлива необходимо сказать следующее. Приведен-
ные в отчете расчетные и экспериментальные данные отвечают обще-
принятым сегодня критериям безопасности при локализации радио-
нуклидов в подземных могильниках, основными из которых являются
следующие:

- ограниченные тепловые нагрузки на грунты ;
- стойкость породы во времени и малая ее водопроницаемость ;
- стойкость конструкционных материалов могильников в усло-

виях пласта ;
- физико-химическая способность грунтов сорбировать радио-

нуклиды и другие условия локализации радиоактивности в относитель-
но малых объемах могильников.

Однако, прогноз надежности захоронения твэлов, сделанный
на основании этих данных на период в несколько миллионов лет,
кажется нам неоправданным.

Кроме того, отсутствие экономических показателей предлагае-
мого метода не позволяет сделать более полное заключение.
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.?n the rape:' "iland 1 lnt
r :±rn.i final storage of used nuclear

fuel, that has n-t been !'pproces.:ed" (2nd K:̂ T paper,
part I ari-i If)

One of the most burning problems of our time is to find a
safe solution to the final stage of the nuclear fuol cycle.
In countries, where nucl»ar energy is stronfly developing,
tv;o main approaches are studied:

- to regenerate the used nuclear fuel, which makes it
possible t o return the uranium, which has not been burnt
out, to the fuel cycle and to separate plutonium, necessary
for the development oV fast breeder1 reactors, fror. the fuel;
to let the hirh-active liquid waste solidify (in order to
locate the radionuolides) and, after some time, bury it into
pre o 1 o fr i c a 1 f o IT; a t i 'i n 3 ;

- to bury the non-rerenerateä burnt fuel into p-eolopical
formations in a way, sinilar to that of hirh-active waste
from reprocessing plants.

The second KnT paper describes methods to handle used nuclear
fuel, which has not been regenerated. This includes surface
storage and final storare in peolorical formations (so called
"direct final s t o r a g e " ) . The technical measures that are
recommended for each stare (surface storap-e, transportation,
enclosure, storare in underground cavities etc) are described.
Finally, the safe';;; <" f the method proposed for final storage
of burnt, fuel is analysed.

The safety analysis of this method for handling used nuclear
fuel during the whole time, necessary for the decay ~i' the
radionuclides in the fuel, is based on:

ogical and hydroreol o g i cal
bed-!'ock (its struetu"e, water permeab

rives t i pat ions "f the
lity, time stability

etc) ;
- studies of the r.adi onucli des ' leaching from the st< r • e i

fuel and their preparat i^n through the rock;
- studies c V the corrosion of the container material;
- studies o'1 the "'hemioa! reactions between the radio-

tiuclidos and the t""'k r-aterial, if the former ret iut int<.
the ground water;

- studies .'if the chemical structure and properties > f
the ror-k, the f.-r-und water1 and the buffer material;

- studies of other processes, important for a safe stora,"*1

o f ra d i oa c t i ve ma t. o r i a 1 .

'•'xperirnerita.1 aata have beer: obtained on real, natural materials.
These, in turn, have been obtained 'ny means of drill ins', in
three places, that have been proposed for underground storas'-'.

In our view, it is too early to cnrnriit oneself to the paper's
unambifTous nolut ion V^r final (irrevocable) storare of used
fuel in underrround eavitier,.
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We find it necessary to point out, that, in spite of the
data acquired, it is difficult to estimate the accuracy of
the safety prognosis for a period of several millions of
years in the way it is done in the paper.

If the proposed "safety barriers" are exceeded earlier, long-
lived nuclides (e.g. plutonium and transplutonium elements)
may come out in the biosphere in quantities, dangerous to
human beings.

In order to render them harmless, it might, from the point of
view of safety, be preferable to use other methods, that have
been worked out, e.g. transmutation.

However, in that case it is necessary to chemically reprocess
the burnt fuel, so that the actinides are separated from the
high-active liquid waste.

One of the advantages of the approach with a closed nuclear
cycle, where actinides and fission nuclides are separated
from the fuel, is that the safety prognosis becomes more
reliable. After the high-active waste has become solid, it
contains only Q- and ^-active nuclides. The radioactivity
of these is decreasing due to natural decay in a shorter
time (-̂ 1000 years) than in the proposed method of 'direct
final storage".

The present world situation as far as the solution of the
final stage of the nuclear fuel cycle is concerned makes a
step-by-st /- approach to the problem of locating the radio-
nuclides • the fuel the most suitable. The first of these
steps is .v tore the burnt fuel. This is also foreseen in
the meth described in the paper.

However y s step-oy-step approach ought to contain the
possibi .'• ,y of storing for som~ time not only fuel cells,
but alsT .'• e solidified high-active waste. This has to do
with tlv ^ict, that no final decision to refrain from, re-
proces:.' r, of the fuel has been taken. In a near future
it mig'i turn out that chemical regeneration of the fuel is
advant , ous. This is also planned in correspondence with
the ag •' ;?ment between the Swedish government and the French
enterprise COGEMA (Nuclelec, 1979, No 1929, p 9^82).

The mi x, n approach to the final stage of the fuel cycle,
which i. put forward in the first and second KBS papers,
is ther.-.'ore preferable.

On the question raised in the second KBS paper, wether the
safety analysis is reliable or not, we want to comment p.s
follows. The calculated and experimental data, that are put
forward in the paper, comply with the safety criteria, which
are generally adopted today in connection with storing radio-
nuclides in underground cavities. The most important of these
criteria are the following:

- limited heat loads on the bed-r. ck;
- tirr.e stability and low water permeability of the rock

material;
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- stability of the container material conaicierinp; the
local properties of the rock;

- the bed-rock's physical and chemical ability to absorb
radionuclides and other conditions concerning the location of
radioactive material in the comparatively small underground
cavities.

The safety prognosis for the storage of fuel cells, which has
been done, starting from these data, and which is supposed to
be valid for several millions of years, looks, however, un-
founded to us.

In addition, the absence of economic calculations for the
proposed method makes it impossible tc deliver a more complete
report.
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Dear Mr. Hjorth,

Reference is :..ade :o your letter of t. Apr: 1 l>-7?
requesting an analysis of the second Swedish KBS report
entitled, 'Handling and Final Storace of Unreprocessed
Spent Nuclear Fuel'.

I wish to inform you that, as requested, the Agency
convened an independent Panel of experts to review this
report. The Panel net fror; 2c to 30 November 1979 and
evaluated the radiological safety and technical feasibi-
lity of the proposed concept for the lcn£>term storage
and disposal of unreprocessed spent nuclear fuel.

I am pleased to attach herewith, for further
consideration by your Government, copies of the Panel's
.valuation report and covering letter fro: the Panel
Chairman.

Yours sincerely,

\

Sigvard Eklund
Director General

Attach:: tent

Mr. Lars Hjorth
Head of Department
Ministry of Industry
Fack
S-1G3 10 Stockholm
Sweden
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Vienna, Austria

1979-11-30

Director General
International Atomic Energy Agency
Vienna, Austria

Subject: Evaluation of the Swedish Second KBS Report

Dear Sir,

The Panel of experts, which was organized by the International
Atoxic Energy Agency at the request of the Government of Sweden, met
from 26 to 30 Sovember 1979 *nd evaluated the technical feasibility
and safety of a Swedish concept for the long-term storage and disposal
of unreprocessed nuclear fuel in a crystalline roc\c repository, as
proposed in the second OS report entitled, "Handling and Final Storage
of Unreprocessed Spent Huclear Fuel". The Panel did not consider the
economic aspects of the concept. As you will recall, a similar Panel
was convened by the IAEA at the request of the Swedish Government in
May 1978 to evaluate the first OS report on "Handling of Spent Nuclear
Fuel and Final Storage of Vitrified High-Level Reprocessing Waste".
That Panel's evaluation was sent to you on 19 Nay 1978.

As Chairman of the Panel I have pleasure in submitting to you
the results of our five-day deliberations with the attached report.

Having examined the relevant documents distributed before the
meeting and having listened to additional information and clarifica-
tion given by senior Swedish experts who were available during the
deliberations, the Panel felt that i t was able to reach conclusions as
to the technical feasibility and the radiological safety of the
envisaged concept. It has been concluded that the envisaged concept
incorporates measures of conservatism which are adequate to meet the
radiological safety standards mentioned in the KBS report. The Panel
finds the concept technically feasible, but before a final decision i s
taken on the implementation 01 the concept, more details on the specific
s i te and the final design must be evaluated.

The Panel appreciates this opportunity to evaluate a major new
concept in the waste management f ield.

Sincerely Tours,

Frank L. Parker
Chairman of the Panel
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"HANDLING AND FINAL STORAGE OP UNREPROCESSED SPENT NUCLEAR FUEL"
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Vienna, 26 - }0 November 1979
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1. Background and Scope of Evaluation

Under the "Stipulation Law", passed by the Swedish Parliament,

new nuclear power reactors in Sweden may not be charged with fuel unless

the owner is able to "demonstrate" that final disposal of either the

high-level waste from the reprocessing of spent nuclear fuel or the

spent nuclear fuel can be accomplished in an "absolutely" safe manner.

To investigate the possibilities of complying with the Stipulation Law,

the Swedish electrical power utilities for.ed the Nuclear Fuel Safety

Project (KBS) which prepared a report entitled, "Handling of spent

nuclear fuel and final storage of vitrified high-level reprocessing waste",

hereafter referred to as "the first KBS report". It is noted in the first

KBS report that the Swedish Comittee of Commerce and Industry, in its

review of the Stipulation Law, found the expression "absolutely safe"

to be warranted in view of the high level of safety required, but

considered that a "purely Draconian interpretation of the safety require-

ments" is not intended.

The International Atomic Energy Agency (IAEA), at the request of

the Government of Sweden, convened a Panel in May 1978 to evaluate the

first KBS report. That Panel's evaluation was submitted by the IAEA

to the Swedish Ministry of Industry on 25 Kay 1978.

During the five-day period, 26-3C November 1979, the present Panel

reviewed a concept for the disposal of unreprocessed spent nuclear fuel

in a crystalline rock repository as proposed in a second KBS report

entitled, "Handling and final storage of unreprocessed spent nuclear

fuel". This report is hereafter referred to as "the second KBS report".

The Panel was convened by the International Atomic Energy Agency (IAEA)

at the request of the Go'/ernu,ent of Sweden. It is noted that, as in the

first Panel, n.eubers of the second Panel served in their individual

capacities and their opinions should not be construed as representing

those of their respective Governments or Organizations. It also is noted

that seven experts on this Panel also participated an the first.

The Panel had at its disposal in English the two voluii.es of the

second KBS report, the five volu/r.es of the first KBS report and a

compilation of the critiques of the first KBS report "Report on review

through foreign expertise of the report 'Handling of spent nuclear

fuel and final storage of vitrified high level reprocessing waste' ",

and for reference some 120 technical documents, GO e inly available in
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Swedish, prepared as support and background material for the two KBS

reports. In addition, seven senior technical members of the Swedish

team involved in the KBS Project made presentations covering the

methodology and the important assumptions used for demonstrating the

"absolute" safety of the concept for the disposal of unreprocessed spent

nuclear fuel.

The Panel prepared a series of written questions for the Swedish

experts. The responses led to follow-up questions. As a result of the

study of the documents, presentations and the questions and answers

as well as prior analysis of the documents, the me bers of the Panel

were able to reach conclusions as to the technical feasibility and the

state of knowledge for the concept presented for the handling and the

disposal of spent nuclear fuels in the Swedish bedrock. A detailed

analysis of the background and reference documents was obviously

impracticable due to their scope and the ti::.e that would be required.

The second KBS report is not intended to be a fir. design but is a

conceptual study to satisfy the requirements of the Swedish Stipulation

Law.

The second KBS report presents a concept which provides for an

extended period of storage of the spent nuclear fuel assemblies before

the fuel pins are removed from the assemblies and encased in cast lead

in a copper container. Each sealed container with the embedded fuel

pins is disposed of in a repository some 500 meters underground in the

crystalline bedrock by being placed within a specially prepared barrier

of compacted bentonite. The fuel storage and transport concepts are

based on current practices and are described in the first KBS report.

Consequently, the present Panel accepted the judgements of the first

Panel which found no serious operational difficulties regarding these

aspects. The technology and safety analyses of the disposal concept

were chosen with the intention of providing a sufficient xargin of

protection to approach the qualified stipulation of "absolute" safety.

Where safety is predicated on either proven technology, supportable

concepts or analytical determination, the second KBS study has adopted

those methods favouring the safer disposal concept. The Panel uses the

terrt, "conservative" in referring to this practice.

It was noted by the Panel that the scope of the second KBS report

was limited to consideration of conditioning and disposal of spent

nuclear fuel pins and the irradiated i.etallic components of the spent
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fuel assemblies other than fuel pins. Disposal of the secondary radio-

active wastes and effluents resulting fron the above operations were

not included in the scope of the KBS study. The Swedish experts indicated

that these radioactive inaterials were expected to be handled by current

proven practices. In addition, the Panel was inforred by the Swedish

experts that econoic considerations were not a factor for satisfying

the Stipulation Law. Therefore, no effort was made by the Panel to

evaluate the economics of the KBS concept.

The second KBS report differs fron. the first in that l) it deals

with spent fuel which has a larger quantity of long-lived urani-i.x and

plutonium than the vitrified waste and "dexands on the long-terr.

isolation of the spent, fuel are therefore greater"; 2) it recommends

a copper canister rather than a lead and titan uin canister; and 3) it

recommends a buffer of highly compacted bentonite rather than a bentonite

and quartz sand mixture.

The safety analysis in the second KBS report deals with tiir.e

periods almost two orders of magnitude greater than in the firs: KBS report.

The models employed in the second KBS report to calculate the ti.;.e

of arrival of radionuclides at the surface derived fron. a repository are

valid in principle. Their use results in the prediction of arrival

titles extending into time scales beyond ;ran's nor al understanding.

Despite that, the Panel finds that the safety concept is no less valid

scientifically. Viewed in any oth«>r context it requires a value

judgement in relation to an interpretation of the Swedish Stipulation Law.

This is beyond the competence of the Panel.

The rriajor conclusions of the Panel were reached unanimously and

are listed in Chapter 8. In addition, so;,,e important considerations

of the Panel are detailed in the following Chapters 2 - 7 - This report

is in no way a comprehensive record of the considerations of the Panel.

Its contents indicate the nature of the discussions and reflections that

led to the Panel's conclusions. Some areas where research and develop-

ment will be required for an eventual implementation of the concept are

also identified.

2. General Aspects

The second KBS report presents a conceptual approach to the question

of the disposal of unreprocessed spent nuclear fuel. The basic n.ethodology

involves protection of n.an through the use of a iimltibarrier protection

syste::..



As explained to the Panel by the Swedish experts, the concept .a!

design will be aptisused in the next 20 years and then detailed m -he

subsequent 20 years. The Panel felt that the ti:e fraa.e is adequate

for:

a) finali tation of technologies, including any required de-onstra-

tions;

b) validation of the essential safety feat-u-es;

c) design of the repository.

The proposed technologies appear to be feasible but ;• sho.Id be

recognized that there i s greater experience with cer-ain ::arts of -he

systetr. than o the rs . So e ->f 'he pa r ' s c r i t i c a l '..•• safety :..;;•. be explored

to a greater extent , such as the permanent seal int of the access shafts

and exploration boreholes.

The approach -sed dur.ng the eonceptua. phase .s a s'artfiard engineer-

ing- T.et hodol ogy. The Fane", recognizes t ha: during the design phase the

process parameters Kill be opt::.:sec based upon specific re :u:re~en"s .

Since the concept r e l i e s up<-n several ba r r i e r s and .nterfaces

between bar r i e r s c r i t i c a l to safe 'y and re ia ' .me ': ' *e tonta:nr:.ent

of the source material , proper quali ty assurance pr.nciplec will have

to be applied. The second KB3 report describes 'he quality cor.tr-1

requirei;.ents for the encapsulation process and the Suciish experts

inf>r:ed the Panel that 'he other c r i t i c a l components w .la have the

appropriate level of quali ty con t ro l .

The second KBS report leaves open the poss ib i l i ty .-T colo<-ra* inj-

Kith the spent fuel repository a repository ;n which fuel ske'.et .>nr are

packaged and sealed in concreted tunnels at an inter;.ed:ate ' .eve' .

While the panel r e c r ^ i z e s the convenience of this concept, he '.eachates

fron. the concrete ::.ay pose a deleter ious effect to *he .r.ief/n-y of the

;>.an-:i.ade bar r ie rs and an intermediate level excavation .ay potent ia l ly

cor. prorise the host rock. The Panel theref : re ret; •;:.; ends * hat caref;!

consideration be pi ven to the effecf on 'he overall Jafe'y >f

colocation within a distance equal fr- the radiin .-f ne of 'ho flow

ce l l s identified in 'he fToundwater ::odel •

I. Spent Fuel Character is t ics

The spent fue! characteri af. •. cc inert in "he rep >rf are baccrt jpon

a burn-up of 33»COO I-lVid/tU. V.'h\!c no credit is 'åken in "he lr>nf-

f,en:. safety analysin for the presence nf fuel c'.ariri. n/>-, it i:; i:len"; fieri



1 0 3

as a barrier in the report. Fuel and reactor operational technologies

are continually producing higher burn-up fuels. The higher burn-ups,

as well as changes in reactor operational techniques, such as longer

fuel cycles and increased thermal cycling, may change the assumed fuel

characteristics. This aspect will have to be taken into consideration.

4. Technical Facilities

4.1 Long-term spent fuel storage facility

The KBS concept of a spent fuel storage facility is based on

considerable experience in the design, construction and operation of

storage facilities, and it was evaluated as a part of the first K K

report. The concept is feasible and does not require further develop-

ment .

A new feature is the proposed storage of spent fuel for a period of

40 years. However, experience available at present exists only for

storage of high burn-up fuel for a period of 10 years and low burn-up

fuel for 20 years. In order to avoid any extrapolation of existing

data, consideration should be given to an earlier encapsulation of the

fuel. This gives an additional advantage in evaluating the canister

integrity over longer periods of time prior to disposal.

Mater purification, secondary waste management and handling of

damaged fuel should be covered in the final design.

4.2 Transport

The transport of spent fuel elements is covered extensively in

the first KBS report. The Panel feels that no additional comments need

to be made besides those made already by the earlier Panel in evaluating

the first KBS report.

4.3 Encapsulation

The encapsulation process involves fuel dismantling, insertion

of the fuel pins into a ccpper canister, pouring of lead into the

canister and sealing the canister with three layers of copper lids.

Prior to pouring of lead the canister and the fuel pins are heated to
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400 C for 48 hours. With a suitable inspection programme prior to

encapsulation, it will be possible to prevent introduction of waterlogged

fuel into the interior of the canister and avoid a mechanism for attack

of the canister's interior. The concept seems to be feasible from the

metallurgical and engineering point of view, but research and development

work has to be carried out to demonstrate the concept.

The Panel agrees with the second KBS report's proposal to examine

other material and dimensions and recommends optimization of these

factors in terms of safety considerations and the use of valuable

materials.

4 >4 Repository

The conctpL envisages the construction of a repository at about

500 m depth for the disposal of 9000 t of spent fuel. It is designed in

the form of a modular tunnel system. The fuel canisters are deposited in

vertical holes drilled in the floors of the storage tunnels. The

construction of such a repository which is similar to that considered

in the first KBS report is technically feasible and the technology is

available.

The Panel is of the view that in the design and construction of the

repository some operational safety features which are not covered in the

second KSS report, should be given further consideration, for instance,

the whole handling procedure with the long and heavy canisters and the

introduction of the canisters into the compacted bentonite rings in the

disposal hole.

5» Man-Made B-rriers

The man-made barriers employed in the fuel disposal concept are very

important to the performance of the system. They determine the time at

which radioactivity first becomes accessible to the groundwater; one

barrier, the bentonite buffer material, is particularly important in

determining the rate at which radionuclides enter the hydrogeological

system. In assessing the probable performance of these man-made barriers,

the KBS study employs various data, scientific principles, models and

assumptions. The Panel has assessed, as thoroughly as the concept allows,

the validity of the inputs which were used»
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The first barrier in the sequence is the uranium dioxide fuel

material, which contains the majority of the hazardous material in

irradiated fuel. The study claims that the uranium dioxide matrix is

a poorly soluble material, particularly under reducing conditions. This

is correct and, in assessing the concentrations of uranium which might

develop in the groundwater, only conservative assumptions are applied.

The leachability of the uranium dioxide, as measured by conventional

leach rate testing, does not feature prominently in the assessment. It

is argued that, in the stagnant water conditions which will exist in

the vicinity of the fuel, transport processes will dominate over

dissolution processes in determining the rate of dissolution of the

fuel and hence the supply of radionuclides to the groundwater. This

claim is reasonable although there is one caveat. It is assumed that

the transport of uranium species is rate controlling and that all

fission products will be released by a process of congruent dissolution.

Experience and data concerning the long-terrr. leaching and dissolution

behaviour of uranium dioxide fuel, particularly at temperatures as high

as 100°C, is limited. There is no current evidence to suggest that the

assumption of congruent dissolution is not valid. However, it is

conceivable that some other fission product release mechanism, which

would not be dependent on the rate of transport of uraniu/r, species, could

operate. If such were the case, the implications would be particularly

significant in terms of the availability of iodine and technetiuin,

which are not easily retarded in transport through the geosphere.

The subject of fuel leaching and dissolution is receiving increas-

ing attention, worldwide, and the data base and understanding is develop-

ing rapidly. Current knowledge suggests that, whatever the leaching

mechanism from the uranium dioxide matrix, the release rates are

rather low and the data cited in the report are representative for

typical groundwater in Swedish crystalline rocks.

It is claimed in the second KBS report that the fuel cladding

possesses excellent corrosion resistance in the disposal environment.

While it is true that zircaloy is a very corrosion-resistant material,

the Panel knows of no evidence which would rigorously substantiate

this claim. However, no credit is claimed for the fuel cladding in the

safety analysis. Therefore, this criticism in no way invalidates the

conclusions of the report. In fact, the fuel cladding will have a

finite life, although this may be relatively short and of little

significance.
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The performance claimed for the copper canister is based on the

sound application of the basic principles of corrosion science. The

assumptions employed in applying these principles, particularly in

regard to the probable rate of supply of the oxidants via the ground-

water, are very conservative. Vivianite is added to the backfill

material to capture any entrapped oxygen.

Joints can sometimes be a point of weakness in sealed containers.

The Panel accepts the view that, in the time period which is contem-

plated before disposal is implemented, high-reliability lid-sealing

techniques can be developed. The development of acceptable quality

control methods for the canisters is realistically achievable with

little or no extension of current technology.

The Panel was concerned about the potential attractiveness, to

future generations, of the copper which is employed. Further study

may allow the relaxation of the criterion of full radiation shielding

which was used, quite properly, for the purpose of this conceptual

study.

The coir.pacted bentonite buffer material around the canister is

important in controlling the rate of supply of oxidants to the

canister surface and, after the canister is breached, the rate of

transport of fuel material to the hydrogeological system. The Panel

accepts that the bentonite blocks can be made in a reproducible manner.

The Panel notes that restrained bentonite can, when wetted,

develop swelling pressures which could, in some circumstances,

result in crack extension in the fissures in the rock. The statement

that the system is self adjusting, so that such high pressures cawiot

develop, is based on valid principles but requires further assessment

and perhaps demonstration. It should be noted, of course, that

should additional local cracking be induced, the pressures will be large,

and the probability is high that bentonite will extrude into the

crevices and reduce the permeability of the crevices.

The combination of man-made barriers reviewed above are responsible

for determining the rate of access of nuclides to the groundwater system

in the geologic barrier. This is assumed to be controlled by the rate

of dissolution of the uranium dioxide fuel. The validity of this

assumption was reviewed above* The dissolution rate of the fuel is

determined by the rate of transport of uranium from the dissolution

Bite. This problem is treated in an elegant scientific manner in the

KBS study. Essentially, this transport rate is controlled by three

major factors: l) the equilibrium concentration of uranium in the

groundwater; 2) the diffusivity of uranium in the buffer mass and
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the water flowing in the fissures around the buffer; and 3) the

volume and velocity of flow past the buffer mass.

The Panel was not able, in the time available, to perform the

types of sensitivity analyses necessary to evaluate the relative

importance of diffusivity in the bentonite and flow rate in the rock.

However, it does appear to be an area where some optimization studies

may be necessary.

The uranium dissolution time calculated using pessimistic

assumptions is significantly greater than that used in the safety

analysis. The time used in the safety analysis is appropriate for the

present conceptual purposes, but further studies will probably

indicate that it is very conservative.

The buffer mass is also important in being the first sorption

barrier in the system. The report indicates, and the Panel agrees,

that a substantial amount of the radioactive material in the irradiated

fuel will have decayed before it ever leaves the buffer mass. The

values of retardation coefficients used to calculate hold-up times of

sorbed nuclides in the buffer material are reasonable and supported

by available data. Nevertheless, the Panel believes that further

attention be given to these several aspects with particular reference

to the possible effects of all corrosion products.

There is one other man-made barrier which does not feature promin-

ently in the safety studies. This is the back-filling of the chambers

and access shafts. These excavations could only contribute an undesir-

able effect if they provided a short circuit path to the biosphere.

There is no reason tc believe that such would be the case. Blasting

damage is expected to be minimal and the bentonite content of the

backfill should prevent the formation of high permeability conduits.

On the other hand, the backfill does represent a substantial amount

of sorption capacity for any nuclides which should find their way

into these zones. No direct credit is claimed for this in the safety

assessment.

The Panel is satisfied that the back-fill materials can be

emplaced in a satisfactory manner.

In summary, while the Panel has reservations concerning some

specific aspects of the man-made barriers, it is its opinion that when

viewed as a whole, »hey do constitute a highly conservative method

for the effective isolation of nuclear fuel for an adequately long
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safety analysis and which are dependent on the performance of the nan-

made barriers, are selected conservatively and are used in a responsible

manner.

More research and development work is required to confirm the

anticipated performance of so:i.e features of the systeir,. However, in the

judgement of the panel such efforts will lead to a greater understanding

which will, on balance, probably enable some of the more conservative

aspects of the man-made barriers to be relaxed.

Geoloqr and

The Panel recognized that the only areas to which the KBS Project

has had access for r.ajor field investigations are in the immediate

vicinity of existing power stations. Thus, the data acquired relate

to areas selected on non-geological criteria and n.ay not represent

optimum conditions. Despite that, three of the five areas investigated

to date are considered by the staff of the Project to contain suitable,

although different, rock types and to warrant further studies. The

Panel coir.mends this broad approach which will lead to characterization

of a range of host-rocks in different geological environments.

It n.ust be emphasized that confirmation of the safety of the proposals

relating to the geological barrier will be entirely dependent upon the

acquisition of reliable field measurements, with particular emphasis on

the characterization of the hydrogeology and hydrochemistry of fracture

ayEte::s in site specific ter:;S.

Further investigation of the basic geological background has not

resulted in new information which invalidates the conclusions of the

first KBS report that a cafe repository can be constructed in the

bedrock of 3wederi. Neither the tectonic nor the neo—tectonic evidence

indicates that either the regional or the local stability of the bedrock

will be subject to catastrophic or gradual change at a scale which would

impair the safety of the concept. The relevance of stochastic analysis

to the probability of local displacements may be open to debate, but

thin does not invalidate the basic conclusion.

It IG recognized in the concept that Sweden will be subject to

further glaciation within the relevant time-scale and the implications

are considered adequately. Tt is not axiomatic that a return to the

huxid and tropical conditions which existed in Sweden during Tertiary
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times, and which led to deep but highly localized weathering of the

bedrock, will also recur. It became clear during discussions with the

Swedish experts that thought had been given to the related question of

the mechanism for back-filling the shafts and exploration boreholes to

withstand such extreme events. It should also be recognized that the

safety of a sub-surface repository in such conditions would be

entirely trivial compared with the many other gross and insoluble

problems which would afflict the population at the time or be of

prime concern to any returning population tens of millenia later.

Of major concern to the Panel was the question of the adequacy of

tho hydrogeological analysis, both as to basic data and mathematical

modelling procedures. Following the first KBS report many new field

data have been acquired from both vertical and inclined boreholes. The

analysis of the results presented by the Swedish experts, augmenting

the data in the first KBS report, confirmed that the hydraulic

conductivity of the bedrock at the sites investigated decreases with

depth through several orders of magnitude. Despite that, a conservative

value has been employed for the deep bedrock in the safety analysis and

the Panel approves that procedure. The presence of higher permeability

crush-zones has been confirmed by quantitative field observations since

the first KBS report. Although adequate for present purposes, the

values of kinematic porosity used in the model should be the subject

of future research.

The 3-D groundwater model of the Finnsjö area can be taken as

illustrating the second KBS report's recognition that improved model-

ling will be required and simulates the permeability conditions adequa-

tely for the present conceptual purposes. The output from the model

confirms the major role played in the groundwater flow by the crush

zones and illustrates the importance of local flow cells. The model

does not include a short-circuit flow path vertically upwards from the

repository. Some of the man-made barriers would inhibit such movement

and the groundwater volume available to sustain it would be minimal.

Nevertheless, the Panel considers the possibility should be examined

during the course of the safety analysis for any specific site.

Generic data indicating insignificant thermal perturbations on the

groundwater flow pattern will require investigation at the site

confirmation stage using realistic boundary conditions.

Some of the piezometnc data presented to the Panel confirmed

that apparently discrete fissure systems occurred at different depths
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in the same borehole. Th: s well—recognised feature will necessitate

extensive research when specific sites are being evaluated and is

likely to require significant development of present n.odelling

procedures.

Errphasis is placed in the report on the significance of the age-

dating of the groundwaters. The Panel accepts that such results

provide valuable confirmation of general groundwater flow rates.

However, it would not wish to place great reliance on them as they do

not bear directly upon the transit tune of groundwater froir. a

conceptual repository to the relevant groundwater d-. scharge zone.

Since the preparation of the first KBS report, much additional

information has been compiled on the occurrerce of reducing conditions

in the deep bedrock and valuable emphasis has been placed on the

geoche.Tucal significance of these conditions in relation to retarda-

tion of nuclides. The Panel has no doubt of the major significance of

this phenomenon and would commend expansion of research into this

natural geochemcal barrier. It also heard with interest of the work

being undertaken on diffusion of nuclides through micro-fissures, the

walls of which would provide extren.ely extensive surface areas on which

nuclide sorption could take place.

As stated in relation to the first KBS report, Swedish experience

in the construction and operation of extensive, heated storage caverns

is sufficient to ensure that the "rock mechanics" aspects of repository

design and construction can be concluded satisfactorily. Similarly,

the several conservative factors identified in the Geology Section

of the Annex to the evaluation of the previous Panel will continue to

operate and add to the already extensive margin of safety incorporated

in the concep..

7. Radiological Safety Assessment

The Panel reviewed the safety aspects of the operational phase of

the repository, including handling and encapsulation of spent fuel.

It was satisfied that the analysis presented in the report is adequate.

The design of the encapsulation installation sserr.s adequate from the

point of view of radiation protection, the ren.ote handling being an

application of existing technology. After encapsulation, the canisters

are celf-chieJdsng, allowing short-tern, work to be performed in the
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v ic in i ty . The analytical procedure for possible fai lures and accidents

in the encapsulation process is sa t i s fac tory .

The Panel considered the safety of the disposal in the ii^-ht of

the technical descriptions of Volume 2 and of the KBS Technical Report

No. IOC. Obviously the disposal of spent fuel implies a larger radio-

active inventory than that of v i t r i f i ed wastes, because al l the uranium

and plutonium are present, instead of 0. '^ ' of each. Further-ore, fuel

elements have not been optimized re^ardin^ long—ter~ releases of their

radioactive content.

In previous parts of th i s report , the functi *nc and performance

of the natural and man-.viade barr iers separa ' inc the disposed radioactive

materials from man v.ere discussed in d e t a i l . These ba r r i e r s , from a

safety point of view, z.re equivalent to delay factors retarding the

arrival cf disposed radi nuclides at the biosphei}. The assumptions

regarding these barr iers made in the report for safety analysis

purposes incorporate substantial margins of conservat: sm.

It is postulated that radioactive substances fr.r. * he rep;:;-, t .ry

will be transported by the yrour.dwater. In previous parts of this

report the hydropeolo^i cal transport to the biosphere v:ac discussed.

The assessments of dose and collect ive dost take account of the ca:r.e

13 biospheric pathways as in the f i rs t KB3 report. Drinking water is

a dominant direct pathway for the most exposed individuals. In other

pathways involving movements in ecological chains, the assessments .se

classical transfer models. Some exposure pathways are r.ore impjrtant

than others and, for- example, a reasonable change in : he roiis'-j:.pt i on

of ;:.eat and dairy products has an insignificant effect on the dose

incurred.

The pathways analysed ;n the report are re.-il i:; t. ic f >r thr present

and near1 future, but several other pathways; are likely t • bec >'ie

important in the lont; ten: relevjint f>r the a^:-e:'p-..ont . T)ioi;e pa 'h-

vays, which v.ovild be especially relevant to collective d ••ac c •>• .:..i ;• i-nt

assess::.ents, v:ould include harvesting for sea proteins (.cepha. .ipijd:;,

red crab, e t c . ) , frc^h water- production fro:. ' Icmlma' .un of ;:.ca water,

e t c .

Consideration of these additional pathvayc v.-aild have an i nf V.ienre

in the ac:;ccs::.ent of col lect ive dose c c.ir.i t :..entr;, but the larfc

conuervat ir.,r:K inherent n the resul ts presented in ;he report ::. •re i han

offset such influence. It should be ::.enti-.--ned lhat, when r:/: p.-u-c! per
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MW.year of electrical energy generated by nuclear power, the collective

do3e commitments (complete) given in the second KBS report are two

orders of magnitude larger than similar assessments, including that

presented in INPCE (Working Group 7 ) . The large difference could probably

be explained by the values used for sediment retention of radioactive

materials and for the return to the water phase. These would be

realistic for shallow waters as in the case of the Baltic Sea, but

would probably grossly overestimate the long-term oceanic contribution,

after vertical mixing has occurred.

Regarding individual exposures, both the main case and the pessi-

mistic case analysed in the report have as limiting cases a hypothetical

critical group using water frorr. a well for drinking and irrigation.

In these cases, as in the first KBS report, conservatism has been

introduced by the assumption that the well water, which could be the

primary recipient of nuclides released in the repository, is derived

only from the water in the catchment area related to the repository.

The contribution of JRa is don.inant in the cases mentioned above,
2 "50

due to the assumption of local prscipitation of Th. Due to the very

long times involved, the doses seem to be determined by the amounts of

U, and would not even be reduced if ont; assarr.es a much iong-er isolation

period than in the report. While this could be considered as relevant

in the case of individual doses, because the relocation of J U would

influence local individual doses, it would not be proper to be taken into

account for collective dose assessments. In fact ' U would also have

existed, albeit in different fora, if no nuclear power had been

generated, and over the long periods considered rr.ifht have equally

migrated into the sea, giving essentially the nar.e collective dose

commi t~.ent.

Regarding the incomplete collective dose c\~.mi tr.;enr , it should be

pointed out that the purpose of its calculation is the indirect assess-

ment of the rcaxiT.um future "per caput" annual dose. As the models used

in the second KB3 report (and KBS Technical Report No. 100) give the

annual doser, directly as a function of tirse, there seems to be no

reason for t.he calculation of the incomplete collective dose c >rr.mitnent

as presented in the report.

The Panel examined the sensitivity of the individual dose assess-

ments presented in the second K3J3 report in relation to the values

adopted for the barrier performances and the parameters ised to describe



113
— i —

the exposure pathway's. It was satisfied that 'he effects of * he

uncertainties involved are offset by the concervat is::, built into the

assessments. Regarding the results of ihe acsessr en: c, the individual

doses to be experienced very far in the future are of the order of the

Swedish design objective for nuclear power plants and well belov; the

appropriate limits recorr.T.ended by the ICRP, leaving- substantial "arfins

that would not preclude in the future the ice of ether practices

involving radiation.

S. Conclusions

The second KBS report is not intended to be a fir:r. detv.rn but is

a conceptual study to satisfy the require.-entc of the Cwedich Stipula-

tion Law. The Swedish plan ir to designate a specific locati mf

prepare a detailed design of the ?p*;:..izei system and to per for::.

research and development over the next few decades.

The Panel has concluded that the concept presented in the second

KBS report incorporates measures of conservatism, which are :..orc than

adequate to rr.eet the radielogrcai cafety standards :n the report . A

specific location with a detailed derir^i of the r c p ^ i i ;>ry with

appropriate quality assurance will be reruired before a final decision

is reached on the im.ple: ..er.tat -on vf the concept.

The Fanel further concludes:

(1) The Quality of the Analyses

The KD3 study was performed and the final report cj-p,. led

with coc.mendable responsibility nnd pri'fec^i inal co pe'.ence.

(2) Faci l i t ies and Han-Kade Barriers

The Panel accepts the feasibi l i ty of the concept, cut

additional research and develop:.or.' sho.lc! be nerfor:..c>i t >

demonstrate the feasibi l i ty of certain tcchn:c,-;cu.

{)) Geolofy and Hydroreolory

The hydroceolopical at>.;dies have been a'ij-.ented by :;ubt;tan-

t ia l new data, whilst the undcrrtandinjr: of the safety

aspects "f n;(;...ic i eUudat; >n by ,;cT"hc':.;cal pr ror-:;orf
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including diffusion, have been advanced considerably.

No new basic geological data in respect of either rock

propert"es or rock stability have energed since the

first KBS report to lessen the confidence that satis-

factory and safe repository site(s) can be identified within

the Pre-Ca.~brian bedrock of Sweden.

(4) Safety Assessment

The rr.odels used in the radiation safety analysis, as in the

case of the first KBii report, incorporate a large measure

of conservatism, which is especially apparent in the

assessments of collective dose CJ"I.~I txents. The dose predic-

tions are well within the appropriate limits recommended by

the ICRP, leaving adec^uate margins for possible exposures

frorr. other courr.es. Radiation protection requirements of

the Nordic Countries are also met. The Panel is satisfied

tha*. the analysis of radiation ris'r:s presented in the report

is adequate.

The si('nat'lren of the ;. embers of the Fann. and advisors are attached.
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NATIONAL ACADEMY OF SCIENCES

Mr. Lars Hjorth
Head of Department (Energy)
Ministry of Industry
rack
SI03 10 Stockholm, Sweden

Dear Mr. Hjorth:

The N a t i o n a l Academy of S c i e n c e s h a s c o m p l e t e d i t s r e v i e w of c e r t a i n
a s p e c t s of . >ur KBS-II P l a n f o r t h e hand I in,; and f i n a l d i s p o s a l of
u n r e p r o c e s s e d s p e n t n u c l e a r f u e l . T h i s r e v i e w , c a r r i e d o u t bv a S^hconr. i t t e c
of t h e Commi t t ee on R a d i o a c t i v e Was te Management of t h e Commiss ion on
N a t u r a l R e s o u r c e s , was c o n f i n e d to " . . . a n e v a l u a t i o n of t h e a d e q u a c y of
t h e t e c h n i c a l d a t a b a s e to s u p p o r t c o n c l u s i o n s in t h e KBS-II P l a n r e g a r d in^
two key e l e m e n t s of t h e p r o p o s e d d i s p o s a l s v s t e m : (1 ) t h e l o n p - t e r r .
s t a b i l i t y of c o p p e r c a n i s t e r s e n c l o s e d in a b e n t o n i t e o v e r p a c k u n d e r i
s p e c i f i e d r a n g e of p h v s i c a l and chen ' . ical c o n d i t i o n s , and ^2) t h e a v a i l a b i l i t y
of a d e e p g e o l o g i c a l d i s p o s a l s i t e w i t h t h e r e q u i s i t e d i r j e n s i o r s , s t a b i l i t y ,
and g r o u n d w a t e r p r o p e r t i e s and w i t h t h e nec« s s a r v s t a b i l i t v t o r - . a in t a in
t h e s e c h a r a c t e r i s t i c s . " T h i s r e v i e w i s , t h e r e f o r e , n o t ,in o v e r a l l
c r i t i c i s m of t h e e n t i r e KBS-II P l a n nor i s i t a s y s t e n s s t u d y of t h e
r a d i o a c t i v e w a s t e p r o b l e m , tn f a c t , i t i s t h e i n t e n t i o n oi t h e N a t i o n a l
Academy of S c i e n c e s in t h e n e a r f u t u r e to c a r r y o u t a sys te r : . - stud-.- w i t h
e m p h a s i s on c o n d i t i o n s in t h e I ' n i t e d S t a t e s .

B e c a u s e of t h e many d i f f e r e n t f a c e t s of t h e p rob l em t r e a t e d in t he
KBS-II r e p o r t and c o n s i d e r e d in ou r r e v i e w , i t i s d i f f i c u l t t o s u x t i r i z e
tSie r e s u l t s in a few w o r d s . T h e r e f o r e , we r e f e r vou to t h e r e p o r t ' s
Siimnar_v, wh ich i s b e s t c o n s i d e r e d a s a w h o l e . T h e r e i s a l s o a s e c t i o n
e n t i t l e d Cone lud ing Remarks a s w e l l a s t h e main t e x t and two A p p e n d i x e s .

The N a t i o n a l Academv of S c i e n c e s w i s h e s t o e x p r e s s i t s a p p r e c i a t i o n
f o r t h e r e s p o n s i v e n e s s of Hr . L a r s L a r s s o n , A t t a c h e f o r S c i e n c e And
' • • chno logv of t h e L'mbassv of Sweden in W a s h i n g t o n , t h e Swedish, s c i e n t i s t s
and e n g i n e e r s who n e t w u l i t lie S t u d v Commi t t ee in S t o c k h o l m and t h e
s t a f f of t h e KBS P r o j e c t . The a s s i s t a n c e and c o o p e r a t i o n of t h e s e
p e o p l e h a v e made t h i s r e v i e w b e n e f i c i a l t o t h e ' ' n i t e d S t a t e s a n d , we
h o p e , ' i s e f u l t o t h e Cuvernutvnt: of Sweden.

I l .ave e n c l o s e d f i v e m a n u s c r i p t c o p i e s of t h e r e p o r t f o r vour
i m m e d i a t e u s e . P r i n t e d c o p i e s of the r e p o r t w i l l become a v a i l a b l e in
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SUMMARY

This review of the Swedish KBS-II Plan was undertaken by
a Subcommittee of the Committee on Radioactive Waste
Management (CRWM) of the American National Academy of
Sciences. The review is confined to an evaluation of the
adequacy of the technical data base to support conclusions
in the KBS-II Plan reqardinq two key elements of the
proposed disposal system: (1) the lonq-term stability of
copper canisters enclosed in a bentonite overpack under a
specified ranqe of physical and chemical conditions, and (2)
the availability of a deep qeological disposal site with the
requisite dimensions, stability, and qroundwater properties
and with the necessary stability to maintain these
characteristics. These two elements, in the opinion of the
CRWM and this Subcommittee, are critical to a judgment
regarding the lonq-term functioning of the waste isolation
system. Excluded from the study is any consideration of
costs, proposed facilities for pre-burial handling of the
waste, alternative or "better" methods of disposal,
radiation dose calculations, or the wisdom of disposal of
economically valuable copper-encased spent fuel rods. The
review is in larqe part a subiective evaluation by members
of the Subcommittee of the quality and completeness of the
Swedish research and the loqic relatinq the research to the
conclusions drawn.

The KES-II Plan, like some other waste-isolation plans,
uses a sequence of engineered barriers and natural qeoloqic
barriers to limit the escape of radionuclides. The plan is
unique in placinq manor reliance on an engineered barrier
consisting of thick-walled copper canisters surrounded by
overpacks of bentonite clay. In the Subcommittee's judgment
the effectiveness of this barrier to contain the
radionuclides in spent fuel rods for hundreds of thousands
of years has been adequately demonstrated, and the required
properties for the less easily verifiable qeologic barriers
are therefore less strinqent than in other disposal plans.

The Subcommittee aqrees that the available technical
data are adequate to support the conclusion in the KBS-II
Plan that radionuclides will not escape at unacceptable
rates from a repository built as specified in the KBS-II
report, provided that construction is well engineered and a
proper site is used.

viii
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The principal bases for the Subcommittee's judqment,
toqether with the principal remaining uncertainties, are
listed below. Numbers following an item indicate sections
of the report in which the item is discussed in detail.

1» lht_canisters: Methods of manufacture have been
shown to be currently available, and both experiment and
theory have demonstrated that the canisters will have
sufficient mechanical strength and corrosion resistance to
survive in the desiqned repository environment for hundreds
of thousands and probably more than a million years. (V.I
to V.4)

2. The_gverp.ack: Extensive research on bentonite clay
has shown fairly convincingly that this material can protect
the canisters against mechanical disturbance and corrosive
attack by groundwater. Additional research under repository
conditions, however, is needed to ensure that compacted
bentonite plus loose bentonite filler can be placed tightly
around the canisters and that the compacted bentonite will
hvdrate uniformly without developing cracks or channels of
rapid groundwater flow. (IV.6)

3- Ix.istence_gf_reggsitorY_sites: The existence of at
least one site in Swedish bedrock that meets the minimum
criteria of dimension and low groundwater movement, though
not conclusively demonstrated, is reasonably assured, and it
can be inferred from available geologic data that other
equally qood or better sites, exist in Sweden. Actual
location and definition of such sites, however, will reguire
additional exploration and ground testing. (IV-1)

4- Stabilitv_gf.sites: Despite doubts by a very few
Swedish qeoloqists, there is substantial evidence that over
large parts of Sweden the bedrock is tectonically stable, so
that a well chosen repository site is in little danqer of
damage from either slow rock movement or rapid dislocations
accompanying earthquakes. Observations of the effects of
Dast glaciation in Scandinavia indicate that possible
renewed glaciation will cause no damage to a well-
constructed repository or damaqe too slight to pose a threat
to the post-qlacial biosphere. (IV.H and IV.5)

'5. Quantitvx_mgvementt._and_chemical_c2inBgsition_gf
3F.2aQaw.ater: Much exploratory work and many analyses have
shown that the quantity of qroundwater moving through a
properly chosen site will be small and that its chemical
composition will stay in the range in which the amount of
corrosion of the canisters will be small. (IV.2)

6. Temeerc.tures_iQ_a_£eBQ§itO£Y: Well based
calculations indicate that the temperatures of the canister
surfaces will be kept below 80°C by the planned pre-disposal
aqinq of the waste and its spacing in the repository.

ix
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Temperatures will be low enough so that their effect on
corrosion of the canisters and on the properties of the
bentonite will be neqliqible. The rise in temperature in
the rock around a repository is expected to be below the
level that miqht cause damage either by settinq up
convection cells in qroundwater or by chanqing the fracture
hvdroloqv of the rock. Additional experimental work on the
effects of heat is desirable; such experiments are under way
at Stripa. (IV.2, IV.3, V.3)

7. B£B2§itory._closing: It has been demonstrated
fairly convincingly that the planned bentonite seals and
backfill for shafts, tunnels, and boreholes after a
repository is filled will be adequate to prevent channelinq
of qroundwater. Nevertheless, the Subcommittee thinks that
this is the weakest part of tae KBS-II Plan. In the United
States the sealing of the openinqs into a repositorv is
regarded as a difficult operation. Additional work on the
emplacement and testinq of the bentonite seals is needed.
(VI. 3)

8. Canister_failure: If unexpectedly rapid corrosion
or a flaw in a canister should permit groundwater to come in
contact with spent fuel rods, escape of dissolved nuclides
will be qreatlv retarded by the insolubility of the uranium
oxide pellets and by sorption and ion exchange on bentonite
and on mineral surfaces in the rock through which the
groundwater moves. The retardations, plus effects of
dilution and disoersion, is expected to ensure that
concentrations in moving qroundwater will not reach
unacceptable levels. This conclusion is supported by
extensive experimental work designed to simulate conditions
that would! exist near a ruptured canister. Additional
research under repository conditions is clearly needed, but
members of the Subcommittee, with one exception, think that
the work accomlished to date plus the unlikelihood of
canister failure is sufficient to ensure adequate
containment of radionuclides (VI.1 and VI.2).

9« CEltiS§litX* Calculations show clearly that danger
from attainment of critical configurations by the fissile
isotopes carried by qroundwater is virtually negligible.
(VI.U)
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I. INTRODUCTION

The Swedish parliament in 1977 passed a law
('/illkorslaaen, or Stipulation Law) requiring demonstration
of an "absolutely safe" (helt säker) way to dispose or
nuclear waste as a precondition for start-up of new nuclear
power plants. In response to this legislation, the Swedish
power industry set UP an organization (Kärnbränslesäkerhet,
or KBS) to develop a plan to show that the requirement could
h€ satisfied. The KBS authorized preparation by Swedish
scientists and engineers of 120 technical papers and the KBS
Proiect Enqineers prepared two lenqthy reports based on
these papers. The first report (KBS-I, issutd in late 1977)
describes a method for the "absolutely safe" disposal of
reprocessed high-level wastes, and the second (KBS-II,
issued in late 1978) an "absolutely safe" method for the
disposal of soent fuel elements. Both reports have been
reviewed, at the request of the Swedish qovernment, by a
number of organizations and individuals outside of Sweden.
Tne American National Academy of Sciences, responding to a
20 larch 1979 request, agreed to review the second report
(^ES-II). The review was entrusted to the Committee on
Radioactive Waste Management (CRWM), which deleqated the
work to a Subcommittee.

Because of the shortness of time permitted for the
review, CRWM declined to consider the entire KBS-II Plan and
limited its review to two items: the long-term inteqrity of
the copper canisters proposed as containers for spent fuel
rods, and the geochemical-hydroloqical conditions of the
proposed repositories in qranitic rocks. Specifically
excluded were technical details of handling and transoortinq
the waste, the desiqn and effectivenss of the interim
storage facility, pathways to man in the biosphere, dose
estimates, costs, and system risk assessment. Thus the
review is focused on the lonq-term integrity of a qranite
repository in Sweden, the movement of qroundwater to a
canister, the long-term effect on a canister of qroundwater
contact, and the movement of radionuclides in qroundwater
should a canister be breached. These topics, in the opinion
of CRWM, are critical to a judgment regarding the
functioning of the waste isolation system.

The review is further limited to an examination of the
of the technical data base to support the

1
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conclusions reached in the KBS-II report. Whether the
conclusions demonstrate the "absolute safety" of waste
isolation in the sense that the Stipulation Law intended is
not for the Subcommittee to decide. The Swedish engineers
do not aqree amonq themselves as to what "absolute" neans
in this context, but in general seem to interpret it as
meaninq "reasonable" or "acceptable" safety instead of usincr
the word in its literal draconian sense. Reasonableness and
acceptability are in turn difficult to define. But in the
Swedish work (and in most other discussions of waste
disposal) they are taken to mean that concentrations of
radioactive material escaping from a repository into
qroundwater and available to the biosphere must remain
either below radioloqical standards for potable water or
below concentrations found in natural waters near uranium
ore deposits. It is in this sense that such terms will be
used in this review. The purpose of the review, then, is a
critical study of the science and technology on which the
Swedish enqineers rest their conclusion that the KBS-II plan
ensures that radionucliies will not be released from a
repository at unacceptable rates.

In examininq the technical backqround of the KBS-II
report, the Subcommittee had available the 120 technical
papers prepared by Swedish scientists and engineers, the
KBS-I Plan (on disposal of reprocessed waste), a comoilation
of comments by outside reviewers of the KSS-I Plan, and a
supplemental pacer describing work done by the Swedish
Geoloqical Survey in response to a governmental request for
additional data to fill a gap perceived in the KBS-I Plan.
The Subcommittee aqreed that its review should also include
technical information obtained since completion of the KBS-
II report and plans for additional technical studies in the
immediate future. Some of the post-KBS-II work involves a
cooperative U.S.-Swedish project, supported by the KBS
organization and the Lawrence Berkeley Laboratory (LBL) of
the University of California for experimental studies in
qranite near an old iron mine at Stripa, Sweden. Results o::

these stu .es are beinq published in a series of papers from
L9L, and tnese papers were made available to the
Subcommittee. In addition to this documentary material, the
Subcommittee obtained useful information during a visit by
several of its members to Sweden in August 1979. The visit
provided an opportunity for interviews with many of the
authors of the KBS technical papers, with scientists
actually involved in the explorations and experimentation,
and fortfield trips to the Stripa mine and to an area
(Finnsjön) where much exploratory drilling has been done.

The Subcommittee had neither the means nor the time for
checking the Swedish work directly by duplicating
experiments or geologic observations, or for making a
quantitative risk analysis. Its study was necessarily
limited to perusal of many of the Swedish technical reports



and interrelation of some of the investigators who had done
the research, its iudqment of the Swedish work then
depending on the scientific and technical background of the
Subcommittee members. Quantitative effort was limited to
checkinq some of the calculations in the technical reoorts.
Most of the review consists, therefore, of subjective
evaluation by members of the Subcommittee of the quality and
completeness of the Swedish research and the logic relatinq
the research to the conclusions drawn.

In drawing its conclusions the Subcommittee has been
aided in its work by many orqanizations and individuals. In
Darticular, the Subcommittee gratefully acknowledges the
assistance of Dr. Lars Larsson of the Swedish Enbassy in
Washinqton in obtaininq copies of the pertinent technical
papers; the coooeration of the KBS Project in Stockholm for
providinq space and making arrangements for interviews; the
helpfulness of the Swedish Geoloqical Survey ir. making
unpublished maps available and in arranging one of the field
trips; the kindness of many peoDle at Stripa in arranging a
visit to the mine on a weekend, and the patience of the many
Swedish research investigators and scientists who appeared
before the Subcommittee and carefully described their
experiments and calculations and the loqic of the
conclusions drawn. The Subcommittee is greatly indebted to
Dr. Ugo Bertocci and Mr. 3ary Walter for their assistance in
collecting and organizing much of the technical information
on which this review is based.
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II. MAIN_Fg.vrgRES_OF_THE_K!SzI I

The disposal plan described in the KBS-II report has two
ma-jor steps. Spent fuel elements consisting of uranium
dioxide pellets enclosed in tubes of a zirconium alloy
(zircaloy), after they leave temporary storaqe at the
reactor, are first to be moved to a central storaqe facility
(centrallager) where they will be kept for 40 years in a
water basin a few tens of meters under the ground surface.
>V central storage capacity for fuel rods equivalent to 9,000
tonnes of uranium is planned, enough to handle the waste
from 13 reactors each operating over a period of 30 years.
This method of temporary storaqe is similar to the method
now in use at each nuclear plant but would be centralized
for economic reasons. The 40-year delay in final disposal
is intended to permit sufficient radioactive decay so that
temperatures in the ultimate repository can te kept below
80°C. It would also provide time for additional research on
possible repository sites and other desirable system
options.

The second step is to encapsulate the spent-fuel
assemblies in thick-walled copper canisters and place them
in the permanent repository (slutsf S'rvar) , a cavity mined in
granitic rock approximately "500 meters under the ground
surface. Copper was chosen for the canisters because the
effect of corrosion in the presumed repository environment
will be small. The walls of the canisters are to be 20 cm
thick to prevent appreciable radiolysis of water in the
surroundings; additional shielding and support for the fuel
rods will be provided by filling the space around the rods
with molten lead. For the repository site (or sites), a
mass of granite will be used in which the quantity and rate
of movement of groundwater are small. A cavity in the form
of a tunnel-grid will be mined at a depth of about 500 m,
using methods that cause minimum fracturing of the walls,
and the canisters of waste will be placed in holes in the
cavity floor. Into the hole around each canister will be
inserted shaped blocks of an overpack consisting of
compacted bentonite. The bentonite is intended to provide
support for the canister, to retard access of water to the
canister, to slow the movement of groundwater past the
canister surface, to control the acidity of the water, to
swell as water is absorbed so as to fill all vacant places
and plug cracks in the surrounding rock, and to retard
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movement of radionuclides if a canister is breached. After
delay, for a period to be determined at that time, and after
sufficient monitorinq to make sure that containment is
secure, the cavity above the canisters and all shafts and
boreholes into the cavity will be filled with a mixture of
bentonite and quartz sand plus a little ferrous phosphate.
The bentonite, by swellinq, is expected to make a firm seal
aqainst the adjacent rock, the quartz will provide
mechanical stability and qood thermal conductivity, and the
ferrous phosphate will ensure that the chemical environment
becomes and remains reducing despite entrapment of air
durinq the fillinq process- Thus the KBS-II Plan interposes
both enqineered and natural barriers to radionuclide escape:
the zircaloy claddinq of the fuel rods, the lead and copper
of the canisters, the bentonite overpack, the slow movement
of qroundwater, and the retention of radionuclides by the
rock throuqh which the qroundwater moves. In addition, the
40-vear interim storaqe period provides for coolinq of the
wastes as further insurance aqainst possible changes in
repository conditions that could be produced if hiqh
temperatures were qenerated within the canisters.

To ascertain whether these barriers will actually be
effective in isolatinq hazardous radionuclides for the
necessary great lenqth of time requires answers to many
questions reqardinq the amount, character, and rate of
movement of qroundwater through qranitic rock, the stability
of a repository excavated in qranite, the resistance of
copper to corrosion, the performance of the bentonite
overpack and backfill in controlling pH and Eh and retardinq
movement of ions to and from the canister surface, and the
ability of bentonite and qranite to minimize the escape of
hazardous radionuclides if a canister is eventually breached
and qroundwater comes in contact with the fuel rods.
Questions of this sort are critically examined in subsequent
sections of this review report.

All such questions involve time, explicitly or
implicitly—for example, the time during which the canisters
must remain intact and the time during which the biosphere
must be protected from escapinq radionuclides. The KBS-II
report speaks frequently of "very long times" but mentions
specific times only in discussing the canisters, which are
confidently expected to last for hundreds of thousands and
probably more than a million years. For purposes of the
review, times of this order will be assumed as the period
for which isolation of the hazardous radionuclides is
sought. This does not imply that all the Swedish scientists
and engineers, or all members of the Subcommittee, regard
such lonq times as necessary because of radiation hazards
for isolation of the wastes.

It is important to remember that the KBS-II Plan is not
proposed ,-is the one "best" plan for disposing of nuclear
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waste. The KSS proiect enqineers interviewed by the
Subcommittee think there is actually little likelihood that
the plan in all its present detail will ever be put into
operation. The obiective of the KBS-II enqineers was to
develop one possible method for waste disposal that would be
demonstrably effective in the sense of the Stipulation Law,
and this is all that they attempted to do. In reviewing the
plan, therefore, no purpose would be served by suqqesting
other disposal methods that miqht be superior; the Swedish
enqineers themselves would be the first to agree that other
suitable methods could be devised—and may, in fact, be
devised and proved better during the lonq coolinq-off period
projected. In line with this philosophy, a continuing
research program ;s being pursued by the Swedish scientists.
The question here is not the superiority of the proposed
method over all others, but simply, "Has it been
demonstrated that this method will work?"

Again, because the focus of this review must be simply
on the feasibility of the proposed plan, there is no point
in questionina too closely some of the specifications or
suqgestinq improvements in the plan. The figure of 500 m
for depth of emplacement, for example, was chosen to make
sure that the repository would be below any surface
disturbance, but not so deep as to make excavation
prohibitively difficult or expensive; the most suitable
depth at anv oarticular locality might well be considerably
greater to give added security. The 20-cm thickness of the
copper canisters seems excessive if the calculated rates of
corrosion are accurate, but the pertinent question here is
simply whether the 20-cm thickness would perform adequately.
?Lqain, the U0 years suggested for pre-disposal storage is
not a firm figure, and the need for such lonq storage might
well be questioned, but the point to be examined is whether
the 40-year period would accomplish its intended purpose of
keeping repository temperatures low. Questions of cost,
too, are not at issue, or at issue only in the sense of
keeping costs somewhat within reason; the amount of copper
required for the thick-walled canisters would be great, but
the amount is shown to be a modest percentage of Sweden's
annual consumption of copper, and the cost is not excessive
as a percentage of the value of the electric power produced
bv nuclear reactors. If a cheaper material would serve
equally well, there is no need here to suggest it. The
purpose of the review is not to weigh the merits of possible
improvements, or to pass judgment on the degree of
"overkill" in the plan; it is merely to take the proposed
kind of canister and the specifications of the repository
environment ds described in the KBS-II report and ask
whether an ado fiiate demonstration has been made that these
two elements of this particular waste isolation system would
function as asserted in the report.
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The KBS enterprise represents collaboration on a large
scale amonq experts from many disciplines and many
backqrounds—academic, industrial, and governmental. It was
carried out under severe time constraints: less than 8
months for the KBS-I Plan, and barely an additional year for
KBS-II. Backqround research continued during preparation of
the second report and is continuing today. Results of the
research are evident in differences between the two plans:
a different canister material, changes in fabrication of the
overpack, additional data on physicochemical conditions in a
qranite repository, and refinement of methods for dating
deep groundwater. With this research the Swedish
investigators have greatly expanded the store of available
knowledge about waste disposal in crystalline rocks,
knowledge that will be useful in the future not only to
Sweden but to all countries that face the problem of
permanent disposal of radioactive waste. Whether or not the
details of the KBS-II Plan are ultimately judged to satisfy
the requirements of the Stipulation Law, the KBS program is
a stimulating example of the kind of effort needed for
solving the waste-disposal problem.
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III. QRGANIZATION_OF_THE_PEVIEW

The KBS-II Plan, in contrast to most schemes for
disposal of nuclear waste in an underground repository,
olaces major dependence for the containment of hazardous
radionuclides on enqineered barriers rather than on the
qeoloqic environment. The emphasis of the plan is on the
lonq-term inteqrity of the copper canisters, aided by the
bentonite overpack. The qeoloqy is important, of course, in
providinq an isolated and remote environment in which the
canisters can be expected to survive, and in furnishinq an
additional barrier of last resort if any canisters are
breached and qroundwater comes in contact with waste. The
central question for this review, then, may be phrased thus:

OQ§§_the_KgS-II_Plaji_h^ye_an_adequate_technical
o_jystifY_the_cgnclusign_that_sgent_fuel_rgds

i
with_bentgniteA_under_conditigns_tg_be_exEgc^cd_in

selected_site_gr_sites_in_bedrookt_wi11

can_be_tranSBorted_tg_the_bigsghere_in_h§sardgus
amounts_before_radigactiye_decaY_has_rendered_them
harmless?

An affirmative answer to this question would qo far
toward showinq that the KBS-II Plan satisfies the
Stipulation Law. Uncertainty miqht remain about the
adequacy of the proposed waste-handlinq facilities and about
calculations of radiation doses, subjects that are
deliberately excluded from this review. But if a case has
been made for lonq-term survival of the canisters and for a
hvdroqeochemical environment that will adequately impede the
movement of dissolved materials to and from the canisters, a
reasonable deqree of safety of waste disposal will be
practically assured. If serious doubts can be raised about
the technical or scientific aspects of either item, its
performance cannot be assured.

The answer to the above question requires a review of
the followinq: the adequacy of technical and scientific
data on the hydroqeochemistry and qeoloqy of the sites in
which the canisters will be placed; the adequacy of
metallurqical data on the mechanical properties and
corrosion resistance of the canisters in the expected

8
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qeoloqical environment; and finally, the adequacy of the
data describing the possible movement of radionuclides in
qroundwater if canisters should be breached. These three
topics are examined in Sections IV, V, and VI of this
report-

I¥» concerning the geology and hydrogeochemistry
of repository sites, is subdivided into questions regardinq
(1) availability of qeologic sites of sufficient size where
the rock has low permeability, (2) qroundwater amounts,
movement, and chemistry under natural conditions, (3) effect
on qroundwater movement of repository construction, (4)
possible effects on a repository of tectonic movement, (5)
possible effects of renewed glaciation, and (6) ability of
bentonite in overpack and backfill to control the movement
and chemistry of qroundwater.

Y., concerninq the durability of the canisters,
involves questions about (1) feasibility of manufacturinq
and sealing thick-walled copper canisters, (2) mechanical
resistance of canisters to accidents in handling and to
qeoloqic disturbance, (3) corrosion resistance of canisters
in contact with qroundwater, and (4) possibility of stress-
corrosion crackinq.

Sectign_VI, reqardinq movement of radionuclides if a
canister should be breached, includes questions about (1)
retardinq effect of the bentonite overpack, (2) retardation
durinq movement of qroundwater through fissures in qrahitic
rock, (3) control of qroundwater movement by backfillinq and
sealinq with bentonite, and (4) possibility of critical
confiqurations as a result of radionuclide movement.

The text is followed by two appendixes, written by
consultants to the Subcommittee who recorded details of the
interviews in Sweden and combined these details with reviews
of the KBS technical reports to qive the Subcommittee a
synopsis of the technical data base of the KBS Plan.
Appendix A, by "ary Walter, describes the hydrogeochemical
and qeoloqical data base. Appendix B, by Dr. Ugo Bertocci,
describes the metallurgical data base.

The Swedish KBS-II Plan to which this review is
addressed is described in a report entitled "Handling and
Final Storage of Unreprocessed Spent Nuclear Fuel,"
hereafter referred to as KBS-II. This report consists of
two parts, of which only the second (Vol. 2, Technical) is
reviewed here. The 120 studies or technical reports on
which the report is based are referenced as (KBS TR)
followed by their specific number. Studies prepared by the
Swedish-American Cooperative Proqram on Radioactive Waste
Storaqe in Mined Caverns in Crystalline Rock are referenced
as (SAC TR) followed by their specific number. References
to standard literature are given in the name-date form—
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e.q., (Smith 1968)—and complete references are listed
the end of the review.
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IV. ADEQUACY_QF_DATA_ON_GEOLOGY_AND_HYDROGEOCHEMISTPY

A kev element in the disposal system proposed in the
KBS-II Plan is the postulate that repository sites can be
located and developed in geoloqically stable areas of Sweden
in which physical, hydroloqical, and chemical conditions are
such that copper canisters enclosed in a bentonite overpack
will remain unbreached for periods of time measurable in
hundreds of thousands or more than a million years. To
support this postulate, data are needed to show that
repository sites of adequate size can be found where the
bedrock is tectonically stable, where it will fce little
affected by possible renewed qlaciation, where movement of
qroundwater is slow, and where the rate of attack by
qroundwater on copper is within permissible limits. The
adequacy of the data in the KBS-II report and the technical
dodments pertinent to those questions are considered in
this section.

1• Can_bgdies_of_granitic_rock_be_fgund_in_Eweden_of
iyflisi§Qt_5i^§_§Di_sufficientlY_low_germeabilitY_to
serve_as_reBgsitgrv._sites?

The total area of the tunnel system necessary to
accommodate the 7,000 canisters of the conceptualized waste
repository is sliqhtly more than 1 km*. The Swedish
Teoloqical Survey, in preparation for the KBS-I report, was
assigned the task of locatinq such an area (or areas) where
the bedrock at a depth of about 500 m would have the
necessary strenqth to maintain openings and the necessary
low permeability to ensure that qroundwater movement would
be slow.

•Site investigation was hampered by the reluctance of
many property owners to permit the necessary geologic
mappinq and the work of the drillinq crews, but eventually
five sites were located that seemed worthy of detailed
study. One of the five was quickly eliminated because the
rock showed much fracturinq, another because schist was
encountered at shallow depth, and effort thus was
concentrated on the remaining three--Karlshamn, Finnsiön,
and Kråkemåla. Exploration at each site consisted of
detailed mappinq and the drilling of holes to depths of 500
to 600 rn, with subsequent study of the holes and the
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drillcores obtained from them. At Karlshamn a sinqle deep
hole was deemed sufficient because excellent exposures of
bedrock at depths of 30 to 50 m were available in tunnels
that had been excavated for oil storaqe; at Finnsjon and
Kråkemåla three holes were drilled. In addition to these
three areas, a fourth site at Stripa appeared to be a good
candidate for repository construction, as was shown by
excavations in qranitic rock desiqned for in situ
experimentation.

Each of the four sites initially appeared to have
suitable areas of granite with the necessary qualities of
strenqth and low permeability. Maior fracture zones were
present in each reqion, but surface mapping seemed to
indicate that they were widely spaced and separated by areas
of sound rock possibly large enough for a repository.

Critics of the subsequent KBS-I report then pointed out,
quite correctly, that extrapolation of data from a very few
drill holes in areas of 1 or 2 km2 is not necessarily valid,
even in rocks as qenerally homoqeneous as gneiss and
granite. Because of such criticism the Plan was not
acceptable to qovernment aqencies, ani the Survey was asked
to provide more definitive data. Survey geologists then
supervised the drilling of additional exploratory holes at
the two sites which seemed most favorable, Karlshamn and
Finnsion, and issued a supplementary report claiming that at
least the Karlshamn site had fulfilled expectations
{Kompletterande geologiska undersökningar, 1979).

Evidence cited for the suitability of the Karlshamn area
includes the following:

(1) Five holes have been drilled to depths of 500 m, one
of them to 750 m, and both the drill cores and surface
mapping show that rock of uniformly good character exists
over an area of the necessary size. Some members of the
Subcommittee were able to verify statements about the
quality of the rock by examining the drillcores during a
field trip.

(2) Although different kinds of rock were encountered in
some of the drillholes (qneiss, miqmatite, and unfoliated
qranite), all show exceptionally low permeability and
contacts between them are gradational.

(3) The region is cut by a few widely spaced fracture
zones, one of which apparently bisects the area that appears
suitable for repository construction, but drillholes
oriented so as to intersect fracture zones show that the
zones are sharply delimited and that the rock on either side
is sound.

12
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(4) Between the fracture zones the rock shows only
infrequent small -joints in random directions, largely filled
with secondary minerals (calcite, qypsum, chlorite).

(5) Averaqe permeabilities measured below a depth of
300 m in four of the boreholes were near or below the limit
of measurement, 2 x 10~ 1 2 m/s- Permeabilities in some 2 m
or 3 m sections ranqed up to 10~8 m/s, but many of the hiqh
readings resulted from leakage around the packers.

(6) Even at shallow depths (30 to 50 m, which is within
the 100 IT ranqe where rocKS in Sweden commonly show
increased fracturing and incipient weathering),
permeabilities calculated from the rates of water seepage
into tunnels excavated for oil storaqe are 10-' m/s or less.

(The term "permeability" is used in this review as it is
used in the KBS Plan, with units of meters per second. In
U.S. practice the same quantity is commonly called
"hvdraulic conductivity." In U.S. usaqe the hydraulic
conductivity is related to a differently defined
"permeability" by the equation:

K = K
M

K is the hydraulic conductivity (Swedish "permeability")

K. is permeability (U.S.),

p is fluid density,

g is acceleration of qravitv, and

M is dynamic viscosity.

Because g is a constant, and p and v are practically
constant for the fluids considered here, K and K are
approximately proportional.)

Opposed to the optimistic conclusions based on this kind
of evidence is a report prepared by a qroup of eiqht
geologists and engineers requested by the government to make
a critical review (Material anqaende SKI:s beredninq, 1979).
Seven of the qroup flatlv concluded that the existence of a
body of rock at Karlshamn suitable for repository
construction had not been demonstrated; the eighth agreed
with the KBS engineers that a good case for a repository
site had been made, but doubted that the volume of sound
rock was large enough for the expected quantity of waste.
The principal arquments of the seven-man majority are as
follows:
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(1) The number of drill holes is still inadequate to
characterize the rock at depth, especially when some of the
holes (in their opinion) were not located so as to obtain
critical data.

(2) The TBS-II Plan iqnores evidence both from earlier
qeoloqic work in the area and from topoqraphic features for
the probable existence of additional fracture zones in the
areas of alleqedly sound rock.

(3) Dips of some of the fracture zones indicated by the
drill cores imply that the area of sound rock at a depth of
500 m is considerably smaller than at the surface.

(4) Fracture zones in qranite are commonly not sharply
bounded aqainst adjacent rock, so that the widths of
relatively permeable rock mav be qreater than assumed by the
K3S authors.

(5) The relatively low permeability of the rocks exposed
in the oil-st-or3qe tunnels is the result of treatment of the
rock surface after excavation, and hence cannot be used as
an indication of rock quality.

In answer to this criticism, KBS Project spokesmen
maintain that evidence for additional fracture zones is
meaqer, that the lenqths of more than 20 0 m of sound rock
encountered by four of the drillholes is ample proof of the
existence of abundant low-permeability material at depth,
and that the fracture zone which cuts the proposed volume of
sound rock is demonstrated to have sharp borders in the two
drillholes that intersect it. The spokesmen aqree that a
fracture zone on one side of the area is probably wider than
oriqinally thought, so that the total area of rock suitable
for a repository should be reduced from the first estimate
of 1.2 km2 to 1.0 km?.

""hese arquments for and aqainst the suitability of
Karshamn as a repository site are based larqely on
interpretation of qeoloqic data which, in the nature of
thinqs, will always be less than completely adequate. The
Subcommittee recoqnizes that deficiencies in the qeoloqic
data base do exist, enouqh to warrant concern, but aqrees
that taken overall the evidence now available is sufficient
to support the conclusion that Karshamn is at least
marqinally suitable as a repository site. The final
demonstration of the adequacy of this site, as is true for
anv deep qeoloqic repository, can be made only by sinkinq a
shaft and drivinq exploratory tunnels.

It should be noted that complete continuity of
impermeable rock throuqhout a 1-km2 or 2-km2 area, while
desirable, is n^t essential for a repository site. If a
site otherwise acceptable is cut in two by a fracture zone,
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as the site at Karlshamn appears to be, each half may well
be suitable for waste disposal. Even finer fraqmentation
miqht be permissible so lonq as the total area of sound rock
amounts to 1 or 2 km*. The construction of smaller
repositories at more than one site is a possibility.
Another option, also considered by the KBS enqineers, would
be a repository with more than one level; a different
spacinq of canisters would be required to keep the
repository temperature below 80°C, but this is not a serious
difficulty. The inportant thinq is simply that no canister
hole be located in or near a major fracture. This can be
assured by careful on-site inspection prior to emplacement.

The additional exploratory work at Finnsjön confirmed
that limited areas of qranitic rock exist there also that
miqht be suitable for a repository, but demonstrably
continous areas are smaller than at Karlshamn. The onqoinq
study at Stripa of the qranite for experimental purposes has
provided further evidence that this may be another promising
area for a repository site. The Subcommittee at first
questioned the suitability of the Stripa bedrock on the
qrounds that the qranite explored so far is close to a
contact with leptite, from which iron ore was formerly
obtained, and that qranite near a contact is often less
homoqeneous and cut by more veins and dikes than qranite in
the interior of a larqe mass. Swedish qeoloqists maintain,
however, that detailed study of the qranite has shown qreat
uniformity of structure and composition; that impression of
uniformity was confirmed by on-site examination of the
qranite durinq the Subcommittee's visit to the Stripa mine.
It .-nay well be, as the Swedish qeoloqists think, that the
chemical composition of leptite is so similar to that of
qranite that the usual contact effects are subdued. From
work done up to the present, some of the Survey qeoloqists
reqard Stripa as second only to Karlshamn insuitability for
a repository site, while Finnsjön and Kråkemåla are still in
some deqree questionable.

Althouqh the Survey's supplementary report was judged to
satisfy the Swedith requirement of the Stipulation Law,
exploration of possible areas is continuinq. At Finnsjon a
detailed study is in proqress, less for the purpose of
confirminq this locality as a candidate site than simplv to
document carefully the properties of a typical area of
qranite and qneiss as they relate to oossible waste disposal
sites. At Stripa the experimental program is providing a
steady flow of quantitative information (permeability,
internal stress, heat conductivity, thermal expansion) on
qranite. An exploratory proqram of mappinq and drillinq in
many parts of the country is planned for the next few years.

In the Subcommittee's judgment, supported by on-site
visits, the existence of bedrock areas in Sweden suitable
for repository sites has been adequately demonstrated. It
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must be recoqnized, of course, that qeoloqic exploration
from the surface and from drillholes can never provide all
the needed information about a site, and that actual
underqround exploration will almost certainly reveal a
number of unanticipated qeoloqic irreqularities. Swedish
enqineers are fully aware of this possibility, and ooint to
measures that can be taken to circumvent such difficulties—
for example, chanqes in the qeometry of the repository, or
treatment of tunnel walls to control an unexpected inflow of
qroundwater. If the qeoloqic difficulties prove so serious
at any qiven site that the site must be abandoned, the
number of possible likely areas is adequate to ensure that a
suitable alternative can be found.

I''. 2 Can_the_guantitYi._rate_and_directign_gf _rnDvementt_and
chemical_cgmp.osition_of_groundwater_in_granitic
&£<ål°.ck_be_Dredicted_f rom_measurements_made_on_or_near
£he_surface_together_with_data_f rom_a_very._few
boreholes?

After all the canisters have been emolaced and openinqs
in the repository have been backfilled and sealed,
qroundwater is expected to fill the repository and to
saturate the bentonite in the overpack and backtill.
Eventually the oriqinal pattern of qroundwater movement
throuqh the repository area will be reestablished, except
for local variations in permeability in and around the
repository and a virtual absence of movement through the
bentonite buffer around each canister. To ensure that this
sequence of events will take place in an orderly manner, and
in particular to ensure that the rate of movement and
chemical composition of the qroundwater will pose no threat
to canister inteqrity, predictions about underqround
conditions must be made before the repositorv is
constructed. detailed information about the subsurface can
only be obtained by sinkinq a shaft and drivinq exoloratory
tunnels, but locatinq i.he shaft requires preliminary
estimates of conditions to be expected at depth from
observations at the qround surface and measurements in a few
boreholes. wore than a few holes are not permissible
because they would jeopardize the inteqrity of the planned
repositorv. Thus considerable extrapolation from scantv
measurements is necessary, and how successfully this
extcapolation can be made is a ma-jor point of contention
reqardinq the KBS Plans.

The Subcommittee thinks that borehole data, despite
rather wide statistical scatter, convey enouqh information
about the hydroqeoloqic properties of the rocks to permit
reasonable preliminary evaluation of repository sites. The
qeneral nature of dense crystalline rocks in all parts of
the world indicates a systematic chanqe of hydroqeoloqic
properties with depth (Davis 1979) like that observed in
Sweden (KBS TR-5U). Specifically:
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(a) The choice of reasonable hydroqeoloqic properties of
deep crystalline rocks (based on field measurements)
toqether with measured hydraulic qradients places strict
upper limits on the amount of qroundwater that can circulate
at depths of several hundred meters in crystalline rocks.
This amount is only an infinitesimal portion of the total
water circulatinq at or near the land surface.

(b) Permeability, in qeneral, decreases rapidly down to
about 300 meters and more slowly thereafter to beyond 500
meters.

(c) Groundwater at qreat depths tends to have more
dissolved solids than qroundwater near the surface,
suqqestinq very slow miqration rates.

(d) Velocities of deep qroundwater will qenerally be
onlv a few centimeters per year or less.

One of the variables in estimatinq velocities is
permeability, and the K3S data on permeabilities have been
attacked both with respect to the methods of measurement and
to interpretations of water movement derived from the
measurements, ^ost of the KBS permeability measurements
have been made by isolatinq lenqths of borehole (qenerally 2
or 7 meters) with packers and determininq the rate at which
water is lost throuqh the walls of the hole when it is
injected under pressure (KBS TR-61; Appendix A, part A.4.1).
In many of the holes additional measurements have been made
of overall permeability, usinq the entire lenqth of a hole
or major portions of it. The accuracy of such measurements
can be questioned, especially when permeabilities are low,
because of leakaqe of water around the packers or into
fractures in the adjacent rock produced when the hole was
bored. The KBS investiqators are aware of these possible
difficulties, but note that resultinq inaccuracies would
make apparent permeabilities too hiqh, so that their use in
calculations of flow rate would be on the conservative side.
\ different technique has been used in recent experiments at
Stripa (SÄC TR-2). The flow throuqh qranite from holes on
the periphery of a circle 3 m in diameter to a central hole
was measured, and the results were comparable to those
obtained on sound qranite elsewhere, averaginq 4 x 10-»» m/s
a' 10°C, and 2 x 10-»» m/s at 35°C.

Much more difficult is the question of interpretation.
Tho movement of water in qranitic rock is almost entirely
alonq cracks and zones in which the rock has been crushed or
fractured; permpabilities measured where a borehole cuts
such zones are commonly several orders of maqnitude greater
than permeability in solid rock. Maior zones of fracture
may be continuous for many kilometers, and of course would
be avoided in locatinq a repository, but second-order zones
commonlv torm an irreqular 3-dimensional network throuqh the
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rock. How accurately can averaqe permeability in the rock
around a qiven borehole be estimated when measurements ranae
from high values for a few fracture zones to values below
the limit of sensitivity for most of the borehole's lenqth?
HDW successfully can the flow of water throuoh a large body
of fractured granite be modeled using permeability data frorr.
a few widelv separated boreholes? These are questions on
which the diversity of expert opinion is very wide.

The KSS engineers plan to locate repositories at depths
where fracture zones are scarce, and they think that
meaningful averaqe values for permeability can be obtained
at such depths. To model qroundwater flow Swedish
investigators use Darcy's law for flow through porous media,
on the assumotion that a larqe mass of granite with a 3-
dimensional fracture network will behave roughly like a
porous medium if the scale is larqe enough (K3S TR-U7)•
This kind of modelinq is adopted simDly because no adequate
model for water flow through fractured crystalline rock is
available. Samole calculations using this model for some of
the areas that were intensively studied, with average
permeability set at a conservative fiqure of 10-T m/sec,
hvdraulic gradient at about 0.01, and effective porositv at
0.00 3, give rates of qroundwater movement on the order of 10
m/yr, and a minimum time of 50 years for qroundwater to
travel 500 m to the surface. If the permeability is as low
as 10~»° m/s, as it is in much of the bedrock, the rate
would fall to 0.01 m/yr, and the minimum time to reach the
surface would be 50,000 vpars (KBS-IT, vol II, p. 106».

As corroboratory evidence on rates of grour.dwater
movement, Swedish investigators cite manv measurements of
qroundwater age (KBS TP-62 and 6 3). Ages of several
thousand vears for qroundwater, tyoical of those reoorted in
Sweden, mean that velocities must be very slow; velocities
can be estimated if the location of the recharge zone is
known. Recent aqe determinations (SAC TR-12) of Swedish
qroundwater hv three different methods (««C, •He, 2J»r7/*3By)
show fairly satisfactory agreement, which gives considerable
confidence in their reliability; velocities estimated from
them are within an order of magnitude of those based on
fluid-flow equations.

•Reviewers of the KBS-I Plan have directed nuch of their
adverse criticism to these interpretations and calculations
(Redogörelse for qranskning, 1973). It is frequently stated
that the averaqe permeabilities used in the calculations
have no siqnificance because qroundwater flow will be
concentrated in a few very permeable zonps; that use of
farcy's law for such low permeabilities is not justified;
that a model developed for uniformly porous material is not
applicable to fractured granite; that age determinations
have too manv uncertainties to be useful; and that
qroun "Iwa ter behavior at an underground site cannot be
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adequately characterized without data that would permit
estimates of 3-dimensional flow at every point of the rock
volume.

On the basis of study of the KBS technical reports and
conversations with several of the investiqators, the
Subcommittee thinks that much of this criticism is not well
founded. The KBS investiqators are well aware of the
uncertainties in their measurements and interpretations and
feel they have used sufficiently conservative assumptions to
compensate for the uncertainties. Moreover, qroundwater
flow into a repository can be controlled by underqround
exploration to find the least permeable areas of rock and by
qroutinq of minor fractures in repository walls. The
movement of water near canister surfaces, even if flow
throuqh the repository is much larqer than expected, will be
qreatly inhibited by the bentonite overpack. The
Subcommittee thinks that the kinds of measurements
contemplated in the KPS nroqram are adequate to ensure that
the quantity of water reachinq the copper cansters in a
well constructed repository will not be damaqinq.

Because qroundwater movement in qranitic rock is larqelv
limited to fractures, some indication of the probable amount
of movement at depth can be obtained by the mappinq of
fractures in rock exposed at the qround surface. Such
mappinq has been carried out in qreat detail at the sitps
selected for special study, both by plottinq -joints and
faults on rock outcrops and by mappinq topographic
lineaments from air photos and satellite photos (K3S TP-25,
60, 63). Geoloqists at the Swedish Survev who have done
this work are properly skeptical of findinq exact
correspondence between deqree of fracturinq at the surface
and at depths of a few hundred meters, but they think that a
general relation exists in many places. In the Karlshamn
area, for example, the scarcity of fractures encountered by
the boreholes at depth is reflected in the massiveness of
the outcrops and the scarcity of well-defined lineaments at
the surface.

additional indications of the extent of fra^turinq in
larqe volumes of bedrock may be obtainable from qeonhysical
measurements in boreholes. The usefulness of such
techniques is currently beinq tested at Stripa, where many
kinds of well-loqqinq--resistivity, calipers, neutron,
qamma-qamma, thermal, and sonic--have been carried out both
in lonq holes drilled fron the surface an 1 shorter ones
drilled from tunnels (SAC TR-16). Sonic wave-form loas seem
particularly promisinq as indicators of fracture density.
The qeneral applicability of these method" in crystalline
rocks is not established, but there seems a qood chance that
further development will make possible estimates of manv
rock properties by multiple loqqinq in a few holes.
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Fegardinq chemical composition, the KBS investigators
have made an exhaustive survey of reports on the composition
of groundwater in Scandinavia and other areas of qranitic
rock, and have analyzed many samples from the deep parts of
boreholes in the investiqated areas (KBS TR-36, 62, 88; KBS
TP-90, App. A and B; Appendix A, part A.2.1). In sampling
the borehole water, special techniques were develoDed for
minimizinq contamination by drilling fluids and by contact
with air. Members of the Subcommittee interviewed three of
the authors of analytical papers (Gunnar Jacks, Inqmar
Grenthe, and Ivars Neretnieks) and see no reason to question
the methods used or the conclusions drawn.

Groundwater composition (as described in KBS TP.-36 and
TP-88, and more recently in SAC TR-12) shows little
dissolved material that might cause corrosion of copper
metal. Field measurements of pH give values between 7.2 and
9.7, and redox potentials measured in the laboratory range
from -26 to -220 mV; in these ranges, thermodynamic data
show that cooper is inert with respect to water.
Concentrations of dissolved oxygen and dissolved sulfide are
commonly below the measurement limit, 0.01 mq/1 for both; a
few samples show higher values, but for at least some of
these contamination is suspected. Other materials that
miqht conceivably play a role in attacking copper, such as
CO, and nitrogen compounds, also have satisfactorily small
concentrations. Possible generation of sulfide by bacterial
reduction of sulfate is limited by the very small amount of
organic matter available as nutrient for bacterial growth.
The bentonite ovcrpack around the canisters and the
bentonite plus ferrous phosphate in the backfill will keep
water movement very slow and will provide long-term
insurance ?qainst changes in Eh and pH. For a brief time
after a repository is closed the groundwater will be
oxidizing because of residual air, but the amount of ferrous
phosphate to be included in the backfill material is
demonstrably more than sufficient to remove the oxygen.
Both Na+ and Cl~ show a general increase with depth,
esDecially so in recent analyses from Stripa (SAC TR-12);
this change in composition is one more indication that the
movement of groundwater is very slow.

The Subcommittee agrees with the conclusions of the KBS
ivestiqators that reasonably reliable predictions on a
reqional scale about quantity, rate of movement, and
chemical compos it-ion of gro-jndwater at an intended
repository site can he made from measurements at the surface
and in a few boreholes. Before actual construction is
undertaken, such predictions would have to be verified, of
course, by in situ measurements in exploratory tunnels.
Surface and borehole measurements that have been made at the
sites selected for special study indicate that at these
sites the amoun': of groundwater is sufficiently small, its
movement sufficiently slow, and its chemical composition
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sufficiently innocuous to ensure that corrosion of copper
canisters would be no more than superficial for a very lonq
time into the future.

IV-3 Can_adeguate_gredictions_be_made_of_the_effect_gn
9E2yQåyå£e.E_2!2Y.e.rnent_gf. -disturbances _caused_b^_a
E§B2§itory.t_E!articularlY._the_f ractures_due_to_blasting
låy.ring_excavatign_of _shaf ts_and_tunnels_and_the
heatinq_caused_bv_the_buried_waste?

The rate of qroundwater movement calculated from
measurements of permeability, porosity, and hydraulic
qradient refers, of course, to the rate in natural
undisturbed rock. Conditions in a repository can hardly be
reqarded as undisturbed because (1) some of the rock around
tunnels and shafts will presumably be cracked or shattered
bv blasting and stress release caused by excavation and (2)
because the buried waste will be a source of heat unlike
anything in the natural environment. A. question thus arises
as to the possible effects on moving qroundwater of the
shattered zones and the thermal anomalv. Soire of the KBS
scientists have considered this question and reach the
conclusion that neither effect is likely to be important
(KBS TR-47). In other words, qroundwater is expected to
resume approximately its original motion within decades or a
few centuries of repository closure.

One reason for this conclusion is the planned use in
tunnel construction of a blasting method ("srrooth blasting,"
SAC TR-8) that produces a minimum of cracking and limits the
cracking to a rock thickness of about a meter. Tunnels
excavated in this manner were shown to Subcommittee members
at Stripa. Whether blasting will be used in shaft sinking
is uncertain; shafts will very likely be bored, and in aav
event the thickness of disturbed rock should aqain be no
more than a meter. The cracked rock around tunnels would
seeminqly be capable of serving as a channel for water
movement faster than normal, but since the tunnel systems
vill be isolated in larqe volumes of sound rock, such
possible local channels would hardly be significant in
reqional horizontal flow. Increased vertical flow in the
disturbed rock around shafts is a more likely possibility.
If this is found to be a problem, Swedish engineers think it
can be handled by carefully removinq the disturbed rock from
the walls along a length of the shaft and filling the local
enlargement with bentonite or cement. In the Subcommittee's
opinion this procedure seems reasonable, although the
provisos reqardinq repository sealing rioted in Section VI. 3
would be applicable here also.

In contrast to the anticipated local effects of stress
release related to excavations, thermal effects from
radioactivity in the waste will eventually reach very larqe
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masses of rock (K7s~ " - - . ^ . 0 ^ , 120). Th-:> thermal
although widespread, will remain small bi:causp temperatures
in a repositorv will re kept below 80°c by the a 0-year aqinq
of the spent fuel ro'is, bv limiting their number in a
canister, and bv proper spacim of the canis ters . Possible
thermal effects on fluid flow would be (1) hiqher hydraulic
conductivities due to heatinq of the water in fractures,
which in turn causer lower v iscosi t ies ; (2) creation of
convective f o r e s bv temoerature-inäuceJ density differences
in the water; (3) reduction in crack widths by temoerature-
induced expansion of the rock; and (4) torrnation of new
fractures by temperature-induce3 stresses. Of these four
effects, the f i r s t and third arc probablv the most important
but would commonIv tend to cancel each other. Convective
forces would produce or.lv verv s-riaLl "jrovmdwat̂ r ve loc i t ies .

The Subcommittee aqr^es *:hat or^s^r-t information is
sufficient to justify the conclusions of the KPS-II
enqineers that the effects of both r.eatir.T and reDository
construction on q roundwater movement wall be small followinq
repositorv closure. P.eqardinq thermal effects, recent
experimental testing of neat-flow models at Stripa (SAC TP-
10 and Trf-11) has proviled additional support. The
experiments sh 3w qood aqr^emeiit of measured temperatures
with -temperatures predicted fro:n heat-flow models, and
measured mechanical s trains considerably less than those
predicted. ""hus, calculations from the heat-flow models,
which indicate onlv minor frh^rrwl effects on qrouniwater
movement, arc apnarer.tlv ov f r -nn^c rva t iv .

IV. 4 Can_areas_of _ b e _ i _ 2 _ _
f _tf_ctonic_mov^:nent _tha

is_nerjli_jible--both _slow_deformat ion
and_§u_3i?Q_disrlacem''nts 2cC211I22QYiO'i_Cårtb9'iå!S£§2

Bedrock in Sweden, except for the extromr southern
part of the country, is part of the Baltic (or
Fennoscandian) Shield. This is a huT1 area of Precambrian
arani t ic and met. amor phi c rocks in which the la tes t oroqenic
movement, has been dated at about 903 million years aao. The
Shield was erol^d to a peneplain dbout 600 million vears
aqo, and on the peneplain Paleozoic redimentarv rock? were
deposited. pf-mnaiits of these rock.-, and of t hie exhumed
peneplain surface show that tectonic act ivi ty since the
Precambrian era ha*-, consisted of minor up-and-down movements
of the ent i re area, with i i splar:erno:it s alonq widely spaced
faults amounting at most to tenn of meters. The Baltic
Shield, lik^ similar Precambri-ui areas elsewhere, is
recoqnized as one of the most jeolorically stable r^qions of
the ea r th ' s surfdce. This fact, together with, the
infrequency and small maqnit ude of f c o r i'1 1 * art hquakes,
qives a stronq presumption of ,i 1M (ij-'t<- tectonic s t ab i l i ty
for repository construction over most of the country.
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This presumption of stability has been well documented
by several of the KBS investiqators (KBS TR-17, 19, 20, 59;
Appendix A, part A.2.2). Faults, fracture zones, and zones
of weakness that can be traced on air photos and satellite
photos have been mapped in qreat detail. Amounts of
movement on faults, as shown by displacement of bedrock
structures and of the peneplain surface, have been measured
and dated. Detailed study shows that much of the country is
divided into blocks by maior fracture zones with spacinqs of
kilometers, and that within many of the blocks there are
only minor fractures spaced tens of centimeters or a few
meters apart on which past movement, if any, amounts to no
more than a few centimeters. Most of the movement recorded
by offsets on both major and minor fractures dates from
hundreds of millions of years ago, and movement durinq the
Paleozoic and later aqes is practically restricted to zones
of weakness that already existed in Precambrian time.
Calculations of the probability of a new fault occurrinq in
an area of 1 km2, even usinq extravaqantly conservative
assumptions, qive values that are neqliqibly smail. The KBS
scientists conclude that future strains which may develop in
bedrock will be relieved by movement alonq the existinq
maior fracture zones, and that a repository located in one
of the interveninq blocks will not be disturbed, just as
blocks of ice on a frozen lake may shift position while the
interior of each block remains unaffected. Thus, the
conclusion seems well supported that a repository site
chosen with due reqard to existinq fracture zones should be
safe from appreciable tectonic displacement for many
millions of years.

The chance of appreciable damaqe from vibratory motion
durinq earthquakes also seems exceedinqly sliqht (KBS TR
21). Most recorded earthquakes in Sweden have had estimated
Fichter maqnitudes no qreater than i; the most severe
earthquake in this century, with a maqnitude of about 6, had
its epicenter in the southern part of the country, near the
margin of the Baltic Shield, more than 100 kilometers from
any of the areas being considered for repository sites.
Study of earthquakes durinq the period when modern
instrumentation has been available (1951-76) shows that
detectable seismic disturbances have been concentrated along
a belt runninq from the west coast of Sweden northeastward
to the head of the Gulf of Bothnia, bypassinq the southeast
coastal area which is considered most favorable for
repository construction (Bath 1978). Fxtrapolation from
such short-term records to hundreds of thousands or millions
of years is risky, of course, but the qeoloqic position of
Sweden makes the future occurrence of large or frequent
earthquakes at least very improbable. Even in the unlikely
event of a large earthquake, as the KBS scientists note,
much evidence indicates that well-enqineered underqround
structures sustain little damaqe.
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Optimism about the negligible risk from either slow
tectonic deformation or seismic activity is not shared by
all Swedith qeologists. Dr. N.A. Morner in particular has
marshaled many opposinq arquments, both in his KBS Daper
(KBS TP-18) and in several subsequent papers and letters.
Detailed study of the uplift of Scandinavia following the
last qlaciation has convinced him that the Baltic Shield is
less stable than ordinarily thought. The uplift, which
reaches a maximum of more than 800 meters in a reqion north
of Stockholm, is well known to be continuinq at a maximum
rate of nearly a centimeter per year. Morner interprets his
data to mean that the upward movement has two parts: the
simple isostatic recovery from the weiqht of the glacier,
which ended about 2,000 years ago, and a more recent
movement with a different and still unknown cause which
started some 8000 years ago and continues today. The uplift
in a few places has been accompanied by bedrock faulting,
notably in an area near Lake Vättern in southwest Sweden and
alonq the Parvie fault in the far northwest, and Morner
maintains that he can see additional evidence of such recent
movement in several other parts of the country. Some of the
movement he attributes directly to qlaciation, especially to
the rapidly changing load on bedrock as the ice front
receded. In supoort of this view, he notes areas of
cracking of qlacially polished surfaces, which he regards as
evidence of slight displacements, and the presence of
exceptionally large bedrock blocks with polished surfaces in
some moraines, which he interprets as resultinq from major
earthquakes near the ice margin. Not only did rapid glacial
retreat cause earthquakes and near-surface movements in
bedrock, but also, in Morner's view, was responsible for
fracturing at depths of several hundred meters. As evidence
he notes that drillinq for the KBS proqram has encountered
fractured rock not only within the first hundred meters of
bedrock, but also occasionally in zones at deeper levels
that have no obvious alternative explanation. The findinq
that extensive local bedrock movement accompanied and was in
part prompted by qlaciation, plus his conviction that
renewed qlaciation is inevitable within a few thousand
years, leads Morner to doubt the safety of bedrock disposal
of nuclear waste. His further belief that Scandinavia is
undergoing uplift from unknown causes, at a rate which if
continued into the future miqht lead to deep erosion of the
elevated land surface, adds to his misqivinqs.

As nearly as the Subcommittee could determine, Morner
stands almost alone amonq Swedish qeoloqists in this
interpretation. Certainly his basic data demand attention,
because his decade-lonq study of the Quaternary history of
Scandinavia is amonq the most detailed and comprehensive of
any recent work. His emphasis on postqlacial faultinq is
supported by other recent studies, notably that by Laqerback
and Henkel (KBS TR-19); the discovery of such faultinq in
Scandinavia is fairly recent, and it does indeed call in
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question past opinions about the extreme stability of the
Baltic Shield. Other qeoloqists, however, think that
Quaternary faultinq is limited to a few areas and would not
compromise the inteqrity of a well-chosen repository site.
Some who have looked at Morner's field evidence think that
fractured bedrock surfaces and larqe blocks in moraines are
best explained by more ordinary processes accompanyinq
qlaciation rather than by tectonic movement. Many who have
studied the details of postglacial uplift find support for
the classical view that present-day movement is simply a
continuation of isostatic recovery from the glacial load,
and not a new and mysterious phenomenon. Deep fracturing of
bedrock as a result of qlacial loadinq is discounted in a
theoretical study by Pusch (KBS TR-89, and personal
interview). Without actual field study the Subcommittee is
handicapped in judginq between these radically opposed
views, but perusal of the technical papers and interviews
with both Morner and those who disagree with him sugqest
that the conventional opinion about bedrock stability has
the better support.

Two other questions related to bedrock stability were
discussed at lenqth with the Swedish scientists. One
concerns the possibility that construction of a repository
might so weaken the bedrock locally that future fault
movements would be concentrated in or near the repository
rather than alonq pre-existinq lines of fracture. In answer
to this possible objection, the KBS enqineers noted that (1)
the major fracture zones that would bound an area selected
for repository construction are sufficiently extensive so
that local weakeninq in sound rock nearby would not affect
movement along them; (2) the repository would be oriented in
accordance with measurements of maximum stress in the
bedrock, and laboratory measurements on bedrock specimens
show adequate strength to compensate for weakening caused by
an openinq; and (3) experience with mining in bedrock, which
in Sweden goes back for many centuries, has given no
indication that mined cavities have caused localized rock
movement.

The second question relates to the behavior of a waste
canister in the extremely unlikely event that fault movement
occurs alonq a sharply defined plane that directly
intersects the canister (KBS TR-66) . The exact conditions
of such an event are hard to specify. If the movement was
confined to a sinqle plane, and if it took place rapidly
enouqh, shearinq of the canister would indeed be possible.
Rough calculations sugqest that as much as 3 cm of movement
could be tolerated without damaqe to the inteqrity of the
canister (R. Pusch, personal interview). More than likely,
however, the movement would be distributed through a width
of at least a few centimeters; it would not be
instantaneous, and the bentonite overpack around the
canister would be somewhat plastic, so that the canister
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would respond by turninq or by deforming slightly rather
than by fracturinq. The chance of serious damaqe from such
an occurrence seems neqliqible, except insofar as the fault
miqht chanqe the pattern of qroundwater movement.

In the Subcommittee's opinion, the KBS conclusions
about bedrock stability are well founded. A repository
located in one of the large blocks of slightly fractured
qranitic rock bounded by major fracture zones should be
immune to damage from most imaginable sorts of rock
deformation. The major fracture zones would serve as
conduits for most qroundwater movement and would accommodate
any expectable tectonic deformation in this very stable part
of the earth's crust. The evidence for possible adverse
effects of renewed qlaciation, or for future tectonic
disturbance orders of maqnitude greater than any observed in
historic time, seems so t-enuous that it should not influence
the basic conclusions.

IV.5 Can_the_effect_on_a_reEositorx_Qf_gossible_renewed
3l§ciation_be_shgwn_to_be_negligible?

Glaciers covered large areas of the northern hemisphere
durinq the Pleistocene epoch at several periods ranging in
length from SO,000 to 100,000 years, separated by
interqlacial periods lastinq 10,000 to 30,000 years- Since
the end of the last glaciation occurred about 10,000 years
aqo, there seems to be a good possibility that Sweden will
again be covered by ice within the next few thousand years.
No certainty can be attached to such a prediction: since
qlacial epochs like the Pleistocene are rare in geoloqic
history, and since the causes of glaciation remain unknown,
it is also possible that the Quaternary episode of recurrent
glaciation has come to an end and Scandinavia will remain
free of ice. Future climate may also be influenced by human
activity, probably in the direction of increased averaqe
temperature, so that renewed glaciation would be postponed
or stopped altogether. Despite the uncertainty, one or more
periods of qlacial advance during the next million years are
sufficiently probable that their effect on a subsurface
waste repository should be considered. Some of the KBS
scientists have given much thought to this question (KPS TR-
18, '19, 89).

It should be kept in mind that a sequence of events
involving glacial advance, retreat, and reoccupation of the
land by human beinqs may require a time span of at least ten
thousand and, more probably, a hundred thousand years. By
that time the active fission products »°Sr ana^ l37Cs would
have lonq since decayed to harmless levels, and the only
radionuclides that might still pose a hazard to the
environment would be the actinide elements, some of their
daughter elements, and the fission products ««Tc and »2»I.
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These substances art- yr> .;•: nt ii: y:\.. 1! -i:-. mr. or invi inly
feeble raiioactivit v; c^lif ctiv> Lv, H e *:cra-; jf t-h-̂ ir
emitted radiation would be little .TT» -it» r thun that tron the
radioactive materiais of a medium-qra it- uranium ore deposit.
Precise comparison of the radiation hazards from natural
ores with those from a repository with aqinq fuel rods is
difficult. The important point is simr>lv tri<-it anv
discussion of the post-qlaciation radiation involves waste
with far less radioactivitv than was present when the
repository was sealed. To many qeoloqists the amount of
residual radioactivity sterns so snail ann predictions for
such lonq times so uncertain that a discussion of qlacial
effects seems to have little point. Nevertrit less there is
enouqh reqularitv ir. the pattern of alacial advance and
retreat durino the Pleistocene, an.', enough Ion-:-ti:r\e
residual hazard from a soent-fu--1 repository, so that
consideration of a future tos4" ilaoi a 1 world is not entirely
without significance.

Slaciation as exttr.aive nj t.hni ir. t.re ins' v • il i irike
all of Scandinavia unir.hab it a:, le for 1 ;:-. i ;-jri >is. "scajp
of radionuclides from a repository .durinq such periods would
be danqerous only insofar as ti.ey reiqht reach the sea and
thus create a hazard to marine life or to i:ih-i! itänts of
reqions farther south, but the protabilitv of f-scaoe in
siqnificant quantities seems remote. More important would
be the possible hazard to human beinqs who settled in the
area aft?r the ice retreated from repositories danaqei in
such a way as to allow ra lionucli les to escape. The
essential question is how rnich a ie^p repository miqht he
influenced by a chanqinq loai on trie surface as ice
advanced, built up to a thicf.n<ss ot 1,0 00 m or more, and
then retreated. Durinq such a qeneral ice advance minor
fluctuations of climate could cause tp;;ii)orary advances and
retreats of the ice front, so that a aiven area miqht
experience successive loadinq and unloafiinq ty ice at
intervals of 1,000 to 5,000 years.

The possibility that erosion by sue!, repeated ice
advances miqht be deep enough to expose a rrjpository, or to
remove a substantial amount of its bejrock cov^r, seems
neqliqible. The KB" scientists point out that past
qlaciation has left no evidence ot such d<-̂ p erosior. in
bedrock; on the contrary, reconstruction of preqlacial
topoqraohy and estimates of the amounts of -ilacially eroded
sediments indicate that cuttinq into bedrock durinq the
entire Pleistocene epoch amounted at most to tens of meters
(KBS TR-89). This conclusion is not beyond question, since
some glacioloqists claim to have evidence for much deeper
incision at least locally, but the prevailing opinion amonq
Quaternary specialists is that the qlacial erosion of hard
bedrock in terrain of subdued relief like that in Sweden
would be fairlv limited. Certainly the larqe-scale ice-
thrust and fold structures that have boen noted in qlacially
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overridden sedimer.tarv rocks in North America havr no
counterpart in the igneous anl metamorphic bedrock of
Sweden.

The minor erosion produced by qlaciation, together with
local deposition of sediment by ice or meltwater, could have
the effect of makinq the topoqraphy more- hurairocky, hence
interrupting the regional flow of near-surface groundwater
and forminq cells of local flow in small basins. The effect
on a repository, if anv, would presumably be beneficial.
The qreatly increased surface flow of water from melting ice
during glacial retreat would augment erosion, but neither
the amount nor the duration of such increase would he enough
to damage a structure 500 m under the surface.

It also seems unlikely that the mere weight of ice would
have much mechanical effect on sound bedrock at a depth of
500 m- Pusch has calculated front analysis of stresses that
fracturinq of bedrock near the front of a qlacier, wht-re
differences in loading would be qreatest, would not extend
more than a few meters below the surface (KBS TF-R9).
Morner disputes this conclusion (KBS TP-18), suggestina that
fractures and crush zones intercepted ry some of the
boreholes at depths of a few hundred meters could have been
caused by glaciation, and further, that earthquakes might
have resulted from load differences at glacial fronts. The
evidence presented for these claims does not seem
convincing. Glacial loading might well have some influence
on permeability at depth by closing microfractures within or
between mineral grains, but gross mechanical effects seem
highly improbable.

Maior effects of renewed glaciation on an underground
repository, if any, are likely to be more indirect,
resulting from the changes in sea level that accompany
qlaciation and from possible changes in the groundwater
reqime.

Sea-level changes result both from the simple change in
total volume of the oceans as water is abstracted to form
ice and then released when the ice melts, and from changes
in land elevation due to the bowing down of the earth's
crust under the weight of the glacier. The slow recovery of
the'Scandinavian land mass from the load of the last
Pleistocene qlacier is clearly recorded in elevated beach
deposits representing former stands of the sea, some of them
hundreds of meters above present sea level. If qlaciation
is renewed, a probable sequence of events would be an
initial lowering of sea level as water is removed from the
oceans, then a gradual apparent rise as bedrock is depressed
under an increasing accumulation of ice. A possible result
would be eventual replacement of the fresh water in a near-
shore repository by seawater. The effect is not likely to
be deleterious, because (1) the seawater would have a low
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salt content, since the Baltic Sea is already brackish and
would become practically a fresh-water lake durinq the
initial drop in sea level; (2) the movement of ions from the
invadinq seawater to canister surfaces would be only by slow
diffusion throuqh the bentonite buffer; and (3) corrosion of
the copper, even if exposed to norna1 seawater, would not be
qreatly increased (see Section V.3). The Subcommittee
aqrees with the KBS enqineers that sea-level chanqes
associated with renewed glaciation would have no harmful
influence on a repository.

The possible effects of qlaciation on qroundwater
movement in a repository are difficult to predict with any
assurance. The principal lonq-term effect miqht well be a
decrease in the amount and rate of movement, in part because
the ice load would tend to close microfractures in the
bedrock and in part because a layer of permafrost beneath
the ice would inhibit movement of water from the surface to
underqround aquifers. One possible set of circumstances
durinq deqlaciation, however, miqht for a time qreatly
increase deep qroundwater flow. These circumstances have
not been considered by the KBS scientists, and hence need a
more detailed discussion.

Consider the qlacial front durinq a period of active
meltinq: a mass of ice up to a thousand meters thick stands
immediately adiacent to open flat terrain from which ice has
recently melted; permafrost, if any remains, exists only in
isolated patches; abundant meltwater from far under the
qlacier emerqes in streams at the qlacial front. Back from
the front the water is under pressure from the overlyinq
ice, and this pressure is transmitted to qroundwater moving
throuqh fissures in the bedrock below. The qroundwater,
normally flowinq sluqqishly under a low hydraulic qradient,
now finds itself subiect to a difference in head of some
hundred atmospheres within a short distance at the qlacial
front, and also to qreatly increased recharqe from the
abundant meltwater. Underqround flow would he expected to
increase markedly, not only near the ground surface but very
probably also in fissures at depths of tens or hundreds of
meters. If a waste repository existed beneath the front of
the qlacier, it miqht well experience abnormally hiqh
qroundwater flow as lonq as the front remained in its
vicinity (Parizek 1979).

To what extent the inteqrity of the repository miqht be
compromised by the increased flow is problematical. The
amount of flow would depend on the heiqht of the qlacier,
the slope of its front, the rate of meltinq, and the
qeometry of the fissure system in the bedrock below,
sliqhtly increased movement of water throuqh a repository
for a limited time would presumably do no harm, and even a
marked increase would cause little additional exposure of
the canisters as lonq as the bentonite overpack remained
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intact. Sufficiently rapid flow, if the overpack was
cracked or a canister was breached, tniqht conceivably lead
to the introduction of dissolved oxyqer. from the surface, to
qreatly increased corrosion, and eventually to the
dissolution of radionuclides. Intuitively, such a result
seems unlikely, but the possibility should certainly be
explored. Prediction of qroundwater movement in an order-
of-maqnitude sense should be possible bv modelinq, and the
Subcommittee suggests that such modelinq would be desirable.

It should be kept in mind that the possible sequence of
events "just described would occur only some hundred thousand
years into the future, after a new ice cap had reached its
maximum extent and bequn to wane. By that time the shorter-
lived beta and qamma emitters would have decayed, , and the
possiblv still-hazardous radionuclides would be limited to
the long-lived actinide elements, some of their dauqhter
products like * Z 6Ra, and a few remaining very long-lived
fission products like "»I and »»Tc. The residual fission
products would be present in small amounts. If the worst
should happen--that is, if canisters were breached and their
radionuclides exposed to the increased groundwater flow--the
soluble radionuclides would be enormously diluted and the
actinides would remain in larqe part insoluble. The
possibility of such an event needs to be considered, but it
is hard to imagine any combination of circumstances that
would pose a real threat to the postqlacial biosphere.

IV.6 Can_the_bentonite_over2ack_argund_each_canister_and
£Öe._bertgnite_E>lus_f errous_gho§Bhate_in_the_backf i l l
°.I_tur.ngls_ani_shaf ts_he_deDended_on_tg_keep__the
movement_of_grgun3water_along_canister_surfaces_very
§lQw_and_tg_maintain_conditions_of_gH_and_oxjdation
22£ential_that_will_Drevent_gr_greatlY_inhibi£

According to the KPS-II Plan, shaped blocks of compacted
bentonite will be inserted in the holes around each
canister, and empty spaces between and around the blocks
will be filled with powdered bentonite (KBS TR-33, 37, 73,
7U, 8H, 104). Later, when the repository is to be sealed,
tunnels and shafts will be filled with a mixture of 80-90
percent quartz sand and 20-10 percent bentonite, to which a
small amount of artificial vivianite (ferrous phosohate) has
been added. The pure bentonite around each canister is
expected to fulfill several functions: (1) to swell so as
to fill all vacant spaces as water seeps into the
repository, and thus to provide mechanical support for the
canisters; (?) to delay access of qroundwater to canister
surfaces and to ensure that water in contact with the
surfaces will be stationary or very slow-movinq; (3) to
serve as a chemical buffer to minimize chanqes in the pH and
ion content of the qroundwater in contact with canister
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surfaces. In addition, the bentonite is envisioned as a
maior barrier to the movement of radionuclides if a canister
should ever be breached; this function will be discussed in
Section VI.1. The bentonite-quartz mixture of the backfill
in tunnels and shafts is expected to play a similar role in
controllinq the motion of groundwater, and in addition will
have the desirable qualities of greater mechanical strength
and greater heat conductivity than pure bentonite. The
added ferrous phosphate will serve to take up oxygen from
the residual air left in the repository after sealing and
thereafter to ensure that qroundwater movinq through the
repository will remain reducing. Experiments demonstrating
the effectiveness of ferrosphosphate are described in
Appendixes A:5 and A:6 and in KBS TR-10.

The precise sequence of events to be expected after the
repository has been sealed is difficult to specify.
Sroundwater will surely enter through minor fractures in the
enclosing granite, at a rate that will depend on the
geometry of the fractures and on the effectiveness with
which the fractures are sealed by the expanding bentonite.
In the hole around a canister, water would presumably find
its first access through the cracks filled with powdered
bentonite between the compacted blocks; very probably some
water would reach the canister surface, but it would soon be
immobilized by swellinq of the bentonite, and thereafter the
very low permeability of the compacted blocks and the
expanded bentonite between them would drastically slow the
motion of additional water. Eventually, of course, the
entire repository will be saturated with water, but the
actual volume of the fluid will be small and its rate of
movement to and from the canister surfaces will be
exceedingly slow. In other words, the overpack around the
canisters, and to a lesser extent the backfill in the
repository as a whole, would constitute islands of near-
impermeability, no matter what the i.egional flow of
groundwater through the surrounding rock might be. Details
of the sequence of events leading to a steady state are
uncertain, and the time required is impossible to estimate,
but neither the precise sequence nor the timinq seems
important, since at all staqes the canisters will be well
protected.

'This conclusion, of course, depends to a critical extent
on the properties of the bentonite. To these properties the
KBS authors have given a great deal of attention. From a
survey of possible sources in many countries, they have
selected a commercially available bentonite from Wyoming as
the variety that best fits their requirements. The
properties of this bentonite and of others have been studied
exhaustively, both by a search of the literature and by
experimental work at many Swedish institutions, most
extensively at the Technical Institute at Luleå (Jacobsson
and Pusch, KBS TR-32: Appendix A, part ft. 3) . The laboratory
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work has documented the amount of expansion to be
under repository conditions, the pressures thereby produced,
and the abilitv of expanding bentonite to inject itself into
cracks. Mechanical strenqth has been measured over a range
of densities and water content, and the plasticity of
compacted bentonite has been shown to be adequate to protect
canisters from remotely possible tectonic displacement of
the bedrock. The permeability of compacted bentonite is
comparable to that of unfractured qranite. ber.tonite has
been shown capable of maintaining pH in the ranqe of 9 to
9.5, the same ranqe measured in deen qroundwater samoles,
and the mixture of bentonite plus ferrous phosphate has teen
shown adequate to consume residual oxyqen and thereafter to
control oxidation potential. A review of geoloqic
occurrences has shown that masses of montmorillonite clav
similar in comoosition to the chosen variety of bentonite
have in many places survived for millions of years in
environments not qreatly different from that to be exnectei
in a qranite repository. From the literature review ani the
experiments, the conclusion seems well founded that V'voninct
bentonite will fulfill its expected role in a sealei
repository.

Nevertheless, a few questions about bentonite sper
inadequately covered in KBS publications, and these were
discussed at lenqth with Dr. Pusch.

(1) It seems possible, for example, that thf-
permeability of bentonite miqht be qreatlv increase:* by ion
exchange after lonq contact with qroundwater; in particular,
the Na* of the Wyominq bentonite miqht be slowly replaced by
Ca**. Calcium bentonite is well known to be less olastic
and more permeable than the sodium variety. Dr. Pusch
replied that the Wyominq material, althouqh known as a
sodium bentonite, actually contains a substantial amount of
calcium, and that experiments in his laboratory have shown
that additional calcium does not chanqe the properties of
the material siqnificantlv.

(2) Bentonite in prolonged contact with water forms a
weak qel, and with enouqh water would form a mobile sol. Is
it possible that over very long times the bentonite exposed
to water in the fissures of the qranite could be mobilized
in this way, so that ultimately a good deal of the buffer
material might be flushed out by movinq qroindwater?
According to experiments, this is hardly likely; no
appreciable amounts of sol were formed in laboratory tests
under simulated repository conditions, and the movement of
qroundwater is extremely slow (KBS TR-79:05).

(3) Miqht the pressure exerted by expandinq bentonite be
sufficient to widen fractures, or even cause new fractures,
in the adjacent rock? Pusch and his colleaques measured the
pressures resultinq from bentonite uptake of water under a
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variety of conditions and found that they are much too low
fir an appreciable effect on sound granitic rock.

(4) Does bentonite retain its properties durinq lonq
exposure to the somewhat elevated temperatures of a waste
repository? Experimental work recorded in the literature
shows a qood deal of uncertainty about the precise
temperature at which bentonite beqins to alter in contact
with warm solutions, but no reaction has been reported below
150°C witn solutions like those to be expected in a
repository- Since repository temperatures will be kept
below 80°, the stability of the bentonite pe':r.s assured.

(5) Difficulties miqht arise in emplacement of the
bentonite. In particular, the fillinq of open spaces around
the compacted blocks in canister holes with powdered
bentonite would be troublesome if the holes were wet, and
the proposed pneumatic backfillinq of the upper parts of
tunnels with a bentonite-plus-sand mixture miqht be
difficult under repository conditions (see also Section
71.3). While these possible sources of trouble were
conceded bv nr. Pusch and his colleaaues, it was felt that
satisfactory enqineerinq techniques could be developed in
time by workinq with experimental test set-ups.

(6) Probably the most serious question about the
bentonite buffer relates to its content of metal sulfides
and orqanic matter. Analyses show varyinq amounts of sulfur
in the form of sulfides and of orqanic matter up to about
0.2 percent of each by weiqht in dry bentonite (KBS TP-90,
4: <\ . The sulfur miqht cause corrosion of the copper,
althouqh the amount is so small that the inteqritv of the
canisters would hardly be affected. The otqanic matter
could serve as nutrient for bacteria, which could Droduce
additional sulfide by reducinq the sulfate of qroundwater;
if the bacteria were sufficiently mobile to use the oraanic
substance in a larqp volume of bentonite, the total amount
of sulfide released could be cause for concern (KBS TP-90,
App. C ) . Pusch has shown fairly convincinqly, however, that
the mobility of bacteria in compacted bentonite with only
minor orqanic matter would be qreatly restricted. As an
added precaution, experiments have shown that the bentonite
coul,d be free from nearly all of its sulfide content and
about two-thirds of its orqanic matter by heatinq it for a
few hours at H2S°C. Whether this procedure would be adopted
in the disposal proqram remains uncertain; althouqh
experiments show that lentonite's swellinq prrperties and
ion-exchanqe properties are iot qreatly affected by such
brief heatinq, Pusch is inclined to question the stability
of bentonite at temperatures above 150°C. The possible
pffect on canister surfaces of the sulfur contained in the
bentonite or produced by sulfate reduction seems sliqht, but
the question is under continued investiqation in Pusch1s
laboratory in Luleå.
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Althouqh a few uncertainties remain about the postulated
behavior of bentonite and methods of handlinq it under
repository conditions, the Subcommittee aqrees that the
qeneral conclusions of KBS-II about its adequacy as
material for overpack and backfill are well-supported bv
basic theory, experimental data, and geoloqical observation.
Additional experimer. cal work on properties of the compacted
bentonite is desirable, and such experiments are underway at
Luleå.
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Copper canisters emplaced in a bedrock repository are
expected to resist deformation hy possible rock movement and
Chemical attack by qroundwater for the period durinq which
an escape of radionuclides would be hazardous to the
biosphere. The lenqth of this period is variously
estimated, but to provide adequate insurance the canisters
are designed to remain intact for at least a million vears.
A demonstration of the ability of the canisters to survive
for this enormous lenqth of time requires data on the
feasibility of canister construction, the effectiveness of
canister sealing, the mechanical behavior of canisters with
a bentonite overpack, and the lonq-terrr resistance of copoer
to corrosion. Data bearinq on such topics, as presented fcy
the KPS scientists and enqineers, are examined in the
followinq paraqraphs.

V. 1 £åQ_£QB2?E_canisters_gf _the_grgpgsed_cor;f igu ra t ion_he
I I - o f i the-ar t_ technology.?

Assessinq the feasibility of fabricatinq the conoer
canisters requires consideration of (1) thp processes
required to oroduce the rouqh starting material, (2) the
subsequent shapinq and forming procedures, (3) the
procedures for canister scaling, and (4) methods of
nondestructively testinq the integrity of the canister
before and after final sealing. These asoects of
manufacture were discussed with Professor E. Mattson of the
Swedish Corrosion Institute, Professor I. Grenthe of the
Poyal Institute of Technoloqy, and Dr. Y. Hannerz of ASEA,
who were members of the reference group appointed by the
Corrosion Institute to evaluate the suitability of the
Droposed canisters for long-term containment of spent fuel
elements.

The pure copper (so-called "oxyqen-free hiqh-
conductivity copper," or OFHC) chosen for the canister
material can be produced in a number of ways, but according
to current practice the best method is to cast a larqe ingot
and use controlled chillinq to produce the desired grain-
size distribution (KBS TR-81). The further refinement of
grain-size distribution, which is required to facilitate
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later use of ultrasonic methods in nondestructive
evaluation, is accomplished by forqinq the as-cast inqots so
as to produce about a 50 percent reduction in cross-
sectional areas of the qrains. A survey made by the
reference qroup of the existinq capability for such
processinq indicates that the castinq and forqinq operations
are feasible today in Sweden's copper and steel industries.

The final confiquration is produced by machininq both
the interior and exterior of the canisters. Special
equioment is required, particularly for machininq the
interior of the deep hole with adequate control of
eccentricity and surface finish. Equipment capable of
borinq deep holes within a tolerance of 1 mm is reported to
be available at the Motala Works. This is more than
adequate, since variations as qreat as 10 mm would not
seriouslv affect canister vulnerability to corrosion.

Weldinq of the canister tops is to be accomolished by
the electron-beam method. The thickness of the canister
walls (200 mm) is qreater than the thicknesses to which this
method is applied in current commercial practice (65 to 100
mm). Discussions with KBS team members and fabricators,
however, indicate that with only minor chanqes and the use
of hiqher enerqies the method can be adapted to material of
qreater thickness. The fabricators are reported readv to
consider develoomental manufacture now. The Subcommittee
thinks that an actual demonstration with cooper of the
intended thickness is hiqhlv desirable.

The welds will be evaluated non3estructively bv helium
leak detection and ultrasonic testinq. These are standard
industrial techniques, and the Subcommittee has no doubts as
to their applicability to the copper canisters.

In summary, the Subcommittee aqrees with the reference
qroup that it is feasible to construct, seal, and
nondestructivelv evaluate a canister of the proposed
confiquration.

v« 2 Is_the_mechanical_caBabilitY_gf _the_car.i§ters_Blus
QySE3åS!S_§yf £iSi§Qt_tg_with stand _rerggtelY_EQ5§i^I§
tfi5tgnic_disglacement?

The copper canisters, with a lenqth of 470 cm, a
diameter of 77 cm, and walls 20 cm thick, are to be filled
with molten lead around the fuel rods and closed with three
lids with a total thickness of 32 cm individually sealed bv
electron-beam weldinq. Canisters so constructed should be
hiqhly resistant to deformation by any imaqinable external
overpressure.
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The canisters will be placed in vertical holes {with a
diameter of 1.5 m and a depth of 7.7 m) drilled in the
floors of tunnels in solid rock. The holes will be lined
with blocks of hiqhly compacted bentonite, the remaining
spaces will be filled with bentonite powder, and each hole
will be capped with a concrete cover. The bentonite in both
the blocks and the powder will swell on exposure to water so
as to fill the holes and provide a net compressive loading
on the canisters. From a mechanical standpoint the canister
and bentonite will become inteqral parts of the rock.

The most extreme conditions to be considered are those
of a sudden shear on a horizontal plane normal to the lenqth
of the canister. Calculations by the KBS authors indicate
that rupture would not occur unless the displacement
exceeded 3 cm, an unlikely amount of movement on a shear so
oriented. A more likely, but still remote, possibility is
one of slow movement alonq one or more steeply inclined
planes; in. this situation the stress would largely be
absorbed and deflected by the bentonite overpack and the
effect on the canisters would be minimal.

The possibility that long-term exposure to radiation
from the enclosed waste might cause embrittlement of copper,
and hence greater susceptibility to mechanical damage, was
considered by the Subcommittee. An inquiry addressed to an
authority on radiation dar.age. Dr. F.W. Young of the Oak
Fidge National Laboratorv, brought the response that
significant embrittlement of the copper by ra3iation under
repository conditions is hiqhly unlikelv.

In the opinion of the Subcommittee, mechanical failure
of the canisters under repository conditions may be safely
eliminated as a cause for concern.

V.3 Will_the_canisters_have_gufficient_corrgsign_resistance
to_yreYent_the_cgntact_gf^jroyndwater_with_waste_for

s_2f _thgusan/ls_of _

In the KBS plan the ma"jor narrier to radionuclide escape
is the resistance of pure metallic copper to corrosion in
the hydroqeochemical environment of a deep repository in
granite. Mo definite time during which the copper canisters
must survive is specified, but the KBS engineers confidently
expect canister life to be at least a few hundred thousand
and very probably more than a million years. This
conclusion is supported bv theoretical calculations based on
experimental data (KBS TR-90; Appendix R).

The Subcommittee and the Swedish corrosion experts agree
that complete thermodynamic immunity cannot be demonstrated
for the proposed life of the copper canister. Therefore,
some of the problems or deficiences in the thermodvnamic
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analyses in *he K?r-n r^uort ire no*- relevant. Instead,
the service life of *iit canister has to dfpeni on another
consideration. This consi 3erati Jti undelies the KBS Plan for
the use of cooper as a canister material anj the provision
of an enqi^ered benian environment that- severely limits the
mass transport of oxiiants to the canister surface. As lonq
as the transport of oxiiants of importance in copper
corrosion, oxvqen and sulfide ions combined with hvdroqen
ions, is held to a sufficiently low rate by the qeoloqic and
overpack barriers, the rate of corrosion of the canister
will be at an acceptably low value. Therefore, the
transport of oxidants rather than the thermodynamic
Stability of copper in the presence of qranite, chloride
ions, carbonate ions, bicarbonate ions, or any other
environmental factor, is the orincipal consideration that
determines the life of the canister. The remainder of this
section discusses the details of this s

^he qrour. :3wa t e r ir. contact with the canisters, as
described in orecedinq sections, will be the water commonly
found at depth in qranitic rocks, with a composition onlv
slicjhtly modified by th^ bentonite buffer. The water will
be tinier a hydrostatic pressure of about- 5 M?a, ana will be
practically motionless in the immediate vicir.ity of the
canisters. Its temperature will climb to about 80° within a
few decades after repository closure an 3 then qraduallv
decrease. Values of pH will be in the ranqe 3f 7.5 to 9.5;
values of Eh, after oxygen in the residual air is exhausted,
will lie in the ranqe of -20 to -250 mV. Concentrations of
other ions will be low. Thus the canisters will not be in
an aqqrossivp qroundwater environment, rut a few
possibilities for corrosion will nevertheless exist.

Copper in contact with oxyq^n-free curt- water under
repository conditions is immune to attack, according to
calculations usinq standard thermodvnamic data. In other
words, the hydroqon ion in water in these ranqes of Eh and
pH is incapable of oxidizinq copper. If the water contains
traces of dissolved sulfide, some cuprous sulfiie could form
ir. the lower part of the Fh ranqe. I f both sulfide and
dissolved oxyq^n are present, recent work (Syrett, 1977;
MacDonald, Syrett, and V'irq, 1979) has shown that the
sulfide could serve as a catalvst for corrosion by oxyqen.
Concentrations of both sulfide ,-uid oxyqen would be very low,
however, as is shown by numerous analyses; oxyqen would be
kept low by the ferrous nhosphate mixed with the bentonite
in the backfill of the tunnels. Moreover, corrosion would
be further limited by the fact that the corrodinq aqents
would have to move throuqh the bentonite to reach the
canister, and movement throuqh the bentordto can take place
only by diffusion. neretni^ks (KBS TF-79) has calculated
that diffusion would be ",<) slow that corrosion after a
million years from this source would be neqliqible,
affectinq no more than 2 kq of the copper of ,\ canister with
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a total weight of 16,000 kg. Even if Neretnieks1 estimated
diffusion rate is too low by a factor of 1,000, the copper
loss still would not be serious.

The sulfide ion itself is not a corroding agent because
it cannot be reduced, but reaction is possible if another
oxidizing aqent is present. Even the hydrogen ion can play
an oxidizing role in a sulfide-polluted environment in a
restricted Eh ranqe. The supply of sulfide would be
limited, however, by the very small amount of organic
material that would be available to facilitate the bacterial
conversion of sulfate to sulfide. Another possible
mechanism of oxidation involves polysulfides (S2

2~, S3*~,
S%*-, S s*-), which are readily formed from sulfide in a
slightly oxidizing environment, and which can serve as
oxidizing aqents in reactions by which they form copper
sulfides. But corrosion of the canisters would still be
limited by the flux of oxygen (or polvsulfide equivalent),
and would consequently be very low.

A much more likely oxidizing agent would seemingly be
sulfate ion, which is nearly always present in
concentrations up to about 15 parts per million (KBS TR-90,
App. 1). One can write plausible equations showing the
formation of copper sulfides by reaction of the metal with
sulfate alone, or with sulfate plus sulfide, or with sulfate
plus a reducing agent like Fe**, and one e n show from
energy relations that the reactions ought to take place,
'''his prediction is probably of little consequence, however,
because the reactions are exceedingly slow. A number of
chemical experiments and geologic observations show
conclusively that dissolved sulfates at temperatures under
100°C do not react with reducing aqents even in geologic
time unless bacteria are present. Some varieties of
bacteria are capable of catalyzing these reactions, and such
bacteria might be present in deep granitic environments.
Thus some corrosion would be possible, but it could not qo
far because the bacteria would soon exhaust the meager
supply of organic matter in the groundwater and bentonite.
Calculations show (KBS TR-90, App. C) that the amount of
organic matter that could serve as a nutrient for bacterial
growth would be far too small to make the resulting
corrosion significant.

The KBS authors are convinced that the thick-walled
copper canisters would not b« greatly damaged by corrosion
for periods on the order of a million years, even if the
repository environment should undergo considerable change.

One kind of environmental change that seems possible--
even probable—would be the incursion of seawater into a
repository if sea level rose. For a repository on Sweden's
east coast the water would have a lower salinity than
"normal" seawater, because the Baltic Sea is brackish, but
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even with brackish water the increase in chloride
concentration, free oxygen, and possibly nitrogen compounds,
could markedly accelerate corrosion. The KBS authors do not
t^ink the increase in rate would be serious, because the
bentonite overoack would retard the access of corrosive
agents to the copper surface, and ferrous phosphate in the
backfill would keep oxygen concentrations low.

An additional circumstance that would help to retard
corrosion, but one not mentioned by the FBS authors, would
be the accumulation of solid corrosion products (Cu2O, CuO,
CuPs, CuS, Cu(OH)?, CuCl,, carbonates, etc.) at the
interface between a canister and the surrounding bentonite.
All these compounds occupy larger volumes (by a factor of
four for oxides and sulfides) than the original copper, and
hence would exert a considerable compressive force on both
canister and bentonite. This would decrease the
permeability of the overpack, and the compressive force
would reduce the susceptibility of the copper to stress-
corrosion cracking (Section V.4). Thus corrosion, whether
seawater is oresent or not, would be to a considerable
degree self-limitina.

In summary, the Subcommittee agrees that the KBS authors
have established a technically sound basis for concluding
that the copper canisters would be both mechanically stable
and highly resistant to corrosion for times on the order of
one million years, even if conditions in the repository
should be changed by remotely possible rock movement or by
the incursion of seawater.

V. u Wiil_£he_canisters_be_immune_tg_stress-cgrrgsign
f or .hundreds _of _thgusands_of _v.ears?

stress-corrosion cracking (SCC) of metal surfaces is a
catastrophic mode of failure that can make any estimates of
long-term resistance to other corrosion failure mechanisms
irrelevant. It can occur in environments where a metal is
normally resistant to uniform corrosive attack, and it can
be initiated bv small amounts of specific substances that
can concentrate in crevices or flaws. The KPS authors
assume that SCC will not affect the copper canisters for two
reasons: (1) the high-purity copper used in the canisters
is virtually unsusceptible to SCC, and (2) the tensile
stresses required to cause cracking would never develop, or,
if present as a result of canister fabrication or handling
during emplacement, would relax sufficiently with time to
eliminate SCC as a problem. Because SCC can have
catastrophic consequences, these assumptions need careful
examination.

The immunity of high-purity metals to SCC is a long-held
belief, but several recent papers have presented evidence
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that hiqh-puritv cooper under some conditions can undergo
SCC (Puqh et al. , 1966; Escalante and Kruger, 1971; Suzuki
and Hisamatsu, 1974; Pednekar et al. 1979). The conditions
are rather specific, and tensile stress must be present.
Dissolved materials described as capable of causing stress
corrosion of copper include cupric ammonia ion, cupric
acetate, nitrate, and other solutes, some in concentrations
less than 0.1 N but hiqher than 0-01 N. These agents in
such concentrations are extremely unlikely in a repository
environment unless an incursion of seawater should introduce
nitrogen comDOunds. Although the KBS assumption about the
immunity of pure copper to SCC is not strictly accurate, the
Subcommittee agrees that cracking should not occur in a
repository environment.

Stress levels at canister surfaces will probably be low
enouqh to prevent the growth of stress-corrosion cracks at
an unacceptable velocity even if damaging agents are present
in sufficient concentrations to cause an SCC problem. This
statement is made with a slight reservation because the
usual criterion for nonsusceptibility to SCC is a crack
velocity lower than 10-7 or 10~8 cm/sec, and growth rates
considerably lower than these would be needed to prevent
penetration of a canister in a tine span of a million years.
The reasons for assuming that stress levels will be low are
the following: (1) the qeometry of the canisters and the
mode of fabrication will minimize possible stress
concentrations; (2) the canisters will be annealed by
soaking for 48 hours at 300 to 400°:: before being filled
with molten lead; (3) a highly ductile metal like cooper
undergoes stress relief by creep at temperatures at least as
low as 100®C; and (4) flaws that might concentrate stress or
permit the accumulation of damaqing agents will be qenerally
absent on the canister surfaces.

Two other conceivable sources of stress should be
mentioned:

(1) Considerable pressure may build up on canister
surfaces from expansion of the bentonite buffer and from the
formation of corrosion products (see Section V.3), but the
stresses resulting from such pressure will be entirely
compressive. Only tensile stresses can enhance the
possibility of SCC.

(2) Periodic fluctuations of stress are known to
increase the possibility of SCC failure, but at the 500-
meter depth of canister emplacement stress fluctuations of
amplitudes sufficient to be damaging are hardly likely.
Neither the confining pressures nor the stress fluctuations
in a repository environment seem capable of causing SCC in
the absence of tensile stresses.
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In summary, because the probability of simultaneous
localized hiqh stresses and hiqh concentrations of agents
known to cause SCC is very small under the conditions of
fabrication, emplacement, and storage described in the KBS-
II report, the Subcommittee thinks that there is virtually
no possibility of canister failure because of SCC.
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VI. ADEQHACY_OF_DATA _ON_THE_MOVEM^NT_ OF_

The possibility always exists, however rtmote, that on?
or more canisters mav fail during trie Ion 7 time needed for
protection of the biosphere. A quest i JU then aiises about
the possible escape of radioriucl ides when sp'-nt tuel roas
come into direct contact with qroundwater. The- question is
complicated because th* noie of failure an i t hr extent of
damage to the canisters are sp^-ulative, the condition of
the fuel rods at the ti;ne of canister hilur< car. rot he
known, and the interactions of three metals (copper, lead,
and zirconium) with qroundwater ani ner.tonite are hard to
predict accurately. In their treatment of the question, the
KBS enqineers make1 the simplifyinq and unrea list ical ly
conservative assumption that spent fuel is immediately
exposed to qroundwater bv canister failure after 100,000
years, so that the chief considerations are the rate of
dissolution and the extent of retardation of the
radionuclides as qroundwater carries them throuqh the buffer
material and throuqh fracture zonps in thc- surrounding rock.
Important data concerning these matter? are the solubilities
of compounds in the spent fuel oontainir.q radionuclides, the
rate of qroundwater movement, the lenqth of the shortest
path to the biosphere, and the extent of retardation of
individual radionuclides by precipitation, sorption, and ion
exchanqe.

It should be kept in mind that the KT-̂ -II I'lan envisions
the breachinq of canisters as a very unlikely event. Every
effort is made to ensure that the canisters will be
chemically and mechanically stable and that their
environment will remain beniqn; they are confidently
expected to last for at least a million years. If an
unforeseen accident occurs, it will probably involve no n.ore
than a few canisters. The sort of accident that seems most
likely is penetration of water into a flaw in a canister
surface or into a faulty weld- Thus, contact with water
would be minor, and escape of radionuclides would be slow.
This sequence of postulated events if a canister should fail
hiqhliqhts the conservative nature of the KBf, assumption of
immediate and widespread exposure of waste to qroundwater.

Despite its improbability, larqe-scale breachinq of the
copper canisters should be considered. The resultinq
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movement of radionuclides has been studied at lenqth in the
KBS proqram, and the data obtained are considered in this
section.

VI.1 If_one_or_mgre_canisters_should_be_breachedt_wil1_the
beQtonite_gyerpack_grevent_OE_åi£3ya£ely._retard_the
movement_of_radionuclides?

In the KBS Dlan, the first defense aqainst movement of
radionuclides toward the biosphere after the breachinq of a
canister is provided by the bentonite overpack. The
overpack would consist of shaped blocks or rings of
compacted bentonite. with powdered bentonite added to fill
the cracks. If some ^erv unlikelv catastrophic qeoloqic
event should occur within a few decades after repository
closure, the still-dry blocks miqht conceivably fracture and
permit ready access of qroundwater to the canister surface.
At any later time the bentonite blocks and powder will have
absorbed enouqh water to become plastic and hence to resist
fracturinq (Pusch, KPS TP.-74; Appendix A, part &.d).

On the assumption that a canister somehow is breached
because of corrosion or by brittle fracture durincj an
earthquake while the overpack remains larqely intact, a
little qroundwater will come directly into contact with the
fuel rods. On the further assumption that both the lead and
zirconium claddinq are quickly penetrated, some of the
radionuclides will dissolve and move out of the ruptured
canister. Their outward movement will be qreatly impeded by
the impermeability of the compacted bentonite, however; the
movement will be chiefly by very slow diffusion rather than
actual flow (KBS TR-79, 80). Durinq the diffusion the ions
will be in intimate contact with clay-mineral surfaces, and
most of those with positive charqes will be stopped or
retarded by sorption and ion exchanqe. Neqatively charqed
ions, particularly >"I- and «»TcO»~, will not be removed by
such processes. Tc will probably be immobilired by
reduction and precipitation as TcO?; tz«i has such low
activity and would be present in such small amounts that
dispersion and dilution should reduce its hazard to levels
less than the radiation present in the natural environment.
Another ion that miqht eventually escape in small quantity
is a*'Raz+, produced by decay of 238U and thus not an
important constituent of the waste until well after 104

years. Dr. Jan Rydberq (personal interview) reqards this
ion as the most danqerous of those that miqht ultimately
escape, but the hazard is probably small because Ra*+ is
adsorbed about as effectively as Sr2*. Experimental data on
the sorption of various ions by bentonite under simulated
laboratory conditions are tabulated in KES TF-55 and -98,
and further work of^this type is continuinq in Dr. Rydberq's
laboratory in Goteborq.
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The solubilities of the UO, pellets in the spent fuel
are shown to be very small by Eklund and Forsyth (KBS TP-70)
on the basis of experiments and calculations from
thermochemical data. The rates of dissolution cf fission
products and actinides contained in the fuel pellets are
difficult to predict, but presumably would be controlled in
part by the dissolvinq of uranium and hence would also be
small. Rates of diffusion cannot be predicted accurately
because they depend on many variables, but Neretnieks (KBS
TR-79) presents calculations based on reasonable assumptions
showing that diffusion would be very slow.

Slow dissolution and slow diffusion through bentonite
can be confidently predicted as long as the break in a
canister surface is small and the surrounding overpack is
not appreciably damaged. A larqer rupture, caused by gross
corrosion or tectonic movement, would have consequences less
easily predictable. Three different metals—copper, lead,
and zirconium—would be in contact with groundwater, and a
galvanic cell might result in which the more active lead and
zirconium would be taken into solution in large amounts. If
cracks had developed in the overpack the solution could move
outward rapidly, and sorption sites on the clay surfaces
would be flooded with lead ions. The mechanism for
retarding radionuclides would then no longer operate, and
some of them could move in considerable quantity out into
the surroundinq rock. This is the worst possible sequence
of events. Whether it is at all realistic is a matter of
coniecture. The rate of reaction of galvanic couples of
copper/lead and copper/zirconium would depend on the pH and
the Eh of the groundwater, as well as on the electrical
resistivity of the surrounding qroundwater. If those
variables had values like those in present-day deep
groundwater the reactions would be slow and the lead and
zirconium ions would largely precipitate as oxides or
carbonates (PbO, PbC03r ZrO?). Some of the radionuclides
might still dissolve, and groundwater could carry them
through the overpack by flow rather than diffusion, but the
clay-mineral surfaces would now be in large part available
to retard their motion. Since the kind of rupture of the
canister and the overpack cannot be specified, the number of
imaginable variations in possible consequences is
practically infinite.

The KBS scientists interviewed by Subcommittee members
were confident that the bentonite overpack would remain an
effective barrier to radionuclide escape in any expectable
kind of canister failure. They had not considered the more
extreme conceivable accidents, particularly the possibility
of rapid dissolution of large amounts of lead and zirconium
by qalvanic action, but they reqarded this as too unlikely
for serious concern. The Subcommittee agrees with their
position, and that the experimental data on bentonite
properties support their conclusion that in most imaginable



situations the overpack will serve to prevent or adequately
retard the escape of most radionuclides.

VI. 2 If _radignuclides_escaDe_into_grouj)dwater_f ro^i_bgth
canisters_and_gyerDackt_will_retentigni_diS2ersiont
and_dilutign_gf _radignuclides_in_their_nigvemerit
tbESy3b_^§åE2ck_be_sufficient_tg_keeg_cgncentrations
åccep_tably_lgw?

Despite the demonstrated durability of the canisters and
the nuclide-retardinq capability of the overpack, ther^
remains the possibility that some wholly unexpected accident
miqht brinq radioactive material into direct contact with
movinq qroundw.iter. In that event only one barrier would
remain between the radionuclides and the biosphere: the
bedrock throuqh which the qroundwater must travel. The
question of the effectiveness of this barrier has been
explored at qreat lenqth, not only by KBS scientists but ty
experts in many countries where bedrock disposal has been
considered. Despite the enormous effort expended, however,
no aqree.-nent has been reached as to the probability of
radionuclide movement in unacceptable quantities. The
quantity ani rate of movement of cjroundwater in fractured
rock, the forecastinq of qeoloqic apd meteoroloqic events,
and the ability of natural rock material to retard
radionuclide migration evidently depend on so many variables
that neither observations nor experiments can be set up that
will satisfy all the exoerts who have looked into the
question. Opinions ranqe from a confidence that restriction
of radionuclid» movement to very minor amounts can be
predicted on the basis of present knowledqe, to a conviction
that the ability to make any reasonable predictions must
await many more decades of research.

The evidence presented by the KBS scientists and
investiqators for the slow movement and beniqn composition
of qroundwater under the normal conditions to be expected in
a repository, as noted in Section IV.2, seems conclusive to
the Subcommittee. Prediction of the possible qeoloqic or
meteoroloqic chanqes that miqht radically affect either
motion or composition is inevitably more uncertain, but the
Subcommittee thinks that here also a qood case has beer, made
for-reasonable uniformity of conditions in a repositorv
durinq the necessarv time of waste isolation. The remaininq
question for consideration is the adequacy of the KBS
demonstration that radionuclides would still be effectively
controlled if some birarre accident should completely
destroy the inteqrity of a repository.

The demonstration involves in larqe part the measurement
of distribution coefficients (K^'s) of radionuclides between
solutions and the kinds of minerals that qroundwater would
be expected to encounter on its way fro* the repository to
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the surface. Such measurements are notoriously undependable
with reqard to reproducibility and relevance to natural
environments. At a recent workshop in the United States,
for examol.', an observer commented that experiments
"desiqned to test the reproducibility of K Jl values in
different laboratories, usinq the same rocks and a
standardized procedure, were disasters." Despite this lack
of complete credibility, K/ measurements seem to be the only
reasonable experimental basis for at least rouqh predictions
about the behavior of radionuclides as they move through
sorbent material (FBS TR-30, 52, 55, 77, 98; Appendix A,
part A.U).

To avoid the criticism of lack of relevance to natural
conditions that is often leveled at K/ experiments, the KBS
investiqators used solutions with compositions similar to
those of deep qroundwater, and rocks and minerals with
surfaces resembling those with which the qroundwater would
come in contact. The effects of chanqinq temperatures and
pH levels were explored, ard some experiments were extended
as lonq as 6 months to measure the increase in sorption with
time. J-.adionuciides in different valence states and in
different expectable complexes were used in the experiments.
Because all the more obvious variables that might affect
KJ(/s were studied over a considerable range, a greater
deqree of confidence can be placed in the KBS measurements
than in much previous work. In addition to their Kj^work,
corr« of the KBS investiqators considered the initial
solubility of the various radionuclide compounds that might
be expected in the spent fuel rods, and also the possible
formation of colloids that miqht permit some nuclides to
travel even though their compounds are highly insoluble (KBS
T3-70, 97, 103).

In an interview with Dr. Jan Rydberg, one of the
principal investigators of K^'s, the care taken in the
experiments he described to keep conditions similar to
nature seemed impressive. Most of his results are
qualitatively like others recorded in the literature—very
high KJ^ s for actinide elements, fairly high for Cs,
somewhat lower for Sr and Ra. Especially notable are his
conclusions that K^1s are little affected by a temperature
increase from 25 to 75°C, that many measured apparent KJ1s
are .time-dependent (presumably because ions penetrate
cryst&l structures slowly, so that true equilibrium values
for K^ are only slowly attained), that most radionuclides
show especially complete sorption on ferric oxide, and that
technetium is retained by granite if it is in a solution
with Fe2 + (presumably because it precipitates as TcO?,
although Rydberg is not sure of this). Iodine in the form
of I~ is not sorbed appreciably by granite but is removed by
a ground-up mixture of sulfide-containinq material froir. a
qranite vein. Despite the quantity of data already
accumulated in his laboratory and elsewhere in Sweden,
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Rvdberq thinks that more information is needed. He himself
is actively engaged in farther experiments on sorption and
the formation of complexes.

The uncertainty about Kj's and about availability of
exchanqe sites on mineral surfaces in the fissures suggests
that in situ tests are needed to measure migration rates of
radionuclides and other ions in granitic rock. The KBS
program includes such tests at Studsvik, where ions have
been injected into one of three boreholes in granitic rock
and looked for in the other two (KBS TP-110). Preliminary
results of these field experiments indicate that observed
relative migration rates correspond to those predicted frorr

Vs-
Despite the difficulty of judging conclusions based on

experimentally determined apparent distribution
coefficients, the Subcommittee agrees that a reasonably qood
case has been made in the KBS-II Plan for considerable
retardation of dissolved radionuclides as they move through
granitic rocV. Retardation would be aided by the dilution
and dispersion of radionuclides in the moving groundwater.
Many aspects of the problem can be suggested, however, on
which further information would be welcome: the behavior of
I-, for example, which shows so little sorption on most
mineral surfaces in granite; the possibility that some of
the radionuclides mav form organic complexes that would
greatly diminish their sorption; and the possibility that
release of dissolved lead from a breached canister might
flood sorbent surfaces in the qranite and leave no sites for
radionuclides. Important information about the ability of
uranium to migrate in a granite environment could also be
obtained by comparinq the amount of uranium and radiogenic
lead in naturally occurring minerals from granite of a
possible repository site. It is easy also to point out that
laboratory work should be complemented with further in situ
experiments. Certainly the experimental program should
continue, along these and other lines, but the Subcommittee,
with the exception of Dr. Harold James, thinks that enough
work has already been done to demonstrate that the conbined
effects of the precipitation, sorption, ion exchange,
dilution, and dispersion as groundwater moves through the
granitic rock would keep concentrations of radionuclides
that might escape from the breached canister acceptably low.
Dr. James, the dissenting member, feels that he cannot
endorse this view on the basis of data now available.

The Subcommittee majority bases its judgment in part on
the circumstance peculiar to the KBS-II Plan that
retardation of radionuclides as they move through rock is
not a primarv barrier but only a barrier of last resort, a
barrier that would come into play only if and when the
carefully designed engineered barriers should fail. If the
canisters were expected to fail within a few decades, and if



no bentonite was to be added as overpack ani backfill, the
ability of mineral surfaces in qranite to trap radionuclides
bv sorption and ion exchanqe would be far more critical and
additional research would indeed be warranted. But the
chance of both canisters and bentonite failing in a
catastrophic manner seems so exceedingly small that the
additional improbability of insufficient retardation hardly
needs documenting down to the last detail.

VI.3 Qan_the_sealing_gf_tunnelst_shafts_and_bgreholes_with
bentonite_after_the_regositgry_is_filled_be_made_sg
ef fective_that_movement_gf _water_over_the_lgn2_terrr
will_be_nD_faster_than_thrgugh_the_aJjacent
yo.Iisturbed_granite_rgck?

An essential feature of all plans for qeoloqij
disposal of nuclear waste is the pluqqina or sealinq of
openings into a repository after all the canisters have heen
emplaced. The sealinq is expected to prevent the movement
of fluids between the repository and the ground surface or
intervening aquifers, and, at a minimum, to ensure that the
movement of qroundwater throuqh the repository will be no
faster than throuqh the adjacent undisturbed rock. Such
assured sealinq is needed both to control the movement of
potential corrosion aqents to canister surfaces an:? to aid
in preventinq unacceptable movement of radionuclides to the
biosphere if a canister should be breached. In manv
z^merican discussions of waste disposal, adequate pluqqinq
and seali.nq of a repository is considered one of the most
difficult steps in repository construction.

The KBP enqineers, on the other hand, evidently regard
the final closing of a repository as a fairly routine
operation. Complete dependence is placed on the properties
of bentonite to provide effective seals. Tunnel spaces
above the canister holes are to be backfilled with a mixture
of 80 to 90 percent quart? sand and 10 to 20 percent
bentonite (plus a little ferrous phosphate as a deoxidant).
The mixture will be err.placed in the lower part of a tunnel
by standard earth-packing techniques used for road
embankments and earth-fill dams, and in the upper part by
sprayinq with an air blast (similar to the "ahotcrete"
process). Shafts are to be filled with the same quartz-
bentonite mixture, presumably by tampinj it into place, and
boreholes will be pluqqed with highly compacted bentonite.
In all the various openinqs the bentonite is expected to
swell by sorption of water, and so to seal the fill finnly
against rock surfaces (KBS TR--37).

In the opinion of the Subcommittee, the treatment of
seal inq is prohahly the weakest part of th<> KBS plan. The
projected oornt-ions may be possible, and the lentonite may
behave as expected, but actual demonstration of the
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different steps seems inadequate. Fillinq the lower parts
of tunnels with quartz and bentonite should present no
difi -culties, but the pneumatic method for completinq the
fillinq is somewhat questionable. The procedure has been
demonstrated by blowinq a sand-bentonite mixture into a
larqe smooth-walled pipe in the open air, but conditions in
a repository tunnel would be different. American enqineers
questioned about the method were dubious about its
feasibility. They noted that it was formerly used in the
United States for tunnel fillinq but is now larqely
superseded by sidewise tampinq or use of a fluid grout; that
it does not produce a compact fillinq, especially in a mined
tunnel with irreqular walls; that it may lead to partial
separation of sand and bentonite; and that the very dusty
atmosphere produced by sprayinq in a confined space,
especially a hot repository tunnel, would make workinq
conditions extremely difficult. A further question can be
raised about the adequacy of compacted bentonite to seal
bore holes effectively.

Just how serious these objections are is a matter of
debate. It could be arqued that the kind of repository
planned in the KBS proqram is in many respects different
from those hitherto considered in the United States; that
qranitic rock can be expected to maintain larqe openinqs
indefinitely, so that attainment of hiqh density in a tunnel
backfill is not essential for support; that there will be
enouqh bentonite around and above the canisters to
immobilize water locally so that riqid control of
qroundwater flow throuqh the repository will not be needed;
that the Swedish plan puts much more reliance on lonq-term
canister inteqrity than most American plans, so that water
movement is a lesser potential hazard to the biosphere; and
that Swedish research on the properties of bentonite, more
extensive than any so far reported in America, is sufficent
to qive confidence in its behavior as backfill and qroutinq
material. One can also note that, according to the
projected KBS schedule, actual sealing lies several decades
into the future, so that ample time is available for
developinq possible enqineerinq alternatives alonq with
suitable demonstrations.

Despite such counterarquments, the KBS conclusion that
the'planned sealinq procedures will ensure that qroundwater
movement throuqh the repository over the lonq term will be
no greater than movement throuqh the surroundinq undisturbed
bedrock seem0;, in the Subcommittee's opinion, to rest on
inadequate evidence. Because the inteqritv of th^ planned
repository would not be jeopardized by water flow somewhat
qreater than normal, this is probably not a matter of first
importance1. But the Subcommittee thinks that additional
attention to sealinq procedures is a fittinq subject for
future research.



VI.H Can_the_attainment_gf_critical_cgnfigyrations_by
f.i§sionaij;le_nuclides_during_movement_gf _grgundwater_be
shgwn_tg_be_imggssiblei_gr_can_the_effects_gf
criticalitY_be_shgwn_tg_be_negligible?

A concern expressed by some c r i t i c s of the KBS plan i s
the possibi l i ty that radionuclides escapinq from a breached
canister and carried in solution by qroundwater movinq
throuqh buffer material and fissure f i l l inqs in granite
micrht be sorted out chromatoqraphically in such a way that
f i ss i le material (235"f *3*Pu, 2«3Am) would accumulate in
sufficient quantity, toqether with water or other material
that could act as a neutron moderator, to constitute a
c r i t i ca l concentration and hence to start a chain reaction.

The conditions for such an occurrence have been
considered bv some of the KPS scient is ts (e.q. , KES TR-108
and TP-120), and their qeneral conclusion is that the chance
of fortuitous accumulations of the nectssiry materials in
the proper qeometrv within a million years i s practically
neqliqible. One of them, Dr. Jan Rydbt-rq, pointed out that
the chemistrv of the actinide elements would nevertheless
make a c r i t i ca l accumulation conceivable, and the
possibi l i ty , however remote, should be taken seriously. In
his opinion the hazard of a chain reaction can be discounted
on other qrounls, namely that even if such a reaction should
occur i t would be self-limitinq. Increased temperature due
to the reaction would cause *he wat°r retar iarit to
evaporate, and the reaction would cease unt i l coolina
permitted more water to accumulate.

The only results would be fluctuating sl ightly higher
temperatures in the repository, and minor production of new
fission products. The maximum temperature that could br
anticioated would therefore be approximately that of boilinq
water at the repository pressure.

One can imagine, as a worst possible casf, that the
escanp of water mi ah t be te:nporarily blocked so that
tempera!-.ures would rise to several hundred degrees before
the reaction was brouqht to a stop. T Li' high temperatures
would be local and temporary, however, an 1 would r.ot
adversely affect the abi l i ty of thr ur<at mass of
surr'oun Hng rock to t ran ra lionucli Irs that might escape.

Bfcjun* t\>' escape of rictini'lr demerits in t hi; n̂
quantity durinj the next mill ion yc>irs ir, excc<dinqlv
unlikely, because thr sr̂ pa r-31 ion an i 'accumulation of f i s s i l e
nuclides in th.f appropridt.f^ q-'ometric c n.f i<?tirat ion in s t i l l
Tior̂  unlikely, arid b*'Cause l i t t l e h.i7'irJ would result from a
self - limit inq fh^in reaction (anyway, tb> T'lbcoiunittfi1 f
that the KBS authors ar»1 on firm .»round in dis
c r i t i c a l i t y as a r;\i}istriiit iv>-' obiectir>n to th^i
disposal i>roblf:;\.
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If nevertheless additional precautions are thought
necessary, criticality could be avoided by (1) placinq the
canisters far enouqh apart that a critical concentration
cannot occur even if all the contents are distriuted
uniformly and/or (2) by adding a small amount of borax or
boron carbide to the bentonite overpack.
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VII. CONCLUDING_REMARKS

The KBS-II Plan for disposal of spent fuel rods places
major reliance on the long-term resistance to corrosion of
the thick-walled copper canisters in which the rods are to
be enclosed. To ensure that corrosive attack will be slow,
the canisters will be placed in an underground repository
where the amount and rate of movement of qroundwater are
small, and where both the flow and the chemistry of
qroundwater are additionally controlled by an overoack of
compacted bentonite clay. This combination of heavy copper
canisters and an engineered beniqn environment is expected
to limit the escape of radionuclides during the long time
needed for radioactive decay to reduce their activity to
innocuous levels. As a safeguard aqainst accidents that
might expose waste to groundwater, due either to flawed
canisters or to geologic catastrophes, the environment will
be chosen and the overpack will be engineered to prevent or
greatly retard any movement of escaping radionuclides to the
biosphere. Like most schemes for geologic disposal of
radioactive waste, the Swedish KBS-II Plan has redundant
barriers to the escape of radionuclides; it differs from
most other plans in its primary dependence or the engineered
barrier consisting of canisters plus overpack, although
guite recently many activities in the high level waste
isolation business are shifting primary dependence on to the
integrity of the waste package.

TO provide technical support for this plan, the KPS
scientists have carried out an extensive program of research
involving a thorough review of the literature, geologic
exploration, and laboratory work at many Swedish
universities, technical institutes, and consulting agencies.
The data base thus far accumulated, in the Subcommittee's
opinion, adequately supports the overall conclusion of the
KTS-II Plan that it provides a high degree of assurance that
rarlionuclides will not move from a repository into the
biosphere in unacceptable amounts for the necessarilv long
t imp spans. The Subcommittee recoqnizes that some parts of
the data base are weak, and that some of the planned backup
barriers to radior.uclide movement may not function as well
as expected. But the existence of multiple barriers in
addition to the primary barrier provided by the copper
canister means that movement of radionuclides will still be
controlled if one of the secondary barrie^yshould fail. For
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example, if the bentonite does not sorb radionuclides as
well as expected, there is adequ te margin in the barrier
system so that unacceptable concentrations will still be
prevented by the small amount and slow movement of
groundwater, by the insolubility of the uranium oxide
pellets, by the sorption on mineral surfaces in granite, and
by the effects of dilution and dispersion. While the
technical support of a few overly-optimistic conclusions
about some parts of the secondary barrier system needs
further research, the qeneral conclusion about the overall
functioning of the hiqhly redundant barrier system seems
well based.

The ability of the copper canisters to remain intact for
very lonq periods under conditions that now exist in a deep
granitic environment is adequately supported both by
theoretical considerations and by laboratory experiments.
Corrosive attack might be speeded up, of course, by radical
change? in such an environment, but the tolerable limits of
variation in temperature, pH, and ion content of adjacent
solutions have been shown to be comfortably wide. For
example, even if seawater were to enter a repository as a
result of rock movement or sea-level change, the rate of
corrosion would not be qreatly increased. The mechanical
strenqth and resistance to deformation of the canisters also
have been shown adequate to maintain integrity durinq any
reasonably imaginable tectonic dislocation in a reoository.
Excep*- for their high initial cost and their possible later
attractiveness as a source of copper, the canisters seem
well suited to lonq-term containment of waste. It should be
emphasized that their durability is not dependent on the
maintenance of a narrow range of conditions but would
persist through many kinds of unexpected changes in a
repository. Thus, the effectiveness of this one barrier
makes the perfect functioning of all the other contemplated
barriers less essential.

Although the corrosion resistance and mechanical
strenqth of the canisters seem sufficient to ensure their
survival through the anticipated range of environmental
conditions, it is obviously desirable that those conditions
be kept as stable as possible. This objective, accordinq to
the KBS-II Plan, will be achieved by a number of steos: (1)
the'temperature of the canister surfaces will ee kept below
80°C by aqinq the waste before burial and by proper loading
and spacing of the canisters; (2) repository sites will be
located at depths of about 500 m in tectonically stable
parts of the Swedish bedrock where scarcity of fractures
will ensure slow movement of groundwater; and (3) a
bentonite buffer to further impede qroundwater movement and
to control the chemical environment will be placed around
each canister and used as backfill in tunnels and shafts.
The ability of the bentonite to control pH is shown by
experiments reported in KBS TR-32, in which measured pM's in



bentonite suspensions ranged from 8.5 to 10.2 at ordinary
temperatures and from 8.4 to 8.7 at 95°C. Redox potential
will be controlled by the addition of ferrosphosphate to the
bentonite-sand mixture in the backfill (KBS TR-90).

The attempt of the KBS engineers to demonstrate that all
these controls on conditions around the canisters can
actually be achieved, while impressive, is not entirely free
from uncertainties. Reqarding temperature there can be no
question, because temperature distributions around waste of
various aqes and various concentrations can readily be
calculated by standard techniques and adjusted accordingly.
The tectonic stability of larqe areas of the Swedish bedrock
seems assured; even the few doubters among Swedish
qeoloqists do not envision tectonic movements of such
maqnitude that the integrity of canister-plus-buffer
combinations in a repository would be seriously affected.
The existence of areas of relatively fracture-free rock at a
depth of 500 m of sufficient size for a large repository,
however, has not as yet been convincingly demonstrated.
Among the areas investigate! thus far, the only one that
seems to have the necessary qualifications (Karlshamn) is
only marainallv large enouah, and the number of boreholes is
not sufficient to rule out the presence of additional
fracture zones. It is true, of course, that the low
permeability of bedrock souqht by the KBS authors is
conservative, and that a site like Karlshamn, even if
additional fracturinq is found, could be made usable by
careful placement of the canisters or by treatment of the
repository walls. Thus the Karlshamn site is almost
certainly suitable, or could be made suitable with
engineering adjustments, and better sites are likely to be
found bv explorations that are now in proqress. still, the
KBS-II Plan would be on a firmer basis if a site with more
ample dimensions had in fact been located. Demonstration of
a satisfactory site may well require actual underground
exploration by r.eans of a shaft and exploratory tunnels.

One of tne larqe areas of uncertainty concerns the
nature and predictability of the hydroloqic regime in and
around the proposed repository, and it is not likely that
this uncertaintv can be eliminated in advance of actual
repqsitory development. Nevertheless, available
measurements do show that the overall permeability in rock
bodies of the type beinq considered is very low, and that
the quantity of moving qroundwater is verv small. Even if
estimates of permeability are incorrect by factors of 10 or
100, the movement of qroundwater to a canister or past a
canister surface would still be controlled by the
essentially impermeable bentonite. Experiments with the
overpack material show fairly conclusively that any movement
of corrosive agents toward the canister surface would be
chiefly Iv .low diffusion rather than by qroundwater flow.
^he experimental work has also demonstrated, in the
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Subcommittee's opinion, that the bentonite (plus ferrous
phosphate in the backfill) will adequately control pH,
oxidation potential, and concentrations of ions in the
vicinity of the canisters. Questions can be raised about
mechanical details of fiilinq cracks between segments of the
compacted bentonite overpack and about the proposed
pneumatic emDlacement of the backfill in the top parts of
the repository tunnels. The Subcommittee thinks that
demonstration of these procedures under field conditions is
inadequate, and reqards this as a notable weakness of the
KBS-II Plan. On the other hand, the problem seems to be
amenable to further engineering study and experimentation,
and is not of first importance because some unanticipated
channeling of slow moving groundwater through the tunnels of
a backfilled repository would not damaqe the canisters in
the bentonite-filled holes below.

The barriers of last resort, which would be needed only
in the event that a canister should be cracked open or
deeplv corroded during the time when an escape of
radionuclides would be hazardous, are provided by the
chemical reactivity of the bentonite overoack and backfill
and by the nature and dimensions of the bedrock fissures
throuqh which groundwater would have to travel. The
effectiveness of the latter barrier, in the Swedish plan as
well as other olans for bedrock disposal, remains a matter
of debate, but even with continued research it seems
doubtful that it can ever be expressed in terms other than
low probabilities. The Subcommittee, with the exception of
one member, thinks that the elaborate KBS studies, in both
field and laboratory, of aroundwater movement and the
retardation of radionuclides demonstrate satisfactorily that
motion of radionuclides from a ruptured canister to the
surface or to an aquifer in more than minute amounts is
hiqhly improbable. This improbability, coupled with the
initial improbability that a canister will be breached,
supports the conclusion that a KBS-II repository will
provide the necessarv isolation and containment of the
hazardous radionuclides.

In final summary, the Subcommittee finds that the KBS-II
conclusions about the satisfactory long-term integrity of a
well-engineered bedrock repository in a carefully chosen
site, despite few uncertainties that will require further
research, have adequate support in the available technical
data.
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Appendix A

HYDR0GE0CHEMICAL_AND_GE0L03ICA* ATA_BASE
TQ_SUPPÖRTlTHE_KBS-X~ . AN~

Gary W a l t T

A. 1 . * «.. iroduction

The hiqh level was' repository design presented in the
KBS-II Plan provides t ..ee barriers to the transport of
radionuclides from ttd repository to the biosphere. The
first barrier is the copper canister in which waste will be
encapsulated. The second barrier is a compacted bentonite
buffer of verv low permeability which will surround each
canister; in addition, repository tunnels will be backfilled
with bentonite. The third barrier is construction of the
repository at a depth of about 500 m in crystalline rocks of
very low permeability and with sufficient sorptive
properties that no harmful transport of radionuclides by
qroundwater movement can occur.

The effectiveness of each barrier requires that the
qeoloqical, hydroloqical, and qeochemical environment of the
repository have certain characteristics. The KBS
organization has developed an extensive data base to show
that such an environment exists and can be located in
Sweden. The purpose of this appendix is to describe the
supportinq data contained in K3S technical reports and
additional data and interpretations obtained by personal
discussions with KBS enqineers and scientists.

A.2 IntegritY.gf_the_CoEEer_Caniste£S

•In the KBS-II Plan the primary barrier to radionuclide
movement is the copper canister in which waste is to be
encapsulated. The report presents several arguments to
support the choice of copper as canister material and the
canister design. First, thermoäynamic calculations are
presented to show that elemental copoer will undergo very
limited corrosion in the hydrochemical environment predicted
for the repository site. Second, the mechanical properties
of the canister are shown to be adequate both to ensure its
inteority under static stresses in the repository and to
withstand stresses caused by possible rock movements.
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Lastly» evidence is presented that the radiation produced by
the waste will not cause deterioration of the canister.
Only the data relevant to the predicted hydrochemical
environment and to rock movements in the repository site are
discussed in this appendix.

A. 2. 1 Hydrochemical_Data

Base 1 on equilibrium thermodynamic calculations,
dissolve! oxyqen, sulfide, sulfate, and nitrate w e
identified as the chemical species in qroundwater which are
capable of oxidizinq elemental copper and thus causinq
corrosion of the canisters. To ensure absence of these
redox reactions requires a reducinq environment, the
particular redox potentials dependinq on the pH.

The predicted ranqe of composition of qroundwater at
depth in crystalline rock, as presented in KBS-II is shown
in Table A-1. The estimated ranqes are based on chemical
analyses of water samples from existinq water supply wells
in Sweden, subsurface excavations, boreholes drilled durinq
the course of the KBS investiqations, comparisons with the
chemical composition of qroundwater reported for iqneous and
metamorphic rock terrains outside of Sweden, and a
conceptual model of hydrochemical variations in reqional
qroundwater flow systems. KBS technical reports dealinq
specifically with the chemical characteristics of waters at
the depth of the proposed repository are those by Gidlund
(KBS TR-62), Rennerfelt (KBS TR-36), and Jacks (KBS TR-88)-

Accordinq to Jacks (KBS TR-8 8), most chemical analyses
of qroundwater in crystalline rock terrains in Sweden are
from water supply wells less than 100 m deep. The relevance
of these analyses to the water composition at 500 m depth is
uncertain, and Jacks stated in personal discussions that he
could not quarantee their quality. In particular, the
procedures used by different investigators for the
collection of samples for determininq dissolved oxygen,
redox potentials, and pH were not known.

The data most relevant to water composition at the depth
of t;he proposed repository come from analyses of samples
collected from boreholes drilled under KBS auspices as well
as samples from the subsurface research facility at Stripa.
For the borehole samplinq, special downhole samplinq
equipment was constructed which allowed closed-system
samplinq at specific depths by isolatinq 2- to 3-meter
sections of the boreholes (Gidlund, KBS TR-62). Despite the
qreat care which was apparently exercised to obtain
representative samples, both Gidlund and Grenthe (KBS TR-90,
Appendix B5) think that some of the samples may have been
contaminated by drilling water and air.
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Table A.I Probable Composition of Groundwater in Crystalline
Rock at Great Depth

Analysis Units

Conductivity jaS/cm

pH

KMnC>4 consumption mg/1

CODMn

Ca2^

Mg2 +

Na+

K +

Fe- total "

Fe2 +

2 +Mn

HCO3

C02

N0~

F"

SiO2

HS-

NH+

N02

02

Probable
Interval

400

7.2

20 -

5 -

25 -

5 -

10 -

1 -

1 -

0.5 -

0.1 -

60 -

0 -

5 -

1 -

0.1 -

0.01

0.5 -

5 -

<0.1 -

0.1 -

<0.01

<.0.01

- 600

- 8.5

40

10

50

20

100

5

20

15

0.5

400

25

50

15

0.5

- 0.1

2

30

1

0.4

- 0.1

- 0.07

Maximum
Value

1100

9.0

50

12.5

60

30

100

10

30

30

3

500

35

100

50

2

0.5

8

40

5

2

0.5

0.1

Source: Rennerfelt and Jacks, KBS TR-90, A:l.
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Determinations of pH were made in the field, and samples
for determining dissolved oxygen and redox potential were
collected in sealed containers. Dissolved oxygen was
determined by the modified Winkler method. The technigues
used for measuring redox potential are described in detail
by Srenthe (KBS TR-90, Appendix B5). Measurements of redox
potential for 6 samples from Stripa and 2 samples from
Finnsiön at depths of about 400 m range from -210 mV to -26
mV.

More recent chemical analyses of samples from boreholes
in the Stripa mine have been reported by Frit et al. (SAC
TR-12). Some of the Eh values reported for these samples
are higher than those listed in KBS-II, but the
investigators guestion their validity.

These analyses represent the water chemistry as it
exists at present. Arguments presented in KBS-II with
regard to the long-term persistence of these chemical
conditions are based on the observed mineralogy of the rock
masses and the secondary minerals in filled fractures,
thermodynamic calculations, and a conceptual model of
hydrochemical patterns in deep groundwater flow systems.

Observations of unoxidized ferrous iron and sulfide-
bearing minerals at the proposed repository depth and also
at depths of only a few meters are presented as support for
the long-term persistence of reducing conditions.
Exceptions to this generalization are noted in local
oxidized zones near major fractures.

Oxidation of ferrous iron is proposed as the principal
control on redox conditions near a repository. Equilibrium
thermodynamic calculations presented in KBS-II show that
these reactions should maintain the redox potential at
between -60 mv and -380 mV. The reaction of ferrous iron
with sulfide to precipitate pyrite is also proposed as a
mechanism that will maintain low sulfide concentrations in
the water.

In KBS-II a conceptual model to explain the transition
from oxidizing to reducing conditions and accompanying
decreases in sulfate content and increases in pH in deep
groundwater flow systems has been adapted from the work of
Sermanov and Panteleyev (1968). This model originally was
proposed to explain uranium enrichment in deep sandstones,
and as described in KBS-II appears to conform to similar
models proposed in the United States. The principal
modification of this model to make it represent Swedish
crystalline rock environments is the assumption that the
transition area from oxidizing to reducing conditions is
only a few meters below the water table.
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Assessment of the changes in water chemistry that could
occur durinq the period when the repository is open is based
primarily on studies by PaSes (1969), who shows by analyses
of water near very old mines that the effects on composition
of lonq contact with air are only local. Presumably,
further data relevant to this question will be obtained as
research proqresses at Stripa.

Subcommittee members obtained much of the information on
the hydrochemical environment summariaed above, as well as
the followinq details, from a meeting with Gunner Jacks and
Otto Brotzen. In response to questions about th' possible
influence of the repository on water chemistry. Jacks
thouqht that the canisters themselves would have no effect.
The effect of 80-deqree temperatures on reactions between
water and the canisters or wall rock has not yet been
studied, but such experiments will be tried at Stripa.
Other experiments, however, have shown that the ferrous
phosphate in the bentonite of the backfill will serve as
expected to keep the qroundwater reducing.

Brotzen and Jacks were also asked about the effect of
seawater encroachment on the hydrochemical environment of
the repository, particularly with reqard to increased levels
of sulfate. Jacks aqreed that such an event could increase
sulfate levels considerably above those in normal
qroundwater. Brotzen was of the opinion that seawater
enroachment was unlikely at the repository sites, even with
a rise in sea level, because of the very slow response of
qroundwater flow systems to chanqes in boundary conditions.
He also felt that the ferrous phosphate and naturally
occurring ferrous iron minerals in the repository would
prevent larqe increases in sulfide, which is produced by the
bacterial reduction of sulfate in saline water.

A.2. 2 EQck_Movements_and_Canis£er_InteaEitX

Mechanical stresses which could affect the integrity of
the canisters are (1) external overpressure due to
hydrostatic pressure and swelling of the bentonite buffer,
(2) shear stresses due to rock movements, and (3) internal
overpressure due to helium formation within the waste. Only
stresses due to the swelling of bentonite and rock movements
are considered in this appendix.

Data on the swellinq pressures of compacted bentonite
are based on experimental measurements and theoretical
calculations by Pusch (KBS TR-73). As reported in KBS-II
and also in an interview with Pusch, these data indicate
that the pressures would be much too small to damaqe the
canisters.
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The ability of the canisters to survive the stresses
caused by rock movements of a few decimeters has also been
studied experimentally and theoretically by Pusch (KBS TR-
76). In experiments performed on approximately quarter-
scale models of the canisters, the predicted and observed
strains were shown to be rouchly comparable. The results
indicate that the canisters could survive sudden movements
of a few centimeters and total shear displacements of
several decimeters.

To ensure the mechanical integrity of the canisters
requires estimates of the magnitude of rock movements and
placement of the canisters in rock where strains will be
minimal. Rock movements that have been analyzed for KBS-II
are those caused by regional tectonic farces, isostatic and
shear stresses caused by glaciation, and thermal and
mechanical stresses arising from the repository itself.

The KBS-II report presents data and interpretations to
support the claim that, except in certain well defined
areas, the potential repository sites in Sweden are in
tectonically stable areas. These data consist in large part
of reviews of existing geodyn'-mic studies of the
Fennoscandian shield, plus data on the magnitude and areal
distribution of historical seismic activity. The seismic
record covers 1897 to the present, with expanded coverage
beginning in the early 1960s. Data on present tectonic
activity de»'* ".oped under KBS auspices include satellite and
terrestria1 ravity observations (KBS TP-17), air-photo
interpret? i <r and field mapping, and precision geodetic
surveys.

Cor.s:/ ;'?Me controversy has arisen over whether the
postglac a iplift observed for the Fennoscandian shield has
a toctom component. Morner ( ...5 TR-18) presents data,
based pri. *; ily on the mapping of ancient shorelines, to
support t claim that the isostatic component cf uplift
ceased ?. -JO to 3,000 years ago, an$ that the present rate
of upli* in Sweden (as much as a few cm/year) may be
tectoni Llv controlled. The geophysical and theoretical
studies eported by Bierhammar (KBS TR-17) do not support
maior ne tectonic activity, but Bjerharrvnar states that the
data art insufficient to reveal small-scale tectonic
movement -..

Isoc.itic changes in land elevation caused by glacial
loading ,.,nd unloading are the subject of many geological
studies performed independently of the KBS program, h
postglacial uplift of more than 800 m seems to be well-
documented. The principal uncertainty regarding isostatic
change is the question mentioned above, whether current
changes in elevation are part of the last stage of isostatic
rebound or are of tectonic origin.
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In addition to isostatic effects, glaciation may create
mechanical stresses which induce movement on existing
fractures and create new fractures. Inferences about these
effects are based on field observations and theoretical
studies (e.g., Pusch, KBS TR-84). The general conclusion
presented in K3S-II, and reiterated in an interview with
Pusch, is that glaciation has negligible effect at depths
greater than about 300 m.

Of immediate practical importance to the integrity of
the canisters and repository are data on the present and
past locations, magnitudes, and frequency of rock movements.
Assessment of these factors is based on extrapolation from
field observations and numerical modeling. The generalized
conceptual model of fracture and fault distributions in
areas investigated under KBS auspices is that of major
fracture and fault zones, with spacings of kilometers which
bound units of moderately fractured rock with fracture
spacings of a few meters. The blocks of rock bounded by
these mesoscale fractures contain microfractures which in
many cases are sealed by secondary mineralization.

Knowledge of the location of major fracture zones i.s
based on surface mapping, aided by observation of lineations
on air-photos and satellite photos. Photo interpretation is
especially useful in areas of low relief, such as Finnsjön.
Determining the subsurface location of fracture zones may be
aided by surface magnetic and electromagnetic measurements
and logging of boreholes. Surface geophysical methods have
proved only moderately successful in locating fracture zones
in the subsurface.

Major fracture zones have been identified in the
boreholes by changes in fracture density in cores, the
presence of weathering products, higher permeabilities, and
geophysical measurements. Discussions with personnel of the
Swedish Geological Survey involved in borehole tests
revealed that detection of major fracture zones from
borehole qeophysical methods was not always straightforward.
Temperature, resistivity, and spontaneous potential logs
were sometimes successfully correlated with these zones if
they were hiahly permeable and intersected by the borehole.
Where the fractures were filled by secondary minerals,
however, induced polarity, natural gamma, and spontaneous
potential loqginq were the more successful techniques.
Efforts are under way to use induced polarity and
electromagnetic methods to detect fracture zones which do
not intersect the boreholes.

Determination of displacement alonq fracture zones has
been possible in places where crosscutting relationships
between qeologic structures can be observed. In a few
places Laqerbäck and Henkel (KBS TR-19) have measured
Quaternary fault movements manifested as displacements in
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the qlacial till cover. Measured total movements on maior
fault zones throuqhout Sweden range from a few meters to
almost 2,000 m in a seismically active area in southern
Sweden.

Data on the distribution of mesoscale fractures are
based on surface mapping, observations in subsurface
excavations, analvsis of fracture densities in cores from
test borings, and borehole geophysical measurements. In
discussions with Survey personnel working in the Finnsjön
area, a crude correlation between fractures observed at the
surface and fracture frequency in cores was reported.
Exceot in areas such as Stripa, where fractures can be
observed in the subsurface, most knowledge about mesoscale
fracture distribution is based on unoriented cores.
Moderate success was reported in correlating borehole
geoohvsical measurements with fractures observed in cores.
Inasmuch as these fractures may be either filled or ODen,
the correlation between measured permeability and fracture
density is not straightforward.

The largest displacement observed on these mesoscale
fractures was 30 cm, reported at the Finnsion site.
Measurements of displacement do not appear to be possible
from the cores. As an extension of his view of postglacial
tectonic activity in Sweden, M&'rner has interpreted many
small discontinuities in bedrock surfaces as being due to
postglacial faulting. His interpretation, if correct, would
imply much greater movement on these fractures than reported
in KBS-II. The more conventional view of at least some of
these features is that they are due to glacial plucking.

Data on small-scale, intrablock fractures are based on
surface and subsurface mapping, examination of cores, and
correlation with permeability and borehole geophysical
measurements.

Predictions of the magnitude of displacements and
distribution of strain between the fractures and faults of
various scales as a result of glacial loading, tunneling,
and heating are based on numerical modeling and
interpretation of field observations. The modeling results
show that future strains will be taken up by movement on the
megascale and mesoscale fractures, and will not result in
the development of new fractures. The models are of both
the discrete bloc* type and continuous finite element type.
In discussions with Ove SteDhansson, who has performed much
of the modeling work, qood results were reported in using
borehole determinations of fracture density and stress
fields to model stress effects in tunnels.
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"V.3. PE2Bgrties_and_IntegritY_of_the_gentonite_Buffer

The second barrier to radionuclide migration is the
hiqhly compacted bentonite overpack surrcundinq the
individual canisters and the bentonite-sand backfill in the
tunnels. Proper functioning of the bentonite requires that
it have suitable hydraulic, thermal, mechanical, and
chemical properties, and that no deleterious changes in
these properties occur in the repository environment.
Experimental data on the properties of highly compacted
bentonite are discussed by Pusch in KBS TR-74.

Data on the permeability of hiqhlv compacted bentonite
are taken from preexisting experimentally, determined
relationships between the density of tentonite and
permeability as described in the literature. In the
repository environment, the highly compacted bentonite
buffer is expected to have a permeability of between 10~>*
and 10~13 m/s. The bentonite-sand backfill material is
reported to have a permeability of about 10->° m/s. No
measurements of permeability of the hiqhlv compacted
bentonite are reported to have been performed under K3S
auspices. Durinq discussions with Pusch, several mechanisms
which could increase the permeability of the bentonite were
considered. (1) With regard to the possibility that heat
from the canisters could cause dehydration of the bentonite,
leading to shrinkage and fracturing, Pusch felt that this
was very unlikely under repository conditions, based on hi"
experience with the material. (2) Possible changes in
permeability due to cation exchange were discounted on the
basis of experiments in PuscVs laboratory. Although pure
*Ja-bentonite is known to show a marked increase in
permeability when Ca2* is substituted for Na*, the
experiments demonstrated that the Na-Ca-bentonite from
r-ivoming which would be used in the repository was not
significantlv affected by this substitution. (3)
Experimental data and theoretical calculations were cited to
show that open fractures cannot develop if the ben.onite is
sheared because the bentonite is sufficiently plastic. (4)
The possibility that silica cementation or conversion of the
bentonite to zeolites miqh*" alter permeability was
discounted by the observation that naturally occurring
mor.tmori llonite in fissures in crystalline rocks in Sweden
showed no sign of silica cementation or zeolite formation.
alteration of bentonite to zeolite was thought by *\rvid
Jacobsson (personal interview) to require a pH greater thai.
10 and thus would not be possible given the predicted
groundwater composition.

The thermal conductivity of the cornoacted bentonite and
bentonite-sand backfill, both unsaturated and with various
amounts of v-ater added, has been experimentally determined
unicr KSS auspices. The predicted range of thermal
conductivity in compacted bentonite is 0.79 V/m-C° to 1.3

65



192

W/m-C°. Also, the temperature dependence of thermal
conductivity has been experimentally determined (KBS TR-72).

The saturated and unsaturated load-bearing strenqth and
swellinq pressure of the compacted bentonite have been
determined experimentally, and theoretical estimates of the
shear strenqth of the compacted bentonite have been compared
with results of the previously mentioned shearing
experiments (KBS TR-76).

With regard to the swelling properties of the bentonite,
Pusch was asked if sufficient swelling pressure could
develop to fracture the rock surrounding the canisters. He
replied that the swellinq behavior is sufficiently well-
known that the properties of the bentonite could be adjusted
to reduce swelling pressure, if necessary. In addition,
experiments have been conducted on the fracture sealing
properties of the bentonite and the possibility of electro-
kinctic injection of bentonite suspensions into fractures
{KBS TR-75).

Based on the very low values of permeability (10-" m/s)
and the range of hydraulic gradients anticipated to exist
across the b'iffer, molecular diffusion has been predicted to
be the principal mode of chemical transport through the
buffer (KBS TP-79). Experimental determinations of the
molecular diffusivity of compacted bentonite have been made
wi'. h methane, hydrogen, strontium, and cesium (KBS TR-86 and
TR-87). The measured diffusion coefficients ranged from 2 x
10-*» m2/s for cations to 4 x 10-» i m?/s for O7 and anions.
In personal discussions, Pusch expressed his opinion that
the measured values may be somewhat high because of errors
in the experimental technigue used.

The ion exchanqe and sorption properties of the
bentonite buffer are important factors in limiting the
movement of radionuclides across the buffer. KBS has
supported two studies of the sorption properties of the
bentonite (KBS TR-55 and TR-98). In both these studies,
batch experiments on powdered bentonite-sand mixtures have
been performed to determine distribution coefficients for
the following elements: Sr, Zr, Tc, I, Cs, ce, Nd, Eu, Pa,
Th, ,'J, Np, Pu, and Am. The experiments have been performed
at 50°C in aqueous solutions matchinq those predicted for
the repository.

With respect to the chenical properties of the
bentonite, hpating to 425OC is proposed in the KBS-II report
as a way to remove sulfides and organics which miqht be
present and which could increase corrosion of the canisters.
Experiments have shown that maintenance of this temperature
for 15 hours is sufficient to eliminate sulfidps and much of
the organic matter, and does not adversely affect the
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properties of the bentonite (KBS TR-32). Pusch, however,
stated that he would not recommend heating above 150°c.

Althouqh somewhat outside the scope of the
Subcommittee's review, some attention was also given to
methods of handlinq the bentonite. Pusch stated that the
handling and emplacement of compacted bentonite around the
canisters was a straightforward matter and that the swellinq
of the buffer would seal any fractures produced by handlinq.
The KBS enqineers reported that scaled prototype experiments
of backfillinq techniques usinq standard shotcreting
equipment to spray the bentonite-sand mixture had been
successful. Complete filling of a model tunnel of circular
cross-section was accomplished with a final backfill density
of 1.5 q/cm3.

A. '*. Transport_?rogerties_gf _the_HxdrogeolO2ic_Envirgnment

Very slow qroundwater velocities, sorption of
radionuclides bv the crystalline rock matrix, chemical
reactions which precipitate radionuclides, and dilution
effects have been proposed in KBS-II as factors which will
prevent harmful quantities of radionuclides from reaching
the biosphere should the first two barriers fail. In this
appendix, onlv the data base related to the subsurface
transport of radionuclides is considered.

A.i». 1. 5roundwater_Transp.ort

Assessment of the potential for convective transport of
contaminants by qroundwater depends on an ability to predict
qroundwater flow patterns and velocities. Groundwater
movement is governed by the permeability of the material
through which the water moves and by the hvdroloqic boundary
conditions controlling the flow. Data on the flow porosity
of the rock matrix are required to determine actual pore
velocities which, combined with the flow pattern, determine
the travel times of water particles from the repository to
the qround surface.

.Observational data on the permeability of crystalline
racks in the areas studied by KBS consist of permeability
estimates from Dumping tests and production records for
existing shallow (less than 100 m) water supply wells,
measurements in boreholes drilled for K3S, and a variety of
tests performed in the subsurface at Stripa. Permeability
data on crystalline rocks throughout Sweden have been
developed from previous experience with water supply wells
and measurements of water flow to subsurface excavations.

The techniques used and the results of permeabilitv
measurements in boreholes are reported in KBS TR-61. Those
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measurer.ents are based on constant injection rate tests of
sections of boreholes isolated by inflatable packers. In
most cases the results were analyzed using a steady state
analytical solution given by Mage (1967). This solution is
eguivalent to the Theim solution for steady state flow to a
well in a uniform and isotropic porous medium. Discussions
with personnel of the Swedish Geological Survey revealed
that because of time limitations, no attempt was made to
allow recovery of the hydraulic pressure in the packed
intervals to its undisturbed level before injection was
started. Test durations of 5 to 15 minutes were reported to
be required to reach quasi-steady state conditions.

Some injection and recovery tests have also been
analyzed using the Jacob approximation to the transient
Theim solution. Comparison of the values of permeab?litv
determined by the two methods, according to Survey
hydroloqists, showed that in qeneral the steady state method
gives a slightly higher value than the transient method.
The plots of transient test results available for inspection
showed slope changes possibly related to boundary effects
beginning after about 10 minutes of injection. To date,
permeability measurements have been made on 42 boreholes at
5 test sites, to a maximum depth of about 575 rr. Both
vertical and inclined holes have been drilled, with
deviations from the vertical of up to U0°. Typical values
of permeability reported in the KBS documents for various
rock types and structural settings are shown in Table A-2.

Tests designed to determine the permeability of larqer
volumes of rock than those measured by borehole tests have
been performed and are in progress at Stripa. These tests
include multiple hole injection tests and numerical model
calibrations of the total water inflow to portions of
tunnels. Laboratory measurements on very large cores have
also been performed. The more recent data in large part
were not available for inclusion in the KBS-II document.

Data on the vortical distribution of permeability in
crystalline rocks at the KBS study areas are based on
analysis of existing water supply wells, borehole tests,
analysis of fractuie density in cores from the boreholes,
and geonhvsical measurements. The water supply wells for
which data are given have depths up to about 100 m, which is
the base of the rone generally believed to yield usable
quantities of qroundwater. The borehole injection tests
have been performed on 2- to 3-meter packed intervals
throughout the lenqth of the boreholrs. Some tests have
been made on larger intervals, ranqing from 50 m to nearly
the whole length of the boreholes.

Since vertical fractures would not be well represented
in vertical boreholes, the question of whether or not
borehole measurements of permeability adequately measure the

6 8



195

Table A.2 - Representative Values of Hydraulic Conductivity
(Permeability)

Geologic Setting Site

Good quality gneiss, Karlshamn
>300 m depth

Good quality gneiss. Finnsjon
>300 m depth

Uniformly fractured granite, Krakemåla
>300 m depth

Gneiss, Finnsjon
<200 m depth

Crush zone. Finnsjön
100 m depth

Average gneiss Karlshamn
from 20 to 500 m depth

Tested
Internal

2 m

2 m

2 m

2 m

450 m

K (m/s)

10~8 to <10~9

2 m 10~5 to <.10 9

1CT7 to <10~9

10~5 to

10~6 to <10~8

<2 x 10-12

Source: KBS TR-61
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effect of vertical fractures was raised in critiques of the
K3S-I reoort- Durinq our discussions with Swedish
researchers involved in this question, it was pointed out
that many of the permeability measurements have been made in
inclined boreholes and hence should yield representative
data on both horizontal and vertical fractures- The larqe-
scale permeability tests at Stripa should yield additional
data on this question.

Mthouqh permeability in crystalline rocks depends
primarily on the presence of open, interconnected fractures,
the correlation between the fracture density observed in
cores and the measured permeability seemed poor. In
personal discussions, a better correlation was reported
between the fracture density and permeability of the
qranitic rocks studied than of the gneissic rocks. The
qeneral observation was also made that for a qiven total
fracture density, the permeability of qranites was as much
as 2 orders of maqr.itude hiqher than that for qneisses.
Thus the structural history of a crystalline rock body is
evidently important in determining its hydraulic properties.

Predictions of qroundwater movement for the proposed
active lifetime of a repository also require knowledqe of
the factors that control permeability and chanqes in
permeability around the repository. The factors of
importance in crvstalline rocks in Swedm are chanqes in
fracture density or "openness" due to tectonic, isostatic,
and qlacial stresses, chanqes in qroundwater chemistry which
may cause dissolution of fracture-fillinq minerals, and
stresses created by the presence of the repository.

Kith regard to increased permeability due to fracturinq
caused by tectonic or isostatic rock movements, KBS-II
concludes that those effects will not lead to increased
fracturinq in presently sound rock. The effects of
qlaciation are also predicted to extend only to depths less
than 300 meters- The data on which these conclusions are
based are essentially the same as those described in the
section on the bentonite buffer.

Openinq of fractures due to chanqes in ^r
chemistry has not teen explicitly examined. KFS data
relevant to this question are mineraloqical analyses of the
fracture-fillim material and the previously discussed water
chemistry data and predictions. The principal fracture-
fillinq minerals are reported to be calcite and chlorite.

The effects of thermal stresses on the permeability of
the rocks in the repository are reported to be minor. This
conclusion is based on numerical rock mechanics models and
experimental studies at Stripa. The rock mechanics models
have in part been calibrated aqainst the results of the in
situ heatinq exneriments at Stripa. Ove Stephansson
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reported qood agreement between the stresses predicted by
the models and the observed stress field at Stripa.
Experimental studies are also in progress to determine the
effects of tunneling on fracture density and permeability.
The effects of swellinq of the bentonite buffer have been
discussed previously.

The permeabilitv of crystalline rocks depends not only
on fracture density but also on fracture qeometry and deoree
of ooenness of the fractures. No empirical data on the
effect of stress on these factors are reported in the KBS
documentation. Estimates of the effects of thermal and
excavation stresses on permeability are presented in KSS TR-
5*»:G5, part 1, based on existinq analytical and emoirical
relationships between normal stress and permeability. The
effects of shear stresses are stated to be very poorlv
known. In an interview, stephansson expressed the opinion
that, based on his rock-mechanics model.-, the qreater the
initial fracture density, the less is the strain taken up by
each individual fracture and the smaller is the permeability
change. New exoerimental data on the relationship between
normal stress and permeability have been presented by
witherspoon et * ] . (SAC TR-17), based on core samples from
Stripa. Additional data may be forthcoming from the ir. situ
heater experiments recently completed at Strioa.

Prediction of actual qroundwater velocities anl travel
times of contaminants requires knowledge of the effective
flow porosity of the rock matrix. Empirical data on the
oorosity of rocks in the areas studied by KBS, as well as
for crystalline rocks in qeneral, are limited. Values of
1.2 x 10~3 to 1.6 x 10~3 have been determined by field
tracer experiments on rock of shallow depth at Studsvik (KB^
TF.-110), and values ranqinq from 1 x 10~3 to 4 x 10-' are
reported from laboratory water saturation tests on drill-
core samples. Similar laboratory measurements have been
reported for rocks in Norway and in North America. A
similar value was determined by a field tracer test in deep
fractured crvstilline rock in the United States by Webster
«?t al. (1970). Indirect measurements based on empirical
relationships between bulk rock electrical resistivity and
porosity are reoorted to yield values of 5 x 10-* based on
borehole resistivitv measurements. A value of 1.3 x 10~*
has been reported from in^situ tracer tests at Stripa usinq
fluorescent dyes (Lundström and Stille, SAC TR-2, 1978).
Balk density and neutron porosity loqainq of boreholes is
planned but has not yet been performed because borehole
diameters limit the kind of equipment that can be usel.

Although Jata are presented in KBS-II to support a value
of porosity of 11-* to 10-3 for. rocks at the proposed
repository depth, individual authors of the KBS technical
reports were divided on this question. Hydroloqists at the
Swedish Geological Survey thought the porosity values were
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somewhat high, and Lindblom used smaller values in his
numerical modelinq studies (KBS TR-54), basing his values on
the relationship between permeability and porosity predicted
by the Snow fracture-flow model. This model gives
porosities of about 10~* for rocks of low permeability. But
Brotzen strongly defended values of the order of 1 x 10-3,
basing his opinion on the experimentally determined values
and on probable deviations from the Snow model for rock at
the repository depth. Additional tracer tests planned at
Stripa will presumably clarify this question.

Data on changes in porosity caused by changes in the
stress field around the repository are essentially the same
as those described previously with respect to ; ̂ rmeability.

Hydrodynamic dispersion of contaminants carried by
groundwater not only results in dilution of the contaminants
but also may cause irreqularities in the migration front, so
that some of the contaminants may have shorter travel times
than those predicted by hydraulic models. Data on
dispersivity in fractured crystalline rock are limited to
values determined from tracer tests at Stadsvik, where field
tests showed dispersivities of 1 to 2 m, and at Stripa. The
effects of dispersion have been included in the safetv
analysis in KBS-II only with regard to possible decreased
arrival times; dilution effects have not been considered.

Definition of the groundwater flow pattern at a
particular site requires a knowledqe of the hydraulic
boundary conditions governing flow. For the areas studied
bv KBS, these boundaries consist of the elevation of the
water table (including streams and lakes), boundary fluxes
caused by regional hydraulic gradients, and litholoqic and
structural discontinuities across which very large changes
in permeability may occur.

Except where surface water bodies intersect the water
table, very few observational data are available on the
position of the water table at the sites studied. Almost no
data are available on regional gradients. A limited amount
of water level data are available from existing shallow
wells at Finnsib'n, and installation of piezometers for
collection of additional data is reported to be in proqress.
^o date, no static water levels (shut-in pressures) have
been measured in the deep boreholes which miqht be used to
compute regional gradients. Shut-in pressures are being
measured in test borings in the Stripa test facility. In
estimating regional fluxes at Finnsjön and Krakemala,
gradients of .008 and .001, respectively, were used.

Data on lithologic discontinuities are based on surface
mapping, air-ohoto interpretation, test borings, and surface
and borehole geophysical measurements. Data on structural
boundaries have been described previously with resoect to
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rock movements. Permeability measurements on structural and
litholoqic discontinuities have been made at Stripa and at
places where the ma-jor fault zones intersect boreholes.
Althouqh an impermeable lower boundary has been assumed in
some of the modeling studies, the lower boundary conditions
of the flow systems in the areas studied are essentially
unknown because permeability measurements have only been
made to depths of 500 to 600 m.

The possibility that the boundary conditions of a
repository site may change either because of changes in
topography or because of the hydrologic effects of
qlaciation was discussed with several investigators of KBS
studies. With the exception of Nils-Axel Morner, whose
viewpoint has been described previously, none anticipated
large changes in topography due to glacial scouring. The
maximum decline in sea level, the ultimate boundary of most
flow systems, is believed to be limited to 20 m because this
is the depth of the bedrock ridge separating the Baltic Sea
from the North Sea. Isostatic changes in land elevation,
although large in magnitude, are spread over large areas and
do not change reqjonal gradients significantly.

Also discussed were the possibilities that large
hydraulic gradients might be produced by pressurized water
at the base of a glacier, by glacial loading and release of
pore water from compressed sediments, or by the presence of
meltwater lakes. These questions remained unanswered
because of uncertainty about the physical processes involved
and the magnitude of the hydrologic effects. The need to
consider the possible effects of climatic change has been
largely circumvented by the conservative assumption that the
water table coincides with the present land surface in
computing flow rates and travel times.

Existing groundwater flow patterns and flow rates for
the areas studied cannot be deduced directly from currently
available data. Indirect data on travel times are provided
by carbon-14 aqe determinations for water samples collected
in the deep boreholes and at Stripa (KBS TR-62). The
computed aqes, which include corrections for C-14/C-13
fractionation, variations in atmospheric C-14, and
contributions of cf.rbon from inorganic carbonates, range
from 2,000 to 11,000 years BP. The carbonate contribution
from calcite dissolution was estimated to furnish less than
20 percent of total carbonate content.

Two extensive grour.dwater modeling studies were
sponsored by KBS to describe reqional groundwater flow
patterns and local groundwater movement near the canisters
and repository (KBS TR-47 and TR-54) . The results of both
studies must be regarded as semiquantitative because of a
lack of sufficient data on hydraulic parameters and boundary
conditions. The modelinq results for regional flow patterns
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qiven in KBS-II are based primarily on KBS TF-«7, which was
initiated after TR-54. Evaluation of the local circulation
patterns in the repository are based on KBS TR-54. As
stated in KBS-II, both of these modeling studies were
prepared before borehole permeability tests had been
completed. The models used in both these studies are based
on the assumption that fractured rocks can be modeled as
continuous porous media.

The modeling studies described in KBS TR-5H are 2-
dimensional and are based on existing finite element
models, slightly modified to handle problems of heat
transport and rock mechanics. These models describe the
flow patterns around individual canisters and repository
tunnels, and also include generalized models of reqional
flow patterns.

The modelinq studies in KBS TR-54 were performed
principally to examine the relative importance of various
factors which may influence groundwater flow. Couoled
conductive and convective heat transport models were used to
study the local an'' regional effects of waste age,
repository ventilation, and emplacement sequence on
repository temperatures.

Generalized regional flow models were used to estimate
the effects of permeability distribution, anisotropv,
regional gradients, and fracture zones on flow through the
repository. Both uniform and exponentially decreasing
permeability distributions were tested, and porosity was
coupled tc permeability by using Snow's fracture flow model.
This assumption resulted in values of porosity about 1 order
of magnitude lower than those used in KBS TR-47 and
correspondingly shorter travel times.

A fully coupled model was used to study thermally
induced qroundwater movement on both a local and regional
scale. As with most attempts to model this process,
numerical instabilities were encountered. The modeling
results indicate that if regional groundwater fluxes are
very small, thermal circulation cells can develop which
extend from the repository to the water table. For regional
gradients as low as 2 x 10~3, however, the thermal cells
spread horizontally and do not extend to the water table.
In the absence of regional flow, thermally induced upward
fluxes of 10-*2 to 10-»» m/s (less than 10-' cm/year) were
computed in KBS TR-54.

None of the models used in KBS TR-54 is calibrated.
Lindblom, however, reported that he has used these models
successfully to estimate inflow to tunnels in work unrelated
to the KBS study.
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Conclusions about reqional flow patterns and travel
times presented in KBS-II are based largely on KBS TR-tl.
In this report, an analytical solution to the 2-dimensional
potential-flow problem was used to study the effects of
topoqraphv, permeability distributions, and geometry on
reqional flow patterns. Solutions are also presented for
natural flow patterns in the Finnsjön area, but these models
cannot be considered calibrated because the data base is
limited. A 2-dimensional numerical solution for qroundwater
flow with a free surface was used to estimate the
depressions of the water table due to dewaterinq of the
repository site.

A large 3-dimensional finite-element model of the
Finnsjön site was developed for KBS TR-47. The model covers
an area of 30 km* and extends to a depth of about 1,500 IT.
The model is divided into 5 horizontal layers. Major
fracture zones are represented in this model by 50 m wide
bands with permeabilities 2 orders of maqnitude greater than
the surrounding rock. The value of hydraulic conductivity
assiqned to these zones was scaled to allow for the fact
that 50 m is probably greater than the width of the actual
fault zone. Some numerical difficulties were reported to be
caused by inclusion of the fault zones in the model. An
exponential decrease in permeability and uniform porosity of
10-3 were used.

This model was used to study the flow patterns at
Finnsjön and to estimate travel times and the aqe of
qroundwater at repository depth. As with the other models,
the available hvdroqeologic data were not adequate to
calibrate this model. The aqes of groundwater at a depth of
500 m determined from this model range from about 100 years
in recharge zones to greater than 105 years in discharge
areas. A rough calibration of the model might be oossible
by comparinq computed qroundwater aqes with measured C-14
ages at various points in the aquifer.

As stated oreviously, all of these modelinq studies
assume that fractured rocks can be modeled as continuous
porous media. When questioned about the appropriateness of
this assumption, both Lindblom (KBS TR-54) and Thunvik (KBS
TP-47) acknowledged problems with this approach, but both
felt the results were acceptable for regional flow, if
questionable for local flow. Thunvik said he is currently
developing a discrete fracture model against which the
results of the porous media models can be compared.

A.4.2. Qhemical_Transegrt_Retardatign_Factors

The transport of radionuclides by qroundwater can be
prevented or retarded if these species are precipitated or
react with existing minerals, or are sorbed by the rock
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matrix. Actinides such as U, Np, and Pu have been predicted
to exist as practically insoluble species in the range of
qroundwater composition predicted for the repository
environment. This prediction is based larqely on
theoretical equilibrium calculations using the water
chemistry data described earlier. Analogy is also made with
existinq studies of uranium and plutonium transport.

The possibility of radionuclide transport by organic
complexinq aqents has been considered to the extent that
estimates of total transport by this mechanism were made,
based on the fulvic acid content of groundwater reported in
KBS TR-88. Radionuclides sorbed by colloidal particles may
also travel with the velocity of groundwater. Very low
natural colloid contents have been measured in groundwater
samples from depth at Finnsiön. Experimental data on the
bentonite buffer as a source of colloids reported in KBS TR-
103 imply that the bentonite will not form colloids in the
range of water chemistry predicted for the repository.

Experimental data on sorption of radionuclides are
presented in KBS TR-55, 98, and 110. In these reports,
equilibrium distribution coefficients for Sr, Zr, Tc, I, Cs,
Ce, Nd, Eu, Ru, Th, U, Np, Pu, and Am have been determined
from laboratory experiments with powdered granitic rocks.
Sorption of Sr, Cs, and Am on chlorite, silt, and old and
fresh granitic rock surfaces has also been studied
experimentally. Some experimentally determined values are
shown in Table A-3. Field tracer tests performed at shallow
depths at Studsvik using Er, Tc, I, Se, Sr, Sn, Nd, Na, and
Cs, as well as column and batch tests for certain of the
nuclides, are reported in KBS TR-110.

Although sorption of these radionuclides on the solid
rock matrix will not permanently prevent their migration,
sorption can greatly retard the movement of sorbed species
relative to nonsorbed species. If the specific surface area
of the rock matrix is known, then the distribution
coefficients can be used to compute a retention factor for
each species. Computed retention factors are reported in
KBS-I1 and the retardation effect has been included in the
safety analysis. Retention factors shown in KBS-II range
from a maximum of 6.1 K 105 for americium under reducing
conditions to 1.0 for technetium and iodine under oxidizing
conditions.

A. <». 3 QtbeE.EåStSES-öf f§sting_the_ImBact_of_Radisnuclide

This summary of the KBS-II technical data base has dealt
only with the subsurface geological, hydrological, and
geochemical factors which may affect the integrity of the
repository. Although numerous other factors may affect the
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Table A.3 - Experimentally determined distribution coefficients (K<j)
reported in KBS Technical Reports 55 and 98

Experimental Conditions

Contact Redox Temp. Final Cone,
(m M/l)Element

Ni

Sr

II

Zr

II

Tc

I

Cs

Ce

ft

Nd

Eu

Ra

Th

U

Np

Pu

Am

Rpt.

98

55

98

55

98

55

55

55

98

55

98

55

98

55

98

tl

»

II

-

n

Time Conditions

24 hrs.

-

<7 days

-

<.7 days

-

-

-

<7 days

-

<7 days

-

<7 days

-

<.7 days

it

If

•t

II

If

Red.

Oxid.

Red.

Oxid.

Red.

Oxid.

Oxid.

Oxid.

Red.

Oxid.

Red.

Oxid.

Red.

Oxid.

Red.

Red.

Red.

Red.

Red.

Red.

; (C )

25# C

H

II

It

M

II

II

II

II

II

II

II

II

II

II

If

M

ff

tl

ff

-5

Aqueous
Sol.Cone,
(mg/d)

1105

293

1105

293

1105

293

293

II

1105

293

1105

293

1105

293

1105

II

fl

•1

II

II

Kd

(mVkg)

.32

.0079

.0063

1.3

1.3

.0005

.0008

.13

.063

1.3

6.3

4.0

2.0

7.9

.1

.8

.0063

.025

.063

5.0
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dispersal of radionuclides in the biosphere and are
discussed in KBR-II reports, their consideration was
to be outside the scope of this review.
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Appendix B

METALLygGICAL_DATA_BASE_T0_SUP2QRT

Uqo Bertocci

B. 1. Introduct'ion

This appendix describes my understanding of the
corrosion issues involved in the Swedish plan for burying
spent nuclear fuel rods after conversations with Mattson and
Grenthe as well as extensive discussions with one member of
the KBS-II Subcommittee, E. Verink. The questions asked and
answers qiven by the Swedish scientists, as well as my
comments, are incorporated in this appendix. Unfortunately,
3. Wranqlen, who filed a dissentinq conclusion to the KBS-II
report, was not available for an interview.

Althouqh I have read or partially examined other KBS
reports, the most important one for understanding corrosion
issues is KBS TR-90.

B. 2 Cgntcxt_of _the_corrosign_p_roblem

As stated by the Swedish scientists, the problem put to
them was to establish that the canister as designed had a
service life of st least 106 years. The canister thickness
of 200 mm was decided upon before the corrosion experts were
consulted. Accordinq t. them, that thickness was chosen in
order to reduce radiolysis outside the canister to a
neqliqible amount.

The task of *he corrosion experts was therefore to
verify that such a container would last for the prescribed
time, qiven the environment specified by the qeoloqists and
hvdroloqists. That environment would consist of groundwater
with a composition as qiven in KBS TR-90 (reproduced as
Table A-1 in Appendix A)» and havinq a flow rate of 0.2 1/m2

year.

Some environmental transients also had to be considered,
such as a specified temperature excursion between
approximately 100°C and 25°C and hiqher oxyqen availability
durinq the period when the access tunnels, after
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backfillinq, had not reached a steady state. The
possibility of seawater seepaqe into the repository also had
to be taken into account.

There is a certain weakness in the loqic of the
exercise. If the main effect of radiolysis is to accelerate
corrosion, it would perhaps have been more reasonable to try
to determine the minimum thickness of copper which could
withstand failure by corrosion, includinq that caused by
radiolysis, for a million years. No optimization was
attempted to reduce the amount of copper needed for the
canister. Consequently, the corrosion experts did not
attempt to forecast the canister's mode of failure at the
end of its service life.

P.3. Methods_of_aegroach

Verification of the stability of the canister for the
prescribed time was approached first by determininq whether
copper is thermodynamically immune to attack. To this end,
a detailed examination of all, or nearly all, equilibria
involvinq copper and the species present in th** qroundwater
was carried out.

In conversation with (Srenthe, the issue was raised as to
whether quantities such as the redox potential (expressed in
the report as pe) could be calculated. The answer was that,
in principle, everythinq includinq pH and pe could be
deduced once the solution composition was assiqned. This,
however, would have entailed the solution of a very larqe
and complicated set of equations, and neither an adequate
computer program nor the time for developinq it was
available. Therefore, the solution, as shown in the
concentration-pe diaqrams in TR-90, was to assiqn some
parameters (such as pH) and to calculate the concentrations
of various species in equilibrium as a function of pe.
Examination of these plots, constructed for various
conditions and at two temperatures, enables one to decide
whether metallic Cu is thermodynamically stable and which
reactions are the most probable.

The value of the redox potential, or pe, of the
qroundwater was thouqht to be mainly determined by the
Fe?+/Fe3* equilibrium. This conclusion has been supported
by experimental measurements in two locations. However, the
Swedish scientists made no attempt to assess the effect of
an increase in temperature on the pe of the qroundwater.

Additional calculations were made concerninq nitroqen
compounds and increased chloride concentration caused by
possible seawater seepaqe into the repository. These
calculations are somewhat sketchy. Only chanqes in chloride
were taken into account, and no attempt was made to estimate
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the effect of seawater on pH, pe, or other components.
Questions were specifically asked as to why the formation of
copper-ammonia complexes was omitted in the calculations.
In reply, Srenthe carried out an approximate calculation to
estimate the concentration of C u ( N H 3 ) , which turned out to
be small but not insiqnificant—about half that of the most
concentrated ion, CuClj.

Many of the minor details of the thermodynamic analysis
become rather unimportant because the conclusion reached was
that althouqh there was a qood probability that Cu was
immune to attack most of the time, immunity for the entire
service life of the canisters could not be unequivocally
proven. Examination of the stability of the canisters then
took a different approach.

The second part of the analysis consisted of calculating
the total amount of reactants—oxyqen or sulfide ions--that
could reach the canisters during their service life. Steady
state content in the qroundwater was considered, as well as
initial transients when oxyqen contained in the- bentonite
would be available. The effect of the small amount of
radiolysis that would be caused by radiation escapinq from
the container was also taken into account.

A verv important assumption was made reqarding the
amount of sulfide available. Althouqh thermodvnamically the
reduction of sulfate to sulfide by reaction with copper
metal is possible, the sulfate present was not considered a
source of sulfide except to the extent that it could be
reduced bv bacterial action, which was limited by the amount
of orqanic matter available in the qroundwater to serve as
nutrient for sustaininq bacterial life.

As an additional possible mechanism for corrosion, the
transport of copper due to variation of solubility of
cuprous compounds with temperature was considered. Another
thermal effect, the change with temperature of the
equilibrium,

2 Cu* — > Cu • Cu**,
miqht lead to disproportionat ion of Cu* in colder areas and
an opposite reaction in warmer areas. In answer to a
question as to why this possibility was not considered, it
was -stated that in the presence of sulfides, calculations
show that the concentration of Cu* is so low that these
corrosion mechanisms have negligible effect.

From calculations on the availability of rractants it
was concluded that corrosion of the canisters in 10* vears,
even if Cu was not completely immune to attack, would be
minor and would not endanger its service life.

The Swedish scientists also examined data concerning the
corrosion of Cu buried in various soils, published as a U.S.
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National Bureau of Standards report by Denison and Romanoff.
They manipulated the data in various ways to obtain an
equation for the corrosion rate of copper, but the only use
made of these data was for estimatinq a pittinq factor. It
was concluded that the tendency to pittinq of Cu was not
very pronounced and decreased with time, so that a pittinq
factor of 25 was a very pessimistic estimate and very
unlikely to be exceeded. Nevertheless, such a pittinq
factor would not cause perforation of the canisters in 10*
years.

Finally, stress-corrosion crackinq was dismissed as a
possible mode of failure for the copper containers for two
reasons, the first that OFHC copper has little
susceptibility to stress-corrosion crackinq, and the second
that the material would tend to relax and would not maintain
the stresses necessary to cause crackinq.

E.4. EeIiåbility._Qf _the_Predictigns

In the analysis of the thermodynamic equilibria, all
calculations were done with competence and care. Questions
were asked about the methods used for treatir.q the data, and
all answers showed that the analysis had been carried out
very thorouqhlv. Since the reliability of the calculations
is based on the quality of the data in the literature on the
species and the reactions involved, it is important to state
that the data base for copper is in qeneral excellent, the
larqest uncertainties being of the order of a few kcal for
the free enthalpy of formation of some of the oxides. It
can therefore be concluded from this analysis that a number
of possible causes of failure, such as corrosion due to
carbonates or chlorides, can be safely excluded.

Some possible reactions, such as formation of ammonia
complexes, were not examined in detail. However, as lonq as
the composition and the redox potential of the water in the
bedrock is in the ranqe assumed for the analysis, it would
be very hard . o find a major system of possible corrosion
reactions that has been neqlected.

Fault can be found with the fact that variations of the
equilibrium potential for the Fp**/Fe3* couple with
temperature were not considered. However, it must be borne
in mind that the conclusion of the thermoiynamic analysis
was only neqative in that total immunity for copper could
not be established. The thermodynamic analysis can
therefore be considered irrelevant for the purpose of
establinhinq the service life of the canisters except
insofar as it builds confidence that important reaction
paths were not overlooked.
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The calculations concerninq the amount of reactant
available are very simple, and no errors were found. Their
degree of reliability is the same as that of the assumptions
based on qeoloqical evidence that qroundwater composition
and flow rate will always be between the limits qiven and
are not therefore subject to arqument from the point of view
of corrosion science. It miqht only be observed that the
amount of copper that would corrode is so small compared to
the total mass of each canister that conditions much worse
than those envisaqec could be accepted without reducinq the
canisters' useful life below 10* years.

Since the desiqn of the repository miqht lead to the
conclusion that corrosion would be limited to the upper part
of the canister, a calculation was made based on the
assumption that all copper would be removed at the top-
Even in this case the depth of attack, assumed uniform,
would only be about 13 mm. with a pittinq factor of 2 5,
penetration would be achieved in about 6 x 10* vears.

An important assumption is that sulfates cannot be
reduced to sulfides in the absence of bacteria. If sulfides
could be produced in quantity -"rom sulfate ion. corrosion of
copper would be rapid, as emphasized by Wranqlen. Indeed, a
linear extrapolation of the corrosion data of Denison and
Romanoff to sulfide-rich soils would lead to the conclusion
that complete sulfidation throuqh 200 mm of copper could
occur in a time as short as 10* years. But scientific
evidence, both chemical and qeoloqical, seems conclusive
that reduction of sulfate in the absence of bacteria would
not be appreciable even after several million years.
M t h o u q h sulfate-reducinq bacteria might be present in a
bedrock repository, their qirowth would be limited by the
scarcity of organic matter, and the amount of sulfide
produced would be very small.

The possibility of stress-corrosion crackinq was
apparently not qiven much consideration. When questioned,
Mattson replied that OFHC copper did not exhibit such
crackinq. When it was pointed out to him that a number of
researchers had found stress corrosion crackinq in pure
copper and in different environments, he elaborated on the
two reasons, as stated in the preceding section, why it had
not .boon considered a threat.

Finally, since Prof. Wranqlen, reqrettably, was not
available for discussion, I have examined his dissentinq
opinion in TP-90, but it seems to me that corrosion
stability was I P S S an issu^ than his doubts that the
qpoloqical conditions postulated will prevail for the
n<?cf'ssary lenqth of time. That arqument, however important,
is outside the scope of this appendix.
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REVIEW OF KBS REPORT ON UNREPROCESbED SPENT NUCLEAR FUEL

I enclose a copy of our report relating to the corrosion aspects of
the review of KBS-II. I think that, given a little help from the
postal öystem during this awkward season it should reach you in
Stockholm by the required date.

Our written document is rather brief. This should not be interpreted
as indicating any lack of appreciation of the seriousness of the
review on our part; quite the reverse. In fact we have been through
the proposals most carefully and find no points of substance on which
we would take serious issue with the approach of KBS, and conclude
that corrosion considerations need not be a limiting factor with this
type of system.

We have devoted in all 8 days to consideration of the document submitted,
background reading and discussion with others, and an invoice will be
submitted for this at an appropriate time.
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G P Rothwell
Head of Service
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Teddington, Middlesex, England

REPORT
NATIONAL CORROSION SERVICE

1. Introduction

In December 1976 the four nuclear power utilities Statens Vattenfailsverk,
OskarshaTinverkets Kraftgrupp AB, Sydkraft AB and Forsmark Kraftgrupp AB
set up the Nuclear Fuel Safety Project (Karnbranslesakerhet, KBS) to
investigate how the requirements of the Nuclear Stipulation Law
(Villkorslagen) could be met. This law requires that, prior to charging
new nuclear power plant with fuel, the owner must demonstrate that the
problem of disposal of the nuclear waste had been solved "in a completely
safe manner". The first report of KBS, "Handling of spent nuclear fuel
and final storage of vitrified high—level reprocessing waste" was complete i
in December 1977 and used as part of the evidence in support of an
application for fuelling the Ringhals 3 reactor. This report vns subr.ittei
inter alia, to an international review, in which the national Corrosion
Service took part. In June 1978, the second KBS report "Handling and finaJ
storage of unreprocessed spent nuclear fuel" was published, and tne
decision was taken to submit this to a similar analysis.

The National Corrosion Service again agreed to take part in this exercis-:,
considering primarily the corrosion aspects of the proposals, and this
report indicates the results of our assessment, which has been carried
out principally by Dr G F Rothwell, Head of NCS, with assistance from
other staff. This report is based mainly on our careful consiaeration
of the English language versions of Farts I and II of the second KBS
report, although we have also had sight of a limited number of the KBS
Technical Reports which support the work. Since there is no specific
list of questions for discussion on the present report, our views arc
arranged as a general commentary following the organisation of the report
itself. Throughout we have only addressed our discussion to areas in
which we have some expertise, and in matters outside our specialist
knowledge we have in general accepted in good faith the views expressed
by KB3.

2. General

Since spent fuel exhibits very much greater long-lived radioactivity
than vitrified reprocessing waste, i t is clear that the demands for
long-term isolation of the spent fuel are greater than those for the
reprocessing alternative. The present approach to canister material
selection based on thertnodynamic stabil i ty, rather than detailed kinetic
predictions, appears to be somewhat more reliable in this respect, and

D A T B 21 December 1979 "*
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the I'resh data on geological and groundwater conditions are helpful in
providing better definition of the probable canister environment. The
calculation of maximum possible metal loss if corrosion does occur from
the available reactants rather than from corrosion rates is considered
to be a good approach, though it is still doubtful what should be the
proper assessment of the extent of localization of such loss by pitting,
etc.

3. Intermediate Storage

We agree that intermediate storage in the long term storage facility-
should present no unforseen problems. The handling and storage of
Zircalloy-clad fuel rods is no more complex than has been practised
for some years at nuclear power stations around the world. There is
no available record of problems arising in this operation, and the
cladding integrity may be expected to be adequate for 40 years'
storage, or indeed for longer, both on technical grounds and on the
basis of practical experience.

4- Canister Material

4.1. Choice of Material and General Corrosion

The choice of copper for the canister material is favoured because of
its thermodynamic stability in pure water over a wide range of pH and
temperature, which means that the extent of corrosion which is possible
may be quantified in terms of the amounts of the dissolved oxidants
which are availabla at the canister. This type of analysis makes no
comment on the rate of any attack, but in the situation considered this
does not appear to present a problem.

We are in agreement that the only such oxidants which are credible are
oxygen and sulphide. As far as oxygen in the repository is concerned,
the introduction of vivianite as a getter in the tunnel fill is welcomed
as reducing the contribution from this source. In the groundwater, it
is not clear that the 0.1 ppm O2 assumed on the basis of measurement
accuracy can in any way correspond to the low redox potentials envisaged
for the water, and this assumption must be extremely conservative. We
agree with the conservative assumptions about corrosion resulting from
waterborne and microbiological sulphide. We conclade that the total
amount of corrosion per canister envisaged is extremely conservative.
However, the comments on enhanced corrosion resulting from increased
radiolysis from damage to, or following penetration of, a canister (5.4.4)
are very brief, and although we have no argument to challenge them, there
are provided no means to support them either.

H A T H 21 December 1979
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4.2. Pitting Corrosion

Although some degree of localization of corrosion is considered in 5*4»
there remains to be considered the possibility of point-localization
leading to pitting corrosion. In general, pitting is not common in
pure copper, although it can occur in some soils, and has been a problem
in water pipes. In both these environments particular combinations of
ions are required to promote attack and we believe that the probability
of pitting in the present situation is not high. In the case of copper
water pipes, it is generally accepted that deleterious surface films are
also required to localize the attack, and some consideration of the surface
state of the canister when finally sealed for emplacement would be an
insurance in this area.

Again, it is unlikely most of the metal loss for the whole life of the
canister could be due to pitting, since the usual observation is that
pits tend to be stifled by corrosion products if long and narrow, or
open out and lose the pitting geometry if hemispherical in shape, and
in both cases the pitting rate falls continuously with time. Again,
therefore, we would agree that the KBS interpretation, with a highly
unfavourable pit ratio, gives a very conservative estimate of canister
integrity.

4-3. Other Factors

Stress—corrosion and hydrogen enbrittlement phenomena, which posed
potential problems in the previous assessment are not relevant to the
behaviour of a pure copper canister in this environment. No comment
has been made by KES on the galvanic behaviour of the copper/lead couple
which would exist when the copper was penetratsd, but this is not thought
to be a serious consideration. Equally, no reliance has been placed on
the life of the lead or the Zincalloy in retaining the fuel once the
copper canister is perforated.

5. Storage of Fuels Metal Components

There is no attempt to comment on the life and mode of degradation of
the concrete containers; however it is shown that the rate of removal
of nickel is lov; compared with the rate of decay of the Ni59 isotope,
and we would accept that this is a realistic approach to the question.

D A T F 21 December 1979
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6. Conclusions

We have received the report KBS II and found no ::iajor areas of dissent

with the corrosion philosophy set out therein; we conclude as follows.

i. On the basis of accepted data and the highly conservative

assumptions made by KBS, we believe that the value o acsi.jned

to canister life are acceptable.

ii. We believe that the "general sequence of event.:" scenario set

out by KBS, and the consequence analysis are rcaii.;tic, so far

as they concern areas in which we hive expertise 13 jud^e.

iii. There are, nevertheless, areas where the provision of Hiore
accurate or relevant data would lead to more satisfactory
and refined predictions, and we would assiu:;e tr:at these are
addressed in the ongoing pro^n-inne of K3ö.

iv. Finally, we are of the opinion that there aie no defects in
the corrosion :ir;-̂ ur:ents which would p* event the KDo II proposal
from beinr; accepted as demonstratin.-" the possibility of hand 1 in-
and final storage of i.uiropi'ocessed .;p̂ .nt nuclear fuel in :\ way
that is absolutely safe, within a rational interpretation of
that requirement.

21 Dtcemb' r 1979
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Dr. L. Hjorth,
Head of Depaxtment (Energy),
Ministry of Industry,
Fack,
S-103 10 Stockholm,
Sweden.
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27th November 1979

Dear Sir,

Handling and final storage of unreprocessed
spent nuclear fuel

With regard to the KBS report on the above subject, we are pleased
to enclose our review and comments on aspects related to radiation
protection. The Report is a very useful study and has been well presented.
It is however necessary to add further explanation in some areas. In
particular the significance of the dosimetry used in the Report must be
examined.

Yours sincerely,

K.B. Shaw
M.D. Hill
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Comments on the KBS Report "Handling and Final Si.ora,-r of Ur.reprocesso-i

Spent Nuclear Fuel". Volumes I and II

1. General

The over?J.l layout of the report i s good and the information, in

general, is well presented. Our coDDcnts are confined to detailed nodelling

and radiological protection aspects: minor typographical errors and oiitorial

details are not covered. Our main points are concerned with the justification

of certain assumptions and parameters. Also, since the KBS Report was

published, new dosimetry information has been published and in particular

new values are available for dose per unit intake via ingestion.

2. Specific Conments on Vol II

para 2

Dispersal via groundwater is the most likely way in which radioactivity

can be released from the repository i t is not the only one. This paragraph

is inconsistent with later discussion of extreme events (Section 8.7).

para 2

Prediction of rock stresses caused by the thermal output of the fuel

i s extremely difficult. The evidence for the statement that thermal effects

will not cause any rock fracturing or create new groundwater flow paths

should be presented rather than simply stating that this is the case.

Para 2

The phrase "absolutely cafe " iz meaningless in this context and nhould

be avoided. (Also p122 para h and p1?Jj para 1 - cano con-ent app'lioc).

P99 para U

See comment on p35 para 2.

p129 para 3

The period of tirae for which the buffer material must retain the

necensary properties should be specified and the basis on which the time

war. cho:;rin explained.

- 1 -
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p13S para k
m

The required service life of the canister should be specified and

the baeiB for the choice explained.

pi8U para 3

No justification i s provided for the choice of permeability and

fissure spacing.

pi 91 Table

No mention is made of the resuspension pathway. Was this included

in the calculation?

p192 para 1

The reason why no calculations of collective dose were carried out

for the local ecosystem should be given.

p192 para 5

How was the figure of 80% derived?

0195 para h

This explanation of the assumptions used in calculating dose per

unit intake is rather confusing. Presumably the calculations were carried

out using the methods described in ICRP Publication 2. It is important

that the dosimetry is fully covered. The influence of changes in dosimetry

should be addressed.

pi95 para 5

This paragraph is a little misleading s'-.-'-e "dose" has not been

defined.

pi95 para 8

"whole body dose" should bo replaced by effective dose.

The wf;i(:hting factors given in table 7*3 were derived for persons who

are oc;cuj. * lon/illy exposed. Their use in calculating doses to members

of the public implies an assumption that they can be applied to obtain

average donos in a population. This should be clearly stated.

2 -
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Only the values for dose per unit intake via ingestion have been

checked since inhalation doses axe of far less significance to the results

of this assessment. A comparison of the doses per unit intake calculated

by Adams etal and those given in Table 7»U is made in the attached table.

90
It can be seen that there are large differences in the values for Sr,

93Zr, 226Ra, 229Th, 2l*1Am, 2l*3Am and, in particular, 237Np. These

differences are due to the use of different metabolic data and models.

The values* ' given by Adams et al are based on the data and models which

have been discussed by ICRP Committee 2, but not all of these values have

been officially recommended by the Commission. These values are therefore

provisional but they are the most recent available. There should be a

discussion of the relevant dosimetry in the report.

p201 paras 2 - h

Mention should be made of the probable effects of future climatic

variations on population distribution.

P216 para 2

These criteria do not include the fundamental principle of radiological

protection that all doses should be as low as reasonably achievable.

P218 para 5

The status of the 100 mrem y~ level should be clarified. This is

not a limit but is an implied radiation dose level and refers to lifetime

exposure of the whole body.

p23h para 3

The maximum individual dose calculated if organic complexing occurs

—1 2 Y7
will be greater than 3 mrem y if more recent dosimetric data for Np

are used. This shows the need for sensitivity analysis on the dosimetry.

(1) Annual Limits of Intake of Radionuclides for Workers.

N. Adams et. al. NRPB - R82 (1979).

- 3 -
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Table 8-11

In view of the effect of fissure width dispersion it would be preferable

to include it in the main case.

i>237 - 238 Tables 8-12 to 8-17

The more recent dosimetric data from Adams et alv ' for J Np and other

radionuclides would obviously affect the results given in the study. The

237
maximum individual dose due to Np in the pessimistic case would be

—1 231
increased to O.33 rem y . It should also be noted that doses due to Pa

would be significantly increased (no value is given in the report for the dose

231
per unit intake due to Pa so it has not been possible to calculate the

magnitude of the increase). In contrast doses due to Ra would decrease.

y2hh para fy

The conclusion that Ra dominates in terms of doses would change if

the dosimetric data given by Adams et al. were to be used. The dose due

to Ra would be about a factor of 20 lower, making it comparable to those

due to Th, % and TJ. As noted above the dose due to •* Pa would

increase.

p2UE> para U. p2U8 para 2. p2lt9 Table and para h

See previous comments on dosimetry.

p2g1 Table

Details of the risk calculations should be given.

p2g2 para 1

The basis for the calculation of the number of genetic defects should

be stated.

p2g2 para 3

Use of recent dosimetric data from Adams et al, would increase the

maximum dose to individuals to approximately 300 mrem y~ .

-U-
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para 3

See previous comments on dosimetiy.

p258 para 6

The basis for the conclusion that the long-term consequences of

disposal of spent fuel are equivalent to those of disposal of unirradiated

uranium dioxide is not given. If this conclusion is based on the dominance
oof.

of doses due to Ra it would be different if the recent dosimetric data

(Adams et al) were to be used.

p259 para 1

The reason for considering these radionuclides to be important should

be given.

p259 paras 3. h and $

See previous comments on dosimetry.

p26O

See previous comments on dosimetry and the use of the term "absolutely

safe".

3» Conclusions

The Report is a useful study on the handling and final storage of

unreprocessed spent nuclear fuel. I t i s however necessary to provide

further explanation in some areas. In particular the significance of the

dosimetry used in the study must be examined.
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Comparison of KBS and Adams et al Values for Dose per Unit Intake via Ingestion

KBS value

JU.1 x 10~7

1».6 x 10"11

1.5 x lo"10

9.2 x 10"8

2.0 x 10"9

1.5 x 10"8

7.6 x 10~6

9.2 x 10~8

9.2 x 10"8

3.0 x 10~8

3.0 x 10"8

5.1» x 10"8

1».3 x 10~8

U.3 x 10"8

5.9 x 10"8

5.9 x 10"8

Notes

1.

2. The Adan^values are for HtQ( the committed effective dose equivalent

over a 50 year period for a single intake. The basis for the KBS

values is not given in the report.

Radionuclide

9°Sr

93 Z r

99Tc

129Z

135 C 8
137 C a

226Ra

229Th

23OTh

233u
23Si
2 3 7 N P

239pu

2^°Pu
2^Am

^ i .

Values quoted are
et al

Adams

3.3

2.6

2.5

9-9

2.0

1.1»

3.2

9.6

1.1»

3.6

8.1»

1.1

1.2

1.2

6.0

6.0

in Sv Bq"1

value

x10- 8

x ID"10

x IQ"10

x10- 8

x 10~9

X10- 8

x 10"7

x 10"7

x 10~7

X10- 8

X10- 8

x 10"^

x 10~7

x 10"7

x 10~7

x 10~7

-6-
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OECD
ORGANISATION DE COOPERATION ET
DE DÉVELOPPEMENT ÉCONOM1QUES

ORGANISATION FOR ECONOM C
CO-OPERATION AND DEVELOPMEN

AGENCE POUR L'ENERGIE NUCLÉAIRE
NUCLEAR ENERGY AGENCY

Le Direiteur general
The Director General

EN/S/1017

38, boulevard Suchet, 75016 PARIS
Tel 524 % M) • Tc le fr M C I A G f V C F • PARIS

Telex (1WM.R A F N / N E A

27th December 1979

i—^ A
I . , I. 1 <•>«"">
iiir.. I. >i'j

Further to my letter of 25th May 1979, I have

pleasure in enclosing some comments on the second KBS

Report dealing with methods for the handling and final

storage of unreprocessed spent nuclear fuel. I hope

they will be useful.

Yours sincerely,

L
l.G.K. Williams

Mr. Lars H30RTH
Head of Department (energy)
Ministry of Industry
Fack
S-10310 Stockholm
Sweden

cc. - Mr. Bo Aler
- Swedish Delegation to the OECD
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connniTS BY inr r:cA SECRETARIAT on THE KDS REPORT
"HAUDLItiG AUD FIIIAL STORAGE OF UnRLPROCESSU)

SPENT (IUCLEAR FUEL"

1. The following comments on the KBS report do not address
technical details and specific calculations. They are concerned
more with the general features of the report and the basic
criteria followed for its preparation. As requested, these
comments are focused first on the safety and environmental
aspects of the proposed disposal method, although attention
is also given to other factors such as technical and economic.

2. The report appears to meet its basic objective, namely
to provide a convincing demonstration that safe methods exist
for disposal of spent fuel in Swedish bedrock. However, some
difficulties are caused by the terms used in the Swedish
Stipulation Law which requires demonstration that the proposed
disposal methods are "absolutely safe". This is an unreal
concept because "absolute" safety cannot be guaranteed in any
field of activity. It is always possible to conceive of some
low probability event that could result in the release of
radionuclides from a deep repository (for example, the impact
of a giant meteorite, although, in such a case, the vulnerability
cf spent f'ie.l or any other hazardous material would evidently
be much greater in temporary storage on the surface). On the
other hand, the concept described in the report appears substantially
appropriate since no release of radionuclides is expected in a
reasonably conceivable course of events before the radiotoxi c i ty
in the spent fuel will have reached the level of an equivalent
amount of natural uranium.

3. Our main comment is concerned with the assessment of
the future radiological impact of the repository. The report,
based on a series of assumptions that can be considered reasonable,
leads to an estimate of collective dose commitments resulting
from small amounts of radionuclides reaching the biosphere
far in the future. These collective dose commitments are
integrated in several time periods including an integral from
time zero to infinity. This would seem to be unreasonable.
In the first place, an assessment of collective dose commitments
for the remote future appears barely feasible and is probably,
in any case, meaning ris because no confident estimate of the
future structure of the human population and of environmental
and ecological features can be justified on such a long time
scale. Secondly, the collective dose commitment to infinity
is due almost entirely to the radionuclides of the uranium
series which have not been generated by irradiation of the
fuel. Thus, the dose commitment which is obtained is not an
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additional commitment due to the use of nuclear energy but is
attributable, in effect, to natural uranium. In other words,
it is more a function of the movement of a natural material
than of its employment by the current generation in a useful
sense. Calculation of collective dose commitments over such
extreme periods of time should therefore preferably be avoided
because they do not lead to meaningful considerations from
the public health viewpoint. Nevertheless, they convey an
artificial impression of large radiation detriments which
would certainly be misunderstood and probably be misinterpreted
by the uninformed reader.

k. Additional, more specific comments are the follotvinc;:

a) The validity of the safety evaluation is based on
a number of statements or assumptions which cannot be
experimentally verified. As a ccns3quence, the
conclusions of the report can prorably be firr.ly
established only after verification through d number
of support studies such as those described in the
KDS report. These in turn should be confirmed by
other investigators and extensively discussed by
the scientific community.

b) The extrapolation to 4-0 years of tne present good
experience of fuel pool storage for a maximum of
20 years, even if likely, appears to be presented
without emphasis on the possible need for further
research and development on the fuel deteriorati"
processes, and might therefore be subject to
criticism.

c) The analysis of radiological risks is directed towards
the long-term exposure of the population, as appropriate
in a report of this type, However, for completeness,
the report should also include an assessment of the
radiation exposure (and collective detriment) of the
workers during transportation, fuel pool storage,
encapsulation and emplacement in the repository.
These aspects are equally important as a foundation
for any policy decision but only qualitative statements
on them appear in the report.

5. In addition to the above comments on the safety and
environmental aspects, a few considerations are proposed
OR some of the economic aspects of spent fuel management.
As we do not dispose of specific data relating to Sweden,
these considerations are necessarily of a general nature.

on
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6. The costs for fuel storage vary greatly depending on
local economic conditions, national licensing requirements and
physical protection methods, the size and type of facility,
etc. Working Group 6 of INFCE has concluded that, at today's
prices, operational storage costs for periods between 1 and
20 years represent only a relatively small proportion of total
fuel cycle costs. From data provided by a number of countries
the investment costs of away-from-reactor facilities would range
from 50 to 150 USS/kg heavy metal. Operating costs are
estimated to be about 1-2 USS/kg heavy metal annually.

7. The resources required for fuel storage would, therefore,
be relatively minor for any country possessing the resources
for a nuclear power programme. It should be noted, however,
that economies of scale could induce countries with limited
nuclear power programmes to look for collaborative solutions
with other countries. In the longer tern, spent fuel storage
costs should be considered as part of the macro-economics of the
full fuel cycle This may lead to increased recognition that
spent fuel storage in independent facilities woold increase
the number of movements and thus the corresponding transportation
costs.

8. Spent fuel storage is a step in the fuel cycle that
precedes either reprocessing and subsequent use of contained
plutonium and residual uranium or permanent disposal of the soent
fuel. In the case or i!ispo£cl, it ir. r.ec ?.zr zry to t̂ '-c account
of the economic penalty incurred in throwing away potentially
useful material. This is a function of factors which vary
markedly from country to country. Varying levels of indigenous
resources and the prevailing macro-economic conditions
(interest rates, methods of financing projects, etc..) are
among the factors involved.

9. According to the conclusions of Working Group '4 of
ItlFCE, there may be a slight advantage in fuel cycle costs for
uranium/plutonium recycle in thermal reactors over the once-through
fuel cycle,depend ing upon the price of U3O9 for large markets
having direct access to a large reprocessing plant. The
variations in the fuel cycle costs from one situation to another,
due to the ranges of unit costs assumed, are much greater than
the rather small economic advantage or disadvantage between
plutonium recycle and the once-through fuel cycle. Therefore
it is entirely reasonable for different countries to reach
different conclusions on the basis of the unit costs appropriate
to their particular set of circumstances. It may be concluded
that any economic advantage (or disavantage) for plutonium
recycle in thermal reactors will be small compared to the
once-through fuel cycle in a particular situation. However,
micro-economic aspects are only one part of the overall evaluation
which must also include environmental, non-proliferation and
resource conservation aspects. The latter are, of course, amonn
the primary economic justifications for uranium/plutonium recycle
and the adoption of breeder reactors.

27th December 1979
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Dnr. JLLars Hjorth, Head
Department of Energy
Ministry of Industry "
FACK
S-1O31O Stockholm
SWEDEN

Dear Mr. Hjorth:

A review of the KBS report "Handling and Final Storage of Unreprocessed
Spent Nuclear Fuel" is attached. Although this review raises a number of
questions on specific details, I would like to state that this report, as was
the first KBS report, is a commendable achievement. It reflects a great deal
of innovative and original thought, and the concepts introduced by KBS have
significantly altered perceptions of high level waste disposal throughout the
world.

Most of the points raised by the review are relatively minor, and
probably do not affect the overall conclusions of the report. However, there
are a few issues which I would like to highlight.

The first concerns the concept of forty-year intermediate storage. The
purpose of this forty-year storage is to reduce the heat load of the waste
before emplacement, which eliminates many potential problems associated with
that heat. However, one may be reducing future risk by increasing present
risk. And because of the exponential decay of radioactivity the increase in
present risk is of a far greater magnitude than the decrease in future risk.
The above comments are based on a hypothesized total social breakdown for
several months with loss of control over, and maintenance of, the intermediate
storage facility.

The second point is that the canister itself may become an economic re-
source in the distant future, inviting intrusion. This issue could be elim-
inated with use of the alumina canister and reprocessing to remove U and Pu.

The third point is that addition of metallic lead to the canister may in
fact increase the toxicity of the package at times beyond 1000 years.

As a scientist, I find it difficult to deal with terms like "absolute
safety". I believe that the concepts described in this document lead to an
exceedingly safe system of waste disposal. Philosophically, this safety comes
about from using the geology as a redundant backup to engineered systems - the
canister and the backfill. It is my personal view that adding a tailored
ceramic or glass waste form as part of the safety system would enhance the
overall safety at little if any extra cost.
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t . Hjorth
Page 2

Perhaps the simplest summary I can give is that I believe this plan would
provide effective and adequate containment, but that I would very much like to
see 5 to 10 years of optimization, research, and analysis before a final plan
is selected. And it seems very desirable to have the improvements developed
for spent fuel disposal applied to reprocessed waste.

Finally I wish to state that the comments in this review are made by the
reviewers as individuals and do not represent official positions of the
Lawrence Livermore Laboratory, nor its sponsor, the U. S. Department of Energy.

Sincerely yours,

Lawrence D. Ramspott
Project Leader, Waste Isolation Projects

LDR/wq
Enclosures
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COMMENTS ON THE KBS REPORT
HANDLING AND FINAL STORAGE OF

UNREPROCESSED SPENT NUCLEAR FUEL
Ink 198 G-52-05

L. D. Ramspott
Lawrence Livermore Laboratory, University of California

Livermore, CA 94550

INTRODUCTION

The KBS report "Handling and Final Storage of Unreprocessed Spent Nuclear

Fuel", Vol. I and Vol. II has been reviewed. I was assisted in this review by

Mr. David Coles, a nuclear chemist, Dr. Dana Isherwood, a geochemist, and Dr.

William McClain, a mining engineer. Mr. Coles and Dr. Isherwood are active in

waste isolation research at LLL, and reviewed Chapters 6 and 7 of Volume II.

Dr. McClain, formerly from Oak Ridge National Laboratory is now with RE/SPEC,

Inc., Rapid City, South Dakota. Because of his extensive past experience with

the U. S. Waste Program, I asked him to review both Volumes I and II. His

letter is attached as an Appendix.

In the review, social and policy issues relating to a debate between

reprocessed waste versus spent fuel have been avoided. However, the following

potential disadvantages of the spent fuel option as outlined in this report

should be noted:

1. Each canister represents a potential economic resource: uranium,

plutonium, and metallic copper and lead. Ultimately this may invite

disruption of the repository.

2. Because of the increased U and Pu, the hazard from spent fuel com-

pared with reprocessing waste (from which most of the uranium and Pu

have been removed) is about 200 times greater at times beyond 500 to

1000 years.

3. Because of the dimensions of the spent fuel, a mine opening

sufficient to handle 4.7 m long canisters must be excavated. With

reprocessing waste, the canisters were 3 m long, but could be 2 m or

any convenient length. Generally, the larger the opening, the deeper

the affected volume of rock around the opening. The designed storage

room height of * m 1s obviously an attempt to minimize this effect.

Thus there are issues which are not economic or political which point to

the disposal of spent fuel as being potentially less safe than disposal of

reprocessed waste. However, for the following review we have only looked at

whether the disposal of spent fuel 1s itself feasible. Rather than dwell on

-1-
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the issue of "absolute safety", we have evaluated the proposed scheme for

flaws or weaknesses which might invalidate the conclusions in the report.

GENERAL COMMENTS

The KBS projects, first on reprocessed waste and now on spent fuel, have
been innovative and have introduced a multiple-barrier concept into the
international waste disposal literature. The philosophy is attractive,
because there is no such thing in technology as absolute certainty. Therefore
multiple systems, each of which provides a very high degree of safety, have
been combined to provide a total system in which the result should be many
factors more safety.

There appear to be only two potential significant problems with such an
approach. The first is human error or inability to execute the plans as put
forth in the KBS documents. Part of the overall safety of the KBS concepts is
provided by temporary near-surface storage to reduce the heat load of the
final waste package. In part this is required because of the low thermal
conductivity of the backfill barrier. In a perfect world, safety is
enhanced. However, if one assumes a societal breakdown during the 40 years
storage- the ultimate risk to the biosphere would be far less if nuclear waste
were permanently disposed as soon as possible and without a backfill barrier
rather than put in intermediate storage. The hazard from nuclear fuel
declines exponentially from the time it is operating in the reactor and is
comparable to other natural hazards beyond a thousand years. A case could be
made that the system with the least total hazard to the biosphere would call
for the permanent disposal at the reactor site of waste immediately after
discharge from the reactor. Apparently our current society is prepared to
accept comparatively high levels of certain present risk while anguishing over
uncertain but trivial levels of future risk.

The second potential problem with the multiple b?rrier approach is that
of d leterious interactions among the barriers This potential problem seems
to have been recognized and addressed in the technical evaluations of the
barrier performance and Thus it seems reasonable to assume that the barriers
together are more safe than each acting individually. Therefore, the
principal thrust of the rest of this review is to address specific items
throughout the report. These will be covered volume by volume and section by
section.

-2-
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Volume I: General

In Volume I, Chapters 5 through 11 are condensed versions of Chapters 2

through 8 in the Technical Volume.

The levels of detail in this study may be summarized as Follows:

1. Very General, Summary Chapter of Volume I

2. General, Chapters 2-11 of Volume I

3. Moderately detailed, Volume II

4. Detailed. KBS Technical Reports

The issue with Volume I is whether the very general and general state-

ments are consistent with and supported by Volume II. Although we are

familiar with some of the KBS Technical Reports, the present review is based

on Volume II alone.

The sunmary chapter of Volume I reproduces the broad conclusions of the

report. It adequately represents the statements in the rest of Volume I.

There are instances where Chapter 2-11 of Volume I do not seem to

summarize Volume II, but rather add new material or make unsupported con-

clusions. As a specific example the table on page SO, Volume I, is conden.ed

from that on page 185, Volume II. Both the number of nuclides and columns of

data were reduced. The table in Volume II shows elements such as iodine,

which has a retention factor of I. Leaving this out changes the information

content of the table as seen in Volume I. Further, many elements show a

reduction in retention factor from column 1 to column 2 in the Volume II table

(oxidizing to reducing environment), not an increase as implied in the Volume

II text. (It is true that all values increase from column 1 to column 3 and

leaving out the oxidizing column in the Volume I condensation is probably

justified for the points made )

-3-
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Upon looking into the table, page 185, Volume II, the following points

are clear and no_t made in Volume I regarding the table on page 80:

1. The retention factors are calculated from Ka values, not K.
values. Generally the errors in measuring K. 'mass-based) are
significantly lower than for Ka (surface-area based)

2. The ratios between the short contact and long contact time columns
would be significantly less if based on the K .'s presented in Table
7-1. page 184.

3. The text, page 184, states that the column headed "reducing environ-
ment, short contact time" was actually measured in an oxidizing
system.

4. The values for uranium, neptunium, and plutonium in the column
"reducing environment, short contact time" are theoretical rather
than measured

It is very difficult to generalize and condense technical material.
Generally speaking, Volume I is a reasonable generalization of Volume II, but
as Dr. McClain points out the tone of Volume I seems more positive than Volume
II.

-4-
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Volume II: Technical

Chapter 2: Facilities
Generally Chapter 2 is informative and straightforward. The facilities

it describes are similar to those operating today in other contexts. Only two
specific comments are made with respect to Chapter 2.

Page 12-13. The second paragraph, page 13, makes an assertion which
could be documented with references Although the text refers to the use of
zircalloy since the 1950's, most zircalloy rods in storage are not that old,
and no zircalloy rods have been yet stored for 40 years. This is probably not
a problem, but the statement seems unsupported.

Section 2.3. Dr. McClain has some comments concerning the complexity of
the operation (see letter attached). The question arises: Why not just re-
process the fuel? One supposed advantage of the disposal of spent fuel which
has been advanced in the United States is the simplicity of fuel handling and
reduction of possible worker exposure compared with reprocessing. After read-
ing section 2.§v, I fail to see any such advantage.

A point to which I will return repeatedly can again be made. Safety in
the KBS viewpoint seems to be something that begins when the hiqh level waste
has been placed in the repository. And a areat deal of effort has been put to
evaluating the difference between 10 versus 10 risks 10 years in
the future. Conversely there seems to have been very little systems eval-
uation of 10 risks 10 years from now. This section is an example. Is
the increased safety 10 years from now due to pumping molten lead into the
canisters under a vacuum achieved at a significant decrease in present
safety? This issue is not addressed anywhere in the report.

Chapter 3: Geology
This chapter is considerably improved compared with the Geology volume of

the KBS report on reprocessed waste. Dr. McClain has some reservations, which
are sumnarized in his attached letter. My comments follow.

As Dr. McClain points out, geologic processes are episodic, not continu-
ous. Over a long period of time, with a random distribution, they may appear
continuous but fundamentally geologic events are episodic. This chapter does
not reflect understanding of that point. A practical example occurs at the
bottom of page 86. The implication of the text is that the hydraulic
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conductivity started at zero one billion years ago and has increased to the
present value at a constant rate. In fact the hydraulic conductivity could
have been higher in the past and decreased to its present value. Fracture
systems often become hydraulically sealed by mineralogic deposition.

With regard to the assertion (page 88) that later movements will follow
existing fracture surfaces, this is true only if the stress field causing the
displacement is similar to that which created the original fractures. If the
stress field is rotated sufficiently, a new set of deformation surfaces will
be created.

Having made the above caveats, let me state that I am in qeneral aqree-
ment with the remarks about the stability of the region and the low probability
of new faults or extensive fracture movement, at least for the 500 to 1000
years duration of any significant hazard.

With regard to use of a matrix permeability model for a fracture flow
system, this is common practice and works successfully in many applications
provided that the fracture spacing is small compared with the volume of rock
modeled. The use of simplistic ubiguitous fracture models does not really add
assurance with respect to the real issue: is there channeling of the flow in
a few dominant fractures? It is more important to determine whether 90% of
the flow is through a few fractures than to know, as stated on page 106, that
99.9% of the flow is through fractures rather than matrix. This is because
channeling of the flow along a few dominant fractures would vastly (orders of
magnitude) reduce the surface available for retardation reactions with
nuclides.

As pointed out in the discussion, as lono as the waste is isolated from
highly transmissive fractures, they are of little practical conseauence.
However, potential connections with highly transmissive fractures such as
shafts, boreholes, post-emplacement faults, etc. need to be analysed. (The
effect of bedrock movement is indirectly addressed on page ?54, but not with
respect to becoming a conduit to a highly permeable zone.) In this
connection, McClain's observation (see attached! about the absence of borehole
or shaft sealing studies in the KBS report is hiohly nertinent. (I do not
regard drawing 16, page 81, and the discussion on pages 42-43 as adeauately
addressing the subject.)

-6-
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Unlike Dr. McClain, I am not impressed with qroundwater ane datinq with
Carbon-14. One can mix very young water with older water to obtain an
intermediate age, or conversely very young water can dissolve old carbon from
carbonate minerals. Neither of these issues are noted in the discussion.

In general. I aaree with the points made in the summary and find
particular encouraging the specific example of the oil caverns at Karlshamm.
I agree that an adequate body of rock can be found in Sweden for a high level
waste repository.

Chapter 4. Buffer Material
The suggestion of pure bentonite as backfill buffer material is a major

technical contribution of this report. Dr. McClain raises a number of
questions relative to the technique (see attached). His concern (and mine)
reduces to the simple fact that this concept has not been field tested. In
addition to his comments, I have a few.

Because the bentonite swells when wet, it must either (a) remain dry
indefinitely or (b) swell about 16% in total (2.7 T/m3 to 2.3 T/m3 for the
blocks). Given an approximate storage hole volume of 13.6 m and canister
volume of 2.2 m3, the 11.4 m3 of backfill would swell about 1.8 m3.
This does not seem to be a trivial volume. Some of the swelling will be taken
up by the cracks which are filled only with 1.75 T/m density powder, but
this volume cannot take up 1.8 m of swelling. Mention is made (page 131)
of a density of 1.4 T/m . The swelling to get to this density would involve
much greater volumes

A few words should be said about heat transfer. The rock has a thermal
conductivity of about 3.0 W/m#K. a larqe air gap has an equivalent conductivity
of about 21 W/m-K, and ?.O T/m3 bentonite about n.75 W/m-K (paqe 132).
Highly dense, dry bentonite (as originally emplaced^ probably has a thermal
conductivity in the ranqe 0.2 to 0.5 W/nrK No calculations are presented for
such low values. Forty year old fuel has a trivial heat output, and the only
reason such high temperatures as 77°C are attained on each canister is the
very low thermal conductivity of the bentonite. No comparative discussion of
the safety alternatives of putting a canister directly into a hole in granite
without backfill, but using 5 year old fuel, is given. This again relates to
the risk of forty-year temporary storage being unevaluated.

-7-
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une unanswered question regarding the bentonite buffer: on page 139,
there is the statement "Ferrophosphate is not added to the storage hole".
Although it is pointed out that the oxygen volume is small, this is the oxygen
nearest the canister. Why not add ferrophosDhate to the storage hole buffer?
Is there a reason?

Despite these questions the concept of the buffer is a powerful one. It
should be developed and the good attributes probably will lead to its use

Chapter 5: Canister Material

The comments for this chapter do not address the issue of the survival of
the copper canister. Although one can raise questions about unforeseen
circumstances invalidating the arguments put forth, in general the survival of
the described canister system for a long period of time seems reasonable. The
issue I wish to raise is that of the canister being an economic resource.

A strong point is made in the safety analysis (page 257) that "The final
repository is situated in one of our most common types of rock which does not
contain any valuable minerals which could conceivably be considered for
profitable extraction". This statement does not consider the canisters
themselves as a resource. Under current economic and regulatory conditions,
one could not remove the canisters profitably. But a few hundred years in the
future who is to say that the combination of copper, lead, U and Pu would not
be profitable to extract? Use of the alumina canisters described in Appendix
1 would obviate part of the economic incentive. (Reprocessing would eliminate
the other part.)

Again I am concerned that in order to eliminate risk at 10 years, it
has been increased at 10 years. Undoubtedly some form of highly effective
canister will be required. At this point the alumina canister seems more
promising from a total safety standpoint. In other parts of this review, the
fact that copper and lead themselves are toxic when dissolved in water will be
addressed Alumina is not potentially toxic.

-8-



245

Chapter 6: Leaching and Material Transport
Some detailed questions on Chapter 6 have been provided by Dr. Isherwood

(attached). The title of this chapter is confusing. The only material
transport considered is through the buffer material and close-in fissures.

The leaching data are straightforward, though sparse. It is clear that
far less is known about the leaching performance of spent fuel than about
borosilicate glass.

Aside from Dr. Isherwood's comments, the only other comment in Chapter 6
is that the purpose of Section 6.8, "Sodium-calcium ion exchange in Bentonite"
is not stated, nor is it evident. The relevance of this material should be
stated.

Chapter 7: Dispersal Mechanisms for Radioactive Elements
In this chapter, only Sections 7.1 through 7.3 were evaluated. Some

specific comments by Dr. Isherwood are attached.
My general comment is that this section is relatively brief and not

significantly improved from the first KBS report. The areas which I note
positively are the reference to studies at Studsvik, and the addressing of the
issues of organic complexin" agents and colloids. Unfortunately there is
actually very little about the Studsvik results in this report, but I am
familiar with it from other sources. More field measurements should be made,
preferably at depth in a mine, in order to confirm retardation factors in situ.

Some discussion of Tables 7-1 and 7-2 was given earlier. In qeneral I
find this section unsatisfying. Reporting results of contact times of 7 days
is not realistic when times of hundreds or thousands of years for transit are
minimum. In fact, the contact time is not the issue - was equilibirum
achieved. K. is defined as an equilibrium constant, although 95* of those
reported were not determined under equilibrium conditions

In general, ranges should have resulted from the experiments. Ranges and
not single-values should be shown.

In Figure 7.4, only single results are shown, yet a retention factor
range for uranium of 40 to 190,000 is given on page 187. Which was used?
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Chapter 8: Safety Analysis
In Chapter 8, the safety analysis of the first KBS report is used for the

central storage facility and the transportation system.
In the referenced central storage facility, there is no evaluation of the

consequences of total social breakdown, yet the described facility is not
passive. It is water-cooled, and the temperature will reach boiling in a
little over a week if cooling is cut off. It was noted that water could be
added to keep the fuel covered even with boiling, but no analysis was made for
the facility being totally unattended. The facility is only 30 m below
ground. One safety scenario which should be analysed is total social
breakdown for several months with the fuel unattended.

An extremely detailed analysis of earthquake potential is given in
Chapter 3 where it is stated (page 86) that "the probability that a circular

2
rock repository with a surface area of 1 Km will be hit by a new fault is
reported to be 5 x 10 in 10,000 years. Yet a much more abbreviated
analysis of transportation risk is given in the first KBS report Volume IV,
4.4 when the annual probability of the "severest type of failure" is 3 x
10" . It is not even clear that there would be any adverse consequences
were a repository intersected by a fault. The "severe failures" on the other
hand all result in a release of radioactivity. This is another example of the
imbalance between present relatively higher risk versus future trivial risk.

On page 212, Section 8.3.2, I do not have to read the reference to know
that zircalloy rods have not been stored in neutral pure water for 100 years.
The sentence is written to imply such experience.

On page 226, there is no justification for using set b retention factors,
Set a either should be sufficient or replaced by one which is acceptable.

On page 256, acts of war and sabotage are discussed, but only in
reference to the final repository. As noted elsewhere, the effect of societal
breakdown on the central storage or encapsulation facilities should be
analysed.

In Section 8.7.5, no consideration is given to the canisters themselves
being an attractive resource target at some future date.

As an overall comment on Chapter 8, there are numerous conservative
assumptions scattered throughout. Therefore, on balance, it does not seem
terribly significant to question the use of canister penetration times as long
as stated. This is particularly the case in that after about 1000 years, the
hazard of even spent fuel is significantly reduced.
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Comment on the addition of lead to the canisters.

A short comment is added because there seemed no specific section in
which to address this issue. Lead is itself toxic (as is copper to a much
lower degree.) The relative toxicity index of lead ore with only 5.8% lead is
is several orders of magnitude greater than uranium ore with 0.2% U (see K. A.
Tonnessen and J. J. Cohen, "Survey of Naturally Occurring Hazardous Materials
in Deep Geologic Formations: A perspective on the Relative Hazard of Deep
Burial of Nuclear Wastes", Lawrence Livermore Laboratory Report UCRL-52199,
January, 1977). On page 136, it is shown that there are 2.5 tons of lead
metal compared with only 2.0 tons of U02 fuel. Unlike the radionuclides,
lead does not decay and the public drinking water standard shows that on a
mass per unit volume basis the lead is 2000 times more toxic than uranium.
Therefore, the addition of lead will raise the total toxicity of the waste
packages more than any reduction relative to retardation of the escape of
radionuclides.
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Review of KBS Technical Volume - Chapters 6 and 7 by D. J. Isherwood
Lawrence Livermore Laboratory, University of California

Livermore, CA 94550

Section 6.4.1, page 155

The solubility of U is more complex than suggested in this section. U in
spent fuel is in the reduced state. Although the oxidation potential at which
the U (IV) will be oxidized to the uranyl ion and form the stable carbonate
complex is dependent on the carbonate concentration, other factors such as pH,
the presence of organic complexing agents and reducing agents could dominate
the solubility of UO^. In the second paragraph, the calculations on UO?

solubility are based on the assumption that solubility limits control the
leaching of the UO^. In a slow flowing groundwater system, this is a
reasonable assumption, however some mention should be made of the possible
role of kinetic controls (i.e., the rate at which U (IV) is oxidized to U
(VI). If the rate of release of U ions is less than the groundwater flow rate
or the rate of diffusion, solubility controls will not be important.

Section 6.4.2, Third Paragraph

It is assumed that radium concentrations will be limited by RaSO.
solubility. This may be true, however little is known about the formation of
radium compounds (e.g., RaCO3). I have the feeling RaS04 is quoted only
because it's the only insoluble radium compound for which we have
thermodynamic data.

Section 6.4.4. Page 156
This section on plutonium is based on numerous unstated assumptions. For

example, the solubility of Pu assumes that Pu carbonate complexes will form,
yet does not state which complex is dominant. What groundwater composition,
Eh and pH was used to make this calculation? Was it one that was mentioned
earlier? If so, it should be referred to in the text. It is apparently
assumed that Pu solubility is controlled by carbonate content. Our present
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state of knowledge is very limited on this subject. Pu carbonate complexes
have not been identified in natural waters and the poor quality of the
thermodynamic data for Pu carbonate complexes makes predictions based on
theoretical calculations risky.

Section 6.5.1, Page 157, Second Paragraph, Third Sentence
It is mentioned that "other orientations have also been studied". Did

changing the orientation of the fractures make any difference in the results?
This is very important for it is unlikely that all fractures in granite
intersecting the hole will be perpendicular to the wall.

Section 6.5.3, Page 158, Fourth Paragraph
What is meant by "these data"? No data is given above that would allow

us to conclude that "mass transport by diffusion is considerably greater than
transport by flow". Whether diffusion is more important than advection is
highly site specific.

Section 6.5.4
Recent work by Argonne shows that the linear adsorption theory cannot be

assumed for all nuclides.
The role of solubility controls on radionuclide concentrations in

groundwater deserves more attention. Is it covered in depth elsewhere in the
report? No reference is provided in the third paragraph to support the
conclusions.

In the fourth paragraph, the discussion on the model results from
reference 6-23 is inadequate. More supporting information is needed. For
example, what were the assumptions?

Section 6.5.5, Page 159
"Retention times" is used with no definition. The retention factor is

not even defined until Section 6.7. In the last sentence what is meant by the
phrase "the substance in question?" Again, there are many unstated
assumptions. Giving the reference is not sufficient. The reader should not
be forced to read every reference to follow the basic line of reasoning.
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Section 6.5.6
The second sentence conflicts with the statement in Section 6.5.3 that

says the clay in the fissures is NOT as compact as the clay in the hole. Does
this mean that diffusion through the clay's interlayer structure is greater
than that around the clay particles?

Section 6.6.2, Page 161
In Section 6.4.1, it was stated that carbonate content controls

leaching. In this section, there is no mention of carbonate's role until the
next section, yet a solubility of 2 ug/1 at pH 8 is given. A single value for
uranium solubility without stating the Eh and groundwater composition is
misleading.

Section 6.6.3

This is a poor discussion of carbonate's role in uranium solubility. The
U carbonate complex is not identified. There is no mention of the uranyl
ion. The statement "this approaches the level of cations in the Gulf ..." is
meaningless. To what cations are they referring? What does the Gulf of
Bothnia have to do with U solubility?

Table 6-1, Page 162
What is the "relative mass transfer resistance"? Where did the values

come from that are presented in this table? Are they a comparison of
permeabilities, porosities or what?

Table 6-2, Page 164
How were the retention times calculated? A distance and velocity must be

assumed. If Tc and I migrate with the groundwater and take 2 years, why
doesn't it take 2000 years for Sr with a retention factor of 1000?

Section 6.7. Page 165
It is stated that Cs-137 has a retention time greater than 25 half-lives,

yet the 700 year retention time is less than 25 x 30 which equals 750.
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Section 6.8, Page 166. and Table 6-3

The parameters used in the table (e.g., 2b, U , etc.) should be
defined. Are they the same as those in Table 6-1?

What is the actual column difference between calcium bentonite and sodium
bentonite? We need to know this in order to evaluate the significance of this
exchange.

Section 6.9, Page 167

The explanation for the central case 5 in Tables 6-1 and 6-2 should be
stated earlier. Very confusing to have to search ahead for an explanation in
the text.

Section 6.10.4, Page 169

What concentration of fulvic add was used in the calculations? This
kind of Information is needed in the text even if a reference 1s given.

Section 6.10.5, Third Paragraph

This discussion is confusing. In Section 6.10.2 a third phase is
considered following the dissolution of Ca(OH)2. Here, it is stated that
the dissolution of Ca(0H)2 essentially goes on forever (i.e., 24 million
years).

How was the conclusion reached In the last paragraph?

Section 7.3.5, Page 183
This section is confusing. Where does the 30 m /kg come from? Isn't

it necessary to know the fracture width to calculate the adsorption area?
Equation 9 bothers me. It is based on equations used to describe porous flow
and then relies on Snow's assumptions for fracture flow. In Section 7.2.3, a
paragraph 1s devoted to warning the reader that 1t 1s doubtful whether Snow's
model can be used to describe fracture flow. A discussion of the uncertainty
created by using untested models is absolutely necessary.

Table 7-1. Page 184

How reliable or reproducible are the values given in the table?

-15-



252

Page 184

A more complete explanation is needed as to why a reducing environment
will "have considerably higher K. values than in an oxidizing environment"
for Am, Np and Pu. What are the stable species in these environments that
make the statement valid?

Page 184, Second Paragraph beginning with "In the Column..."

Aren't the results given here an indication that the experiments were not
a*, equilibrium? They are therefore minimum distribution factors, but they are
strictly speaking, not K.'s which are usually defined as equilibrium
distribution coefficients.

Section 7.3.6, Page 185
The fourth sentence mentions "the model for residence time distribution

described above." Where is this model described? What is "residence time
distribution"? Is the model represented by Equation 3?

Page 186
The use of the term "dilution" is not clear. Is it a mechanism separate

from dispersion? How does it occur? In the mass transport equations, is
there a separate term for dilution? I'm confused once again.
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1502 West Boulevard
Rapid City, SD 57701
November 28, i979

Mr. Larry D. Ramspott
Lawrence Livermore Laboratory
University of California
Box 808
Livermore, CA 94550

Dear Larry:

This letter constitutes my review of the report Handling and final
Storage of Unreprocessed Spent Nuclear fuel (Volume I - General and
Volume II - Technical by Karnbranslesäkerhet (KBS), 1978. This review
is based solely upon study of the subject report. Time did not permit
checking secondary material cited in the references nor reference to the
KBS report on solidified waste. However, I am familiar with and have
previously studied both the earlier KBS report and many of the cited
references.

Almost all of the following comments are negative in tone — raising
questions, pointing out deficiencies, etc. This is because it was my
understanding that a "critical" review was desired. The tone of these
conments should not be construed as an overall negative reaction to the
report. In fact, just the opposite would be much closer to the truth.
As was the case for the first KBS document, this follow-up report is
once again a very nice piece of work. It is clearly written, represents
an extremely broad yet thorough evaluation of a very complex technology,
was completed most expeditiously and, I feel, successfully achieves its
stated goals and objectives.

The following comments are grouped into a few broad topical areas.
Unless otherwise indicated, the comments refer to the "technical" portion
of the report (Volume II). The "general" portion (Volume I) is simply
a generalized summary and extended abstract of Volume II; that is, it is
both a selection of and a linear reduction of the most important points
in Volume II. By way of a general comment, I felt that Volume I was
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Mr. Larry D. Ramspott
Page 2
November 28, 1979

perhaps a little too generalized, a little too pat. Many of the state-
ments were made in an overly definite and positive tone. In the more
complete discussion of the same points in Volume II, reservations,
caveats and alternative interpretations or conclusions are revealed
which do not justify the earlier tone.

A. Dismantling/Encapsulation of Fuel Assemblies

The entire handling sequence following removal from the 40-year

storage seems to be very in t r ica te , complicated and hence subject to

accidents. In the scenario presented, I understand the necessity of a l l

this monkey-motion; in no other way is i t feasible to get the fuel rods

into a 200mm-wan copper canister; however, the cost is excessive. A

handling system involving (among other things): i ) remote manipulator

dismounting of fuel assemblies, 2) remote mi l l ing away of stuck nuts,

3) remotely controlled transport wagons equipped with a hydraulic jack

capable of raising a load of fuel pins several meters, and 4) pumping

molten lead under a high vacuum, would seem to add up to a disaster

waiting to happen. Furthermore, I think the estimates for the amount

of codding damage in 40-year-old fuel w i l l be grossly overoptimistic

for routine operating conditions. Both of these points would lead to

contamination of the operating cel ls far exceeding expectations which,

in turn, might make clean-up for equipment repair and servicing or for

eventual decommissioning questionable.

As an additional re lat ively minor point, I am sure others have

pointed out the fundamental problem with helium leak testing of the

seal weld around the canister l i d . How is this to be accomplished?

Perhaps with a valved f i t t i n g ; but then, doesn't the valve have to be

seal welded . . . and helium leak tested?

B. Bentonite As Emplacement Hole Backfi l l Material

By far , the newest and most radical concept presented in this report

is the use of pure bentonite as a buffer material emplaced around the

canisters of spent f ue l . Bontonite may, in f ac t , be an ideal material

for this purpose and the discussion of i t s properties and performance



Mr. Larry D. Ramspott
Page 3
November 28, 1979

would certainly suggest that it has considerable promise. However, the

description of its many attributes was totally unsupported by any hard

evidence in many cases. The most blatant of these omissions was the lack

of any test in a real or simulated rock environment. There are a number

of specific points about its performance which bother me:

1. I will accept the fact that bentonite swells appreciably
upon hydration, tending to seal off pathways for water to
reach the canister surface. I am much less comfortable
with the concept of the wetted clay penetrating the very
fine fractures in the surrounding rock an appreciable
distance (under the impetus of its own swell pressure),
thereby sealing them. Having stated all this, the
report then goes on to assure us (page 133) that the
wetted bentonite from the implacement hole will not
pervade the pore spaces in the room backfill material,
which must be much larger. This appears to be a major
inconsistency in the argument.

2. Perhaps my major concern relates to the swell pressures
developed as the compressed bentonite blocks are hydrated.
The discussion of this issue was very generalized and
idealized, leaving me with many questions. For example,
what is the stress distribution in both the surrounding
rock and the bentonite blocks themselves at various
stages of hydration? What is the worst configuration for
partial (geometric) hydration; i.e., is bottom only worse
than one side only? What are the consequences of such
partial geometric hydration? Is there any configuration
which enhances water inflow by fracturing the rock or the
bentonite blocks?

j. The entire story on the bentonite sounds a little incon-
sistent and perhaps a little too-good-to-be-true. For
example, it has a high bearing strength, yet squeezes
into the fine fractures in the rock. It has a swell
pressure insufficient to fracture the surrounding rock,
yet supports the overburden, thereby penetrating subsidence.

, '• ' " • " t " i

4. On page 39 it was mentioned almost in passing and without
elaboration that the "drainage holes" at the sides of the
disposal room would be grouted with bentonite (either
pressure or electrokinetically). I failed to see the
philosophy or strategy of this treatment. Is the rock sc
permeable that remedial action is anticipated? What is
the improvement (reduction) in permeability? What are
the adverse effects of such treatment on the country rock?
Fortunately, no mention of this treatment was made in later
sections, nor credit taken in the calculation of inflow rates,
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etc. On the other hand, if it is not important
and does not contribute anything, why do it?

5. I v,as both shocked and impressed to find that the
entire question of borehole plugoing, which is a
major element of the U. S. program involving several
million dollars of R & D effort, was discharged in a
single sentence exactly Zh lines long (page 43).

C. Geology and Hydrology

A first and general comment is that I found much of this chapter,
especially sections 3.3 and 3.4, to be unsatisfying. I realize that
these sections in particular are used report field work and new in-
formation subsequent to that contained in the first KBS report, but the
story should still stand alone in a self-contained manner. These sections
do not, primarily because of the excessive use of references to make a
necessary point without even saying what the point is or saying it only
in an overly terse and cryptic manner.

Next, I really question the validity of the argument (page 88) for a
constant rate of change of the rock over 10^ years even when applied
to the "average" permeability (whatever that really means) and even when
taking historical time in several million year units. The entire corpus
of geological knowledge would imply that these changes occur as discrete
episodic events which are more-or-less randomly distributed in time. The
curves of Figure 3-3 (page 89) are unconvincing in this regard, since with
the data shown they could just as easily have been drawn to show episodic
changes. I believe a much stronger case could have been made for some
limit to increases in permeability in the future few million years than to
involve a constant rate.

The sections on groundwater flow volumes and velocites (sections 3.4.3
and 3.4.5) espouse an argument which is much more tenuous than the tone of
the discussion implys. It is not that the development of the logic is
wrong, it's just that I don't believe that groundwater flow in fractured
rock can be analyzed using matrix permeability concepts, at least at the
scales of interest for waste disposal. Furthermore, it was my impression
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that the author didn't believe it either. The development of the section

leaves me feeling that it is weak, uses lots of words to cover lack of

adequate analytical methods, and outrageously conservative assumptions to

cover the lack of both understanding and data. It seems to me that the

entire section could be improved considerably by simply saying that science

of hydrology is not sufficiently developed to handle a rigorous analysis

of fracture flow systems — but that a worse case can be estimated using

matrix permeability analogies and conservative assumptions. Practically

the only place where the deficiencies of the presented analysis is discussed

is in the paragraph describing the Darcy and Snow models.

It should also be pointed out that this matrix permeability approach

leads to an overemphasis of the groundwater flow volumes. For fractured

media flow, it is the flow velocity, especially in the few preferred

"channeled flow" circuits, which is of dominant importance.

Finally, I would like to add that the section on groundwater chemistry

and age dating (section 3.5) is very good and very pertinent. It provides

what amounts to the sole support for the hydrologic projections.

D. Nuclide Transport and Safety Analysis

I have two major comments in this area. The first concerns the

several calculations of radionuclide transport, retention times, etc.

All of this material is based upon the conventional wisdom related to

chemi-sorption, equilibrium distribution coefficients, and the like

(albeit with again ultraconservative assumptions). In the actual case,

the transport characteristics of Jisso1ve.' nuclides through fracture

permeability are not understood. However, it is clear that the standard

approach using equilibrium (Ko) relationships is not valid. As in

a previous comment, these types of analyses may be the best available and

may serve as an estimate of the upper limit, but these reservations should

be stated.

The second comment concerns the safety analysis. On the one hand, I

felt that the description of the safety analysis in Volume I was so startlingly

colorful (presumably in an effort to appear objective) as to be misleading.

On the other hand, I had great difficulty understanding what the safety

analysis in Volume II (section 8) was all about. I finally concluded it
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was actually a description of a sensitivity analysis of a safety analy-
sis -- that is, a discussion of the effects of different assumptions
on the results of the safety analysis. It may be very interesting
to the technician that drastically different assumptions, even by several
orders of magnitude, have a negligible effect on the overall result,
but I feel that this approach is, in general, an attempt to obfuscate.
I was also disappointed that there was no discussion any place in the
report on the "expected long-term performance" of the repository. I would
have thought that such a discussion would ordinariiy serve as a starting
point for a "safety analysis" of unexpected or abnormal events.

This completes my review of the subject KBS report. Once again, the
negative tone of the above comments should not be taken as an overall
negative reaction to the document, but as an effort to improve an
already extremely well done and significant contribution.

Sincerely,

f
William C. McClain

WCM/rke
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! AWRENOr i IVtRMORE LABORAffJ, V

January 22, 1980

WI:LDR-80-8

Mr. Lars Hjorth, Head
Department of Energy
Ministry of Industry
FACK
S-10310 Stockholm
SWEDEN

Dear Mr. H jo r t h :

In the comments on the KBS report t ransmit ted to you on December 21 , 1979,
we remarked in several places on the t o x i c i t y of lead. A f te r my December 21
l e t t e r , we completed a summary of a paper "Lead Encapsulation of Nuclear
Waste: A Risk Assessment", by Jerry J . Cohen, David G. Coles, and Lawrence D.
Ramspott. This paper is to be given at the American Nuclear Society Annual
Meeting, Las Vegas, Nevada, June 8-13, 1980. A copy of the summary submitted
to the Proceedings is enclosed fo r the purpose of documenting our assert ion
that the t o ta l t o x i c i t y o f the waste w i l l increase as a resu l t of adding the
lead.

In the process of completing the above paper, we found an item of
information which may be of i n te res t to you.

In an evaluat ion of metal-matr ix waste forms, the U.S. National Academy of
Sciences noted that s t ra teg ic shortages of lead are projected by the year 2000
(NUREG/CR-0895, " S o l i d i f i c a t i o n of High-Level Radioactive Wastes", N a t i c a l
Academy of Sciences, Washington, DC, July 1979). The o r i g i na l reference is
National Commission on Mater ials Pol icy (1973), "Mater ia l Needs and the
Environment Today and Tomorrow", U.S. Government P r in t i ng O f f i ce , Washington,
DC.

In rechecking the KBS repo r t , I noted that the a v a i l a b i l i t y of Cu and
bentonite were discussed (p . 6 & 7, Vo l . I I ) . However, no discussion of the
a v a i l a b i l i t y of lead was included.

Please consider these comments an addendum to our submitted review.

Sincerely yours,

Lawrence D. Ramspott
Leader, Waste Isolation Projects

LDR/wq
Enclosure
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LEAD ENCAPSULATION OF NUCLEAR WASTE: A RISK ASSESSMENT*

Jerry J . Cohen, David G. Coles, and Lawrence D. Ramspott,
University of Ca l i fo rn ia

Lawrence Livermore Laboratory
Livermore, CA 94550

SUMMARY

The proposed use of lead metal as an encapsulation material for nuclear

waste is based on a perceived enhancement of safety. The purpose of this

paper is to point out that overall safety will likely be degraded by such an

approach. This is because of several facts about lead: (1) per unit mass,

lead is of equal or greater toxicity than many radionuclides, (2) via

ingestion, lead is over 2,000 times more toxic than uranium-238/ • ' (3) as

a stable element, lead's toxicity will persist forever, (4) lead is also

carcinogenic, mutagenic and causes many of the same adverse effects as

radioactivity (radiomimetic effects). Comparison of biological effects is

therefore considered a valid procedure.

One application of lead is in a waste form where glass or ceramic pellets

of high level waste are encapsulated in a lead or lead alloy matrix.* '

Advantages cited for this approach are: superior heat transfer through the

lead, demonstrated corrosion resistance of lead in aqueous environments, and

improved resistance to mechanical fracture of the pellets due to ductility of

the lead. It is also suggested that the encapsulated pellets would be

essentially crack-free whereas a glass monolith is subject to thermal

cracking, thereby greatly enhancing the surface area available to leaching.

The cited disadvantages are increased process complexity, low waste loading on

a per canister basis (<40X of composite volume), and increased economic cost.

A second application of lead metal in waste isolation is as a migration

barrier within the waste canister. This approach has been advanced in con-

ceptual designs by the Swedish Nuclear Fuel Safety (KBS) project.* ' For

vitrified reprocessing waste, the steel canister containing the vitrified

waste is cast in lead inside a lead-titanium outer canister. The cited

advantages of the lead are resistance to corrosion and radiation shielding.

"Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore Laboratory under contract number W-74O5-ENG-48."
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For the disposal of spent reactor f u e l , the fuel pins are cast in lead inside

a copper canister . I n addition to corrosion resistance and radiation shield-

ing, the addi t ional advantage of resistance to mechanical deformation is c i t e d .

The proposed KBS canisters for high-level wastes include a cylinder of

glassif ied waste and a 100 mm thick lead cover. The t o t a l weight of the

canister is 3.9 tons and the estimated weight of the lead is 3.3 tons. The

t o x i c i t y index (volume of water required to d i l u t e the material to safe public

drinking water concentration assuming complete s o l u b i l i t y ) for a KBS canister

is shown in Figure 1 as a function of t ime. I t may be noted that because of

radioactive decay the t o x i c i t y of the nuclear waste becomes less than that of

the lead cover in approximately 500 years. Given that the objective is long

term (1000 yr +) p r o t e c t i o n , the lead might pose the greater environmental

problem i f i t were as b io logical ly available as the waste.

We have determined the corrosion s t a b i l i t y of Pb by conducting a leaching

experiment on Pb shot and comparing the results to those obtained on z inc-

borosi l icate glass doped with both Np and Pu.* ' Both experiments were con-

ducted at 25°C in 0.03N NaHCOj and in the laboratory atmosphere using a

continuous-flow single-pass leaching apparatus.* ' Volume flow rates for the

glass experiment varied from about 10 to 300 m i l l i l i t e r s of bicarbonate water

per day. The Pb experiment used a flow rate of about 100 mil i l i t e r s per day.

Figure 2 presents the data obtained from these two experiments plotted on

the same graph. Leach rates for Pb shot and the glass (based on both Np and

Pu) under nearly ident ica l conditions are very s imi la r . Data obtained at the

Pacif ic Northwest Laboratory for actual spent fue l as based on the uranium

release rate in d i s t i l l e d water at 25°C and using a Paige leach-test

apparatus covered the same range of leach ra te values.* '

One can conclude from these experiments that Pb leaches at rates comparable

to actinides in z inc-borosi l icate glass under ident ica l conditions. Pb leach

rates are also near the values obtained for spent fue l leached under s l igh t ly

d i f fer ing conditions. Considering the Teachabil i ty and inherent tox ic i ty of

lead i t s e l f , i ts use to enhance long term safety of nuclear waste disposal

should be viewed with caution.
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Figure 1. Relative Toxicity of KBS Nuclear Waste Canister.
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Figure 2. Leach Rates of Pb Shot and Borosilicate Glass (Based on Pu and Np)

with 0.03K NaHCO, Waterat 25°C and in Laboratory Atmosphere.
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United States Department of the Interior
GlOUKiKAL SI-RVHY

RhSTON. VA. 22(W:

In Reply Refer To: ttFP 9Q
Hail Stop 959 *1' Z 8

Dr. Lars Hjorth ,- '
Head of Energy Department , ' | T ,
Ministry of Industry -// li 'v^
S-103 10 Stockholm '" ' '
Sweden
Dear Dr. Hjorth:

Staff members of the United States Geological Survey have reviewed earth
science aspects of the two volume KBS report entitled "Handling and Final
Storage of Unreprocessed Spent Nuclear Fuel". We view this document as
the plan for a theoretical generic concept of a radioactive waste repos-
itory. In our judgment the copper canister proposal appears adequate
for at least thousands of years under the conditions described, and that
those technical difficulties or data gaps which we perceived can probably
be resolved through further research and development efforts on the con-
cept. Examples would be consideration of alternative canister materials
less demanding on resources and attractive to future civilizations, and
field characterization of prospective sites. The proposal discussed in
the report reviewed seems to suffice to fulfill the Swedish Stipulation
Law (SFS 1977:140).

We are concerned that one topic has not been adequately resolved. Pos-
sible future human intrusion stimulated by the presence in the repository
of large amounts of copper and uranium is of concern because it is one
of the most credible ways for wastes to be returned to the biosphere.
The treatment of this problem in section 11.3.12 (Vol. I) or 8.7.5 (Vol.
II) is cursory.

Regrettably, at present only a judgment of the generic case is possible.
Before we could conclude that sufficient basis existed for constructing
an actual repository along the plans outlined in the KBS volumes reviewed,
we would need to review much more comprehensive geological and hydrological
data that adequately characterize a specific site. Of particular concern
would be the ground-water flow characteristics of the site, particularly
the spacing and hydraulic conductivity of fractures in the host rock, as
well as the composition, Eh and pH of the groundwater in these fractures
and the sorptive properties of rocks along the flow paths from the repos-
itory. Site specific engineering plans for the density of canister

One Hundred Years of Earth Science in the Public Service



266

emplacement, in situ stress, and anticipated thermal responses of the
rock mass would also be required. Securing these data would require at
least three or four years. Until such data are available f e a specific
site, judgments on the soundness of that site must remain speculative
even though the theoretical generic concept appears acceptable-

Si ncerely yours,

.
H. William M<Wd
Director
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