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ABSTRACT

A generic design, siting and safety study of a

proposed repository for low- and intermediate-

level waste has been made. Special emphasis has

been placed on safety characteristics. The

conceptual design and the generic site, on which

the study is based, are realistically chosen in

accordance with present construction techniques

and the existing geohydrological conditions in

Sweden.

The work has been performed as an assignment for

the Swedish National Council for Radioactive

Waste (Prav), as a part of the council's ALMA

project.

HUVUDINNEHALL

En allmän studie avseende utformning, förlägg-

ning och säkerhet av ett föreslaget slutförvar

för låg- och medelaktivt avfall har utförts.

Speciell tonvikt har lagts på säkerhetsmässiga

egenskaper. Den föreslagna utformningen och

förläggningen, på vilken studien är baserad, är

realistiskt valda i enlighet med tillgänglig

byggnadsteknik och i Sverige existerande geohydro-

1ogi ska föruts ättningar.

Arbetet har utförts på uppdrag av Programrådet

för radioaktivt avfall (Prav) som en del av

rådets ALMA-projekt.
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SUMMARY

The presentation given in this report may, in

some respects, be regarded as a summary of the

previous work on the design as well as the

geohydrological and safety aspects of a Swedish

repository for low- and intermediate-level waste

in crystalline rock. A considerable amount of

new information has been added, however.

Special emphasis has been placed on the safety

assessment, performed as a consequence analysis

of three postulated well scenarios. The analysis

is based on a thoroughly defined, realistic

repository design with two rock vaults,

200 x 24 x 30 m each, sited so that the roof is

75 m below ground. The dimensions are those

dictated by waste projections for thirty years

operation of twelve or thirteen Swedish light-

water reactors (10 GWe). The design is also

based on present construction techniques, using

concrete and moraine/bentonite as barrier and

backfill materials. The postulated generic site

is a rock block, with hydraulic conductivity
—8

10 m/s, size 800 x 1 000 m, surrounded by

fracture zones. The vaults are assumed to be

located underneath a groundwater divide. The

construction costs would be of the order of

70 million US$, adding 0.03 mill/kWh to power

generating costs.

The radionuclide inventory in ALMA, corrosion

products and fission products, is very small

compared to the inventory in a repository for

high-level waste. The total inventory is about

the same as that of the high-level waste from

reprocessing of one metric ton of spent LWR

fuel. This implies that the amounts constitute



only a minor potential hazard. However, unfavor-

able conditions leading to a high concentration

of radionuclides in the water of a well, might

give increased radiation doses to a minor group

of individuals.

In order to give an estimate of radiological

consequences, three scenarios are postulated:

A well is drilled in a fracture zone a
few hundred meters from the repository
(the reference scenario)

A well, having a yield which gives the
maximum concentration of radionuclides,
is drilled in the rock midway between
the vaults (the conservative scenario)

A well is drilled through one of the
vaults at some time after repository
closure (tho intrusion scenario).

The radionuclide transport to the biosphere is

modeled by applying a computerized diffusion

model to the release from the repository, assumed

to contain concrete blocks of the sort used for

the immobilization of spent demineralizer resins

at some Swedish plants, and by applying semi-

empirical geohydrological models to well flow

and dilution of radionuclides. Considerable

effort has been put into detailed and realistic

treatments of diffusion and geohydrology.

The calculated maximum annual dose to a critical

group individual in the reference scenario
—8is 3 x 10 sievert (from iodine-129), and the

maximum global collective dose, calculated using

compartment theory, is 2 x 10 mansievert per

annum (from carbon-14). The conservative scenario



gives an increase in the critical group indi-

vidual doses by a factor of thirty, whereas the

global collective dose will be the same. Indi-

vidual doses in the intrusion scenario may

amount to 1.5 x 10 sievert per annum (mostly

from cesium-137), and the collective dose may
_2

reach 6 x 10 mansievert per annum for a short

period of time, if the intrusion occurs one

hundred years after the repository closure.

Institutional control can most likely be extended

for several centuries, and the doses will be

reduced by an order of magnitude for each century

during the first few hundred years after closure.

Intrusion is in any case very unlikely, and so

are scenarios like the postulated conservative

one.

Within the framework of the postulated scenarios

and the assumptions made, which seem more con-

servative than realistic, the repository cannot

be said to represent any hazard to the general

public.



1. INTRODUCTION

At present six nuclear power units are in operation

in Sweden. In the 1975 parliamentary decision on

energy production it has been stated that no

more than thirteen units would be built before a

new major decision is taken. A new parliamentary

proposition based on the outcome of the nuclear

referendum in March 1980 indicates that no more

than twelve units will be built. The total gross

electric generating capacity for twelve or

thirteen reactors would be about 10 GW. The

Swedish nuclear power stations are located on

coastal sites, see Figure 1.1.

H No 13: Not yet sited.

RINGHALS

•••••

BARSEBÄCK
H BWR in operation.

I PWR in operation.

Under construction.

Figure 1.1

Swedish nuclear power program according to the
1975 parliamentary decision



Low- and intermediate-level nuclear wastes from

the operating plants are presently conditioned

and stored on the sites, with the exception that

burnable waste is transported to Studsvik for

incineration and storage of the ashes. The sites

have, however, never been intended for final

disposal of these wastes nor does the idea of

four separate waste repositories seem attractive

when the total amount of low- and intermediate-

level waste is well within the capacity of one.

It is thus justified to plan for one national

repository for all intermediate-level waste from

the Swedish nuclear power program.

The National Council for Radioactive Waste has

undertaken a conceptual study of a national

repository, ALMA*. The purpose of the study has

been to verify that low- and intermediate-level

waste can be disposed of without undue risk to

future generations, and to analyse different

design alternatives for aspects of safety and

construction costs. The summary of a preliminary

study was presented in 1978 (1), and since then,

the work has continued towards more definite

conclusions.

The purpose and scope of the present report is

to present a brief summary of earlier design,

geohydrology and safety studies, and to accomplish

a more comprehensive safety assessment, in order

to determine the acceptability and feasibility

Anläggning för Låg- och Medelaktivt
Avfall



of the proposed design and siting. The study is

based on the presently scheduled nuclear power

program and deals therefore with reactor waste

arising from thirty years operation of 10 GW

gross nuclear electric generating capacity.



2. WASTE PRODUCT CHARACTERISTICS AND
QUANTITIES

2.1 Waste origins

The operation of nuclear power reactors is

associated with the generation of various kinds

of low- and intermediate-level wastes as by-products.

The radionuclide contents of these wastes emanate

principally fro» the leakage of fission products

from the fuel and from the activation of corrosion

products. The radionuclides are transported by

water through the reactor systeas where they are

removed by demineralizers and filters which,

when spent, are treated as wet solid wastes.

Large amounts of low-level combustible or non-

combustible Material, trash, mainly from the

annual fuel replacement periods, and certa:n

amounts of discarded and contaminated or weakly

activated system components, are also treated as

wastes. Table 2.1 shows most of the different

types of waste, the methods used in Sweden fox

handling them, and the resulting waste products.

Table 2.1

Law- and intermediate-level wastes from reactor operation

HASTE TYPE TREATMENT WASTE PRODUCT

Wetsolids

demineralizer resins,
filter sludges,
evaporator
concentrates

Trash

combustible,
non-combustible

Discarded system
components

and other bulky
goods

incorporation
into concrete
or bitumen,
devatering

incineration,
compression,
packing

decontamination,
disassembling,
packing

concrete blocks
bitumen drums
concrete tanks

ash drums
drums and boxes
with non-com-
bustible material

drums or other
packages
decontaminated
goods



The wet solid wastes contain the largest amounts

of radioactivity. They are primarily bead and

powdered resins, sludges and evaporator concen-

trates from the reactor water, pool water and

condensate cleanup systems, and from liquid

waste systems and floor drainage. Their slurry-

like properties make them suited for pumping

through conveyor pipes to special tanks for

intermediate storage, before solidification or

other treatment.

More elaborate descriptions of the waste product

characteristics and their amounts may be found

in References 2 through 7 on which most of

Chapter 2 is based.

2.2 Concrete blocks

At the Oskarshamn and Ringhals power plants, the

wet solids are incorporated into concrete. Cubic

reinforced concrete boxes with wall thicknesses

of 10, 25 or 35 cm are used. The waste is mixed

together with cement in the prefabricated box

and hardened to form a solid block. A concrete

lid is poured on the top of it. The block has a
3

total volume of 1.7 m (1.2 x 1.2 x 1.2 m) and a

total mass of about 4 metric tons, see Figure 2.1,

To date, the thin-walled boxes have been used

mainly. They usually contain about 750 kg of

filter sludges or 400 - 500 kg of bead resins,

if the surface dose rate limits do not dictate

smaller amounts. More frequent use of thick-

walled blocks is anticipated in the future,

reducing the amount of waste per block to

30 - 50 kg.
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Figure 2.1

Concrete block

2.3 Bitumen drums

The more recent Barsebäck and Forsmark power

plants have chosen to incorporate their wet

solids into bitumen, essentially because of the

reduced product volumes as compared to the

concrete block alternative. Furthermore, this

gives a much greater resistance to leaching in a

wet environment. The fire hazard is, though, a

disadvantage.



In the bituminization system now in operation at

Barsebäck, a mill is used to grind the bead

resins to a form similar to that of the other

sludges and concentrates. Dewatering of the

sludge is accomplished in a thin film evaporator

in which the sludge is mixed with bitumen. The

water-free mixture of resins and bitumen is

poured from the evaporator into 200 litre steel

drums. The drums are about 90 cm high and 60 cm

in diameter, and the walls are 1.0 - 1.2 mm

thick, see Figure 2.2. There are holes in the

lid to relieve possible internal overpressure.

i J

J

59?

Figure 2.2

Bitumen drum

2.4 Other waste products

A new process for treating powdered resins from

the pool water and condensate cleanup systems

has been developed at Oskarshamn. The resins are

dewatered in a continuous process in which a

resin/water slurry is pumped into tanks with



6 m inner volume. Sand filter cartridges are

installed in the tanks and remain there with the

dewatered sludge at the end of the process. The

inner space is filled to about 85 %. The inner

»/alls are lined with butyl rubber. Between the

tank and the lid is a rubber gasket seal. The

overall tank volume is 9.2 m (3 300 x 1 300 x

2 145 mm). The process may also be used at the

national spent fuel storage facility (CLAB).

Combustible trash is, naturally, generated at

all of the Swedish nuclear power plants. Some of

this is currently incinerated at Studsvik. The

ashes are poured into 100 1 steel drums which

are then placed into concrete lined 200 1 drums.

Concrete is poured on top to fill the 200 1 drum

completely. Unprocessed combustible trash has

piled up at the power stations, but it will

eventually be incinerated at Studsvik or on the

reactor sites.

Minor amounts of non-combustible trash, consisting

of insulation materials, steel plates, tools

etc, have to be taken care of as well. These are

packed into 200 1 steel drums or 600 1 tin boxes

(at Oskarshamn) after compression or other forms

of volume reduction.

Discarded components: pipes, pumps, valves,

construction materials and similar bulky goods,

are usually considered as a particular waste

category. For economic reasons, and in order to

reduce the quantities of waste, efforts are made

to recycle most parts of this waste. Some items

can be mechanically or chemically decontaminated.

When classified as waste, bulky components are

often disassembled, or cut into suitably sized

pieces, and then wrapped in plastic bags or

placed in concrete boxes.



Oil spills, spent chemicals etc, must also be

considered as waste but normally their degree of

contamination is insignificant. Such waste may

be stored in ALMA, as may spent core components,

other reactor internals, or reprocessing wastes.

These categories are however not considered in

this study.

2.5 Waste quantities and radionuclide

inventories

The design of the repository and the analysis in

this report are based on the assumption of

thirty years operation of 10 GW gross nuclear

electric power generating capacity, corresponding

to twelve or thirteen Swedish LWRs. The antici-

pated amounts, with present incorporation tech-

niques, are given in Table 2.2 below.

Table 2.2

Expected waste product amounts from thirty years
operation of 10 GWe

WASTE PRODUCT NUMBER OF UNITS VOLUME (m3)

Concrete blocks 36 000

Bitumen drums 66 000

Concrete tanks 1 300

Ash drums 19 000

Others 70 000

Total 192 000

After a few years of intermediate storage on the

sites, transportation to, and retrievable storage

in the repository, the short-lived radionuclides

will have decayed to a very low level. Some

63

20

12

6

23

124

000

000

000

000

000

000



10

medium- and long-lived nuclides will, however,

remain in the waste at the closure of the reposi-

tory. The most radiologically significant nuclides

are collected in Table 2.3, together with their

half-lives and estimated total inventories. The

basis of the estimations is the assumption that

a 1 /oo fraction of all fuel rods leak activity

to the coolant. Release data are calculated from

measurements, for the most abundant nuclides, or

based on literature data, for the less abundant

nuclides. Their decay is illustrated in Figure 2.3.

Table 2.3

Estimated inventories of the most significant
radionuclides in ALMA at time of repository
closure

NUCLIDE HALF-LIFE (yrs) INVENTORY (Ci)*

3H

14C

60CO

59Ni

63Ni

90Sr

129T

135Cs

137Cs

239
Pu

12.3

5740

5.3

75000

100

28.6

15.7X106

2.30X106

30.0

24400

260

2.3

27000

46

3900

6100

0.03

1.0

90000

0.3

* The old unit will be used throughout this report.
1 Ci = 3.7 x 10 l u Bq (bequerel) = 3.7 x 10x

disintegrations per second.
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Inventory (Ci)

W -

0.1-

0.01

10 10 10* T 1 0 5 , 10' ,
Tim* after closure (years)

Figure 2.3

Decay of the most significant radionuclides in ALMA
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3. GENERAL SITING CONSIDERATIONS

3.1 The natural conditions in Sweden

The Swedish part of the earth's crust belongs to

the Baltic Shield which, in the northwest, is

bounded by the Caledonian mountain belt. This

shield consists essentially of extremely old

(precambrian) rocks. Due to prolonged erosion

and the absence of late mountain building by

folding and orogenic uplift, the surface of the

Baltic Shield now is extremely flat. Hence, with

the exception of the Caledonian Ridge, Sweden is

rather a flat country.

The Swedish bedrock mainly consists of granites

and gneisses of various kinds. Unmetamorphic,

sedimentary deposits are rare and limited. No

large salt formations are known in Sweden. Due

to the erosion effects of the quarternary glacia-

tions, practically no weathered rock cover

exists and the loose overburden (of quarternary

age) is generally rather thin. Because of the

postglacial and still active isostatic uplift of

the Baltic Shield, the simultaneous sedimentation

has taken place at subsequently lower areas. All

these sediments are to be found below the highest

postglacial shoreline. At higher levels the

overburden consists of moraine only.

The hard crystalline bedrock is considered to be

an appropriate geological formation for the

ultimate disposal of nuclear waste in Sweden.

Areas of highly impermeable granites or gneisses

of various kinds, suitable for the storage of

low- and intermediate-level waste, are to be

found in almost every region of the country. Due
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to low seismic activity, relatively low popu-

lation density and the absence of economic

minerals, the Eastern/Southeastern part of

Sweden is the most promising area for the storage

of radioactive waste.

The present climate in Sweden may in general

terms be described as a humid, middle-latitude

climate. However, being a border zone between

the Northern Atlantic coast and the Eastern

European continent, Sweden has a typical transi-

tional climate. Due to the Caledonian Ridge the

maritime influence is supressed in northern

Sweden where the transition is between a warm-

temperate and a cold-temperate (subarctic)

continental climate. In Southern Sweden, the

transition is between a maritime and a continen-

tal, warm-temperate climate.

The landscape of Southern Sweden is characterized

by a continuous network of long, persistent but

narrow valleys which enclose the polygonal,

wooded rock blocks or flat mountain ridges. The

valleys and the flatlands in the junctions of

several valleys are generally harvested or

occupied by urban areas or transport facilities.

The present human competition for the subsurface

space is not strong in Sweden. It may increase,

however, especially in some coastal areas and in

some metropolitan areas.

3.2 Significant natural factors

The natural factors which will effect the migration

rates, the transport times and the dispersion of

the activity emanating from a repository for

low- and intermediate-level waste can be divided

into three main groups:
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Climatical factors

Topographical factors

Geological factors.

As long as the repository elevation is well

below that of the surrounding valleys, the

storage will be a completely wet one, even in a

dry climate. In a humid climate, the preci-

pitation rate exceeds that of the evapotranspi-

ration and the surplus water infiltration which

may result in the groundwater table rising

locally. The tendency of the groundwater table

to follow the topography of the ground is a

significant factor in the evaluation of the

activity concentration in future wells in the

vicinity.

The tendency of the grcundwater table to follow

the topography is not only dependent on climatical

conditions but also on topographical and geological

conditions. In view of the rock block character

(polygonal hills) of the current landscape the

following rock block conditions are significant:

Elevation

Length and breadth

Slope

Hydraulic conductivity and porosity of
the rock mass

Infiltration conditions on the surface
of the block.

A low hydraulic conductivity and a good surface

infiltration are favorable with respect to main-
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taining a steady groundwater table. Otherwise

the precipitation rate may become critical

during temporary or seasonal shortages, or by an

increase in the infiltration requirements due to

discharge in wells.

The hydraulic porosity probably plays a minor

role in this respect, but together with fracture

tortuosity* (of which very little is known) it

is an important factor for the transport times

of the contaminated water. Finally, the hydraulic

dispersion effect and the distance of influence

of pumping in wells (the extension of the well

flow) are strongly affected by the hydraulic

conductivity of the rock mass.

flow channel curvature
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4. PRELIMINARY FACILITY DESIGN

4.1 General design considerations

4̂ 3.̂ 1 Design basis

The study of the facility design has been limited

to repositories situated in rock caverns (a

detailed study is given in Reference 9). The

reasons for this are discussed in Chapter 3.

This study deals with the basic principles and

has therefore not taken into consideration

special features to adjust the layout to a

particular site. However, it should be clearly

understood that there are many advantages if the

repository is situated near a nuclear power

plant, or close to another site with facilities

for handling nuclear materials.

The siting depth of the repository studied is

between 50 and 300 m below ground level. The

reason for this is that it is advantageous to

have at least a minimum protective rock cover

above the storage space. The deeper limit has

been chosen as a reasonable depth if low-level

alpha active waste, from the reprocessing of

spent fuel, were to be stored in the facility.

The choice has been made based en the KBS study

of a high-level waste repository.

As well as being based on the generated volumes

of waste given in Table 2.2, the proposed design

has also been based upon a transportation system

in which the waste is transported to the facility

in transport containers of steel or concrete,

depending on the radiation shielding required.
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The containers, of up to 100 metric tons in

weight, will oe transported to the repository

site on a ship specially designed for waste

transportation, and will be transferred between

the ship and the repository by means of a hydrau-

lic lift truck. Each container will take 12

concrete boxes, 72 drums or 1 concrete tank.

The proposed facilities are designed with the

following parts:

- Buildings above ground

Container transportation zone

Container unloading zone

Auxiliary and service zone

Storage zone.

Buildings above ground

Buildings above ground are, for example, the

entrance building with rooms for offices and

personnel, the vent-air intake and stack, and

the tunnel entrance. The area will be surrounded

by a fence. It has been assumed that it will be

possible to use an existing harbor of a nuclear

power plant or a similar facility.

Container transportation zone

The containers will be transported through
2

tunnels, 7 m wide and 35 m in cross-section,

down to the unloading zone. A maximum 1:10 slope

has been proposed. The road surface of the

tunnels should be made permanent with asphalt.

The tunnel can be laid out in such a way that

the transport truck will not have to turn around;

otherwise a special turning place would have to

be arranged.
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Container unloading zone

In order to avoid the transport truck passing

through an area that is a radioactivity control

zone, the layout of the unloading zone is such

that the container can be placed on a hydraulic

lift table in an arrival hall (a wider part of

the entrance tunnel), and then lifted up by its

top through an openirq in the slab above. Then

the lid of the container is removed and the

unloading of the waste product units can take

place. The concrete blocks are removed one at a

time, and four drums are removed simultaneously.

The operation is controlled from a radiation-

shielded control-room through a lead-glass

window, and by TV.

Auxiliary and service zone

Space is needed for electric, mechanical and

ventilation equipment etc and for personnel.

This accommodation has not been closely analysed

in this .study.

Storage zone

The waste is finally emplaced in the storage

zone. The design studies have dealt mainly with

three basic alternatives for the layout of the

cavities in the rock:

Alt I. Horizontal rock vaults with a
cross-sectional area of 500 - 600 m? .

Alt II. Vertical cylindrical caverns
(silos with a diameter of 30 m and a
height of 60 m).

Alt III. A series of parallel tunnels
with a cross-sectional area of about
100 m2.

These alternatives will be discussed in more

detail in 4.2 and 4.3 below.
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In order to make the transportation velocity for

the groundwater and the nuclides slow, inside as

well as outside the repository, man-made barriers

can be used. Since the low- and intermediate-level

wastes impose widely varying demands on isolation

from the environment, the study considers the

following alternative barriers:

No extra man-made barriers (the rock
alone)

Backfilling with concrete between the
waste and rock

Backfilling with a mixture of moraine
and 5 - 10 % bentonite

50 - 70 cm of concrete adjoining the
waste, and a 1 - 1.5 m layer of moraine/
bentonite mixture on the outside.

The waste package itself also constitutes a kind

of barrier.

Moraine without the addition of bentonite has

been discussed, but in view of the risk of

subsidence and cracking, this alternative has

not been considered further. The main character-

istics which barriers should possess are:

Low hydraulic conductivity

Durability

Mechanical strength

Good sorption properties

Consist of cheap and easily available
materials.
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The materials which have been given the most

attention in this study are concrete, moraine

and clay (especially bentonite). Other materials

such as asphalt, plastic and metals have been

judged to have insufficient long-term durability,

or to be too costly.

Concrete

Concrete is considered to have excellent sorption

properties and, where good quality is achievable,

low permeability. It is known that concrete can

reach an age of several thousand years, and in

the highly favorable environment in question,

low oxygen content and slow diffusion, it is

reasonable to assume a life of many thousands of

years. However, concrete can crack for many

reasons and its low permeability be jeopardized.

At high humidity and uniform temperatures,

however, the risk of cracking is minimal, and

with suitable reinforcement, crack widths can be

kept less than 0.1 mm. Fully penetrating cracks

can be avoided entirely. Cracking occurs mainly

during the curing phase, so that suitable sealing

measures can generally be adopted prior to

closure of the repository. The hydraulic conducti-

vity can be kept around 10-11 m/s.

In the extremely long-term perspective, some

aging processes must be taken into account (10).

A very slow, spontaneous, structural transformation,

or recrystallization, is likely to take place. A

total transformation may cause an increase in

the porosity of about 3 % of the total concrete

volume. The original porosity is probably about

30 %. Besides increasing the size of the original
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pores, the recrystallization may also cause

micro cracking, crack widths 0.1-5 \*m. Self-

healing effects will reduce the crack apertures

if the concrete is immersed in water. A minor

increase in the hydraulic conductivity, and a

larger reduction of the mechanical strength to

some 30 % of its original value, can also be

anticipated. The residual strength is quite

sufficient, since there are no large stresses or

strains imposed on the repository.

Deterioration of concrete may also be caused by

chemical agents (10). A very conservative esti-

mation of the attack of sulfate ion in sea-water

concentration yields deterioration depths like

100 mm after 1 000 years, and 500 mm after

10 000 years.

Moraine/bentonite

A barrier consisting of moraine/bentonite will

have many advantages - comparatively low hydraulic

conductivity, good sorption properties and good

long-term durability. The bentonite, a clay,

improves these properties as compared to ordinary

moraine. Due to the swelling properties of

bentonite in the presence of water, the soil

material can be given such properties that

cracks in the material will be self-healing.

Moraine is a common soil type in Swec'en and is

widely used as a sealant in earth daras. Most

moraines have a median grain size of about

0.3 mm and a rather wide-range screening curve.

The bentonite content should be kept as low as

possible, partly because bentonite is a rela-

tively expensive soil material, and partly
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because compactibility is reduced at higher

bentonite contents.

Only extreme and improbably high hydraulic

gradients can cause piping and temporarily rapid

water flow in sand/bentonite mixtures (11).

There is no reason to believe that this will not

also apply to moraine/bentcnite mixtures. Even

if local piping were to occur, the swelling

power of the bentonite would to a great extent

result in self-healing.

In the case of a low bentonite content, the

compaction properties of the moraine are not

changed much by the addition of more bentonite.

This is, for example, true if less than 5 %

bentonite is added to a moraine with a suitable

grading. In this case it is possible to use

ordinary methods for compacting (vibrating

machines). The compressibility will not change

much. The bentonite content can be varied between

3-8 % of the dry moraine density, depending on

the properties of the actual moraine quality.

Mixtures with a low bentonite content are prima-

rily suitable for applications where an impermeable

barrier of great mechanical strength is required,

for instance, a concrete floor foundation or

backfill between a vertical concrete wall and

the rock.

An admixture of 5 % may decrease the hydraulic
—8 —12conductivity by as much as from 10 to 10 m/s.

It has been shown that local piping in sand/ben-

tonite mixtures with low bentonite contents is

not likely to occur in the case of normal

gradients and water flow rates (12).
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At higher bentonite contents the geotechnical

properties of the moraine will change when the

bentonite is added, and therefore other methods

(static machines) must be used for compacting.

One example of this is 10 % bentonite added to a

moraine of suitable grading.

Too much bentonite in a soil material may increase

the permeability of the mixture, and the desired,

low permeability may be jeopardized, and so may

the mechanical strength. Other construction

elements must, in that case, be designed to

withstand the mechanical stresses.

Mixtures with high bentonite contents may primarily

be used in localities where low-bentonite-content

mixtures cannot be properly compacted in the

confined spaces.

Concrete and moraine/bentonite

Concrete and moraine/bentonite is a redundant

barrier combination with favorable properties.

In addition the construction work will be easier

since the concrete will provide some radiation

sheilding.

Some long-term chemical interactions between the

concrete and the bentonite are likely to take

place. Sodium bentonite may exchange the sodium

for calcium from the concrete (13). The concrete

structure would eventually deteriorate, and the

swelling power and plasticity of the bentonite

would be reduced. Some hundred thousand years

will be required for a 20 cm concrete slab to

deteriorate if diffusion is the rate determining

mechanism (13).



24

No man-made barrier (the rock alone)

If no additional barriers are built, the pro-

perties of the rock will become more important,

and so will the properties of the waste products.

4.2 Reference design - Horizontal rock

vaults (Alt I)

The horizontal rock vaults with barriers of both

concrete and moraine/bentonite have been chosen

as the reference design. The reason for this

choice is, among other things, that it makes it

possible to draw conclusions about other less

elaborate barrier combinations from this alterna-

tive. Another reason is that this design looks

particularly promising. In this alternative, the

storage caverns are 24 m wide and have a maximum

height of 30 m. To accommodate the waste volume

described above caverns some 200 m long are

needed. The design is shown in Figures 4.1 - 4.2.

The size of the cavern chosen is the maximum

considered suitable from the point of view of

rock stability for this kind of storage. The

distance between the vaults should be at least

1.5 to 2.0 times the width of the rooms, depending

on the properties of the rock.

The walls and roof of the vaults are reinforced

by bolting and shotcrete lining. The concrete

slab is concreted on the bottom barrier of

moraine/bentonite (5 % bentonite). The waste is

transported to the final position by a traverse

crane on the concrete walls.

After each, or every second layer of waste

product units has been placed in the storage
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room, the gap between the packages about 100 mm,

is filled with liquid concrete. This way the

walls will be supported to withstand the pressure

of the groundwater.

When the storage zone has been filled, a slab is

poured on top and the space between the concrete

wall and the rock is filled with moraine/bentonite

(8 % bentonite). Then the space between the top

slab and the cavern roof is filled with moraine/

bentonite (10 % bentonite). The high bentonite

content is necessary because of the difficulties

of compacting the mixture. Finally, the transpor-

tation tunnels are filled.

Container Hydraulic lift

Figure 4.1

ALMA repository, Alternative I (reference design)
- Horizontal rock vaults
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4.3 Alternative designs

4.3.1 Alternative II: Silos

In the silo alternative, the storage rooms are

six vertical cylindrical caverns (silos) 30 m in

diameter and 60 m high, see Figure 4.3. The

barriers are made of concrete and moraine/ben-

tonite.

Figure 4.3

ALMA repository, Alternative II - Silos
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4.3.2 Alternative III: Tunnels

In the tunnel alternative, the storage rooms are

33 parallel tunnels 100 m long and with a cross-
2

sectional area of about 100 m , see Figure 4.4.

The barriers are made of concrete and moraine/

bentonite.

Figure 4.4

ALMA repository, Alternative III - Tunnels
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4.4 Cost and construction time estimates

The preliminary cost estimates indicate that the

cost for the reference design with the roof 50 m

below ground level is about US$ 65 x 10 , for

Alternative II, Silos, about $ 70 x 10 and for

Alternative III, Tunnels, about $ 85 x 10 .

Alternatives I and II have almost the same costs

and Alternative III costs about 30 % more when

the most advanced barrier combination is used.

Increasing the depth to 300 m would increase the

construction costs by 30 - 40 %. The exclusion

of one or two barriers would reduce the costs,

see Table 4.1. If all the man-made barriers are

excluded, the cost for the different alter-

natives will be of the same order: $ 40 x 10 .

The construction of ALMA according to the reference

design would add 0.03 mill/kWh to power generating

costs.

For those parts of the waste which have a suffi-

ciently low activity content that no man-made

barriers are needed, it could be a convenient

solution to use the work and access tunnels for

storage.

Depending on local conditions, repository depth

etc, the preliminary estimation is that a final

repository for intermediate-level waste could be

operative in Sweden five to six years after the

decision to construct it has been taken.
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Table 4.1

ALMA - Repository construction costs

Total construction costs - roof 50 m below ground level
- price January 1979:

ALT I "ROCK VAULTS" ALT II "SILOS" ALT III "TUNMELS"

$ 65x10 $ 70x10 $ 85x10

Reduction of total costs if a barrier is excluded:

ALT I ALT II ALT III

Concrete barrier excluded 20

30Moraine/bentonite
barrier excluded

Both barriers excluded 40

20

30

40

40

40

50

Repository construction costs - $ 500 per m waste

Repository construction costs - $ 3 x 10 per kWh

(The costs for transportation and pre-closure
operation are of the same order as the construction
costs)
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5. RADIONUCLIDE DISPERSAL AND DOSES TO MAN

5.1 Introduction

After a number of years in the operational

state, the repository is sealed. It is, however,

virtually impossible to keep some of the long-lived,

or even some of the medium-lived radionuclides

confined within the barriers over extensive

periods of time. Even if the repository itself

has a very low hydraulic conductivity, differences

in chemical and electrochemical potential will

cause mass transport by diffusion. Diffusion is

strongly retarded for most nuclides, but some

activity will eventually reach the groundwater.

Once the radionuclides have reached the ground-

water, there is always the possibility that they

will reach the biosphere before they have decayed

to a negligible level. The radioactive elements

may travel with groundwater to a natural recipient,

such as the sea or a lake, or to a man-made

recipient, most likely a well. Institutional

control for at least the first hundred years

after closure of the repository will prevent

humans from digging or drilling a well on the

site and in the vicinity. This will allow almost

all the tritium and cobalt-60 to decay, and will

reduce the inventories of 30-year strontium-90

and cesium-137 to about one tenth of those at

the time of closure.

The radionuclide inventory in the ALMA repository

is very small compared, for instance, to the

inventory in a repository for high-level waste

(see Table 2.3 and Figure 2.3). The total inventory

is about the same as that for high-level waste

from the reprocessing of one metric ton of spent
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LWR fuel. This implies that the amounts do not

constitute a hazard in themselves. However,

unfavorable conditions leading to a high concen-

tration of radionuclides in a well might give

increased radiation doses to a minor group of

individuals.

In order to give an estimate of radiological

consequences three scenarios are postulated:

A well is drilled in a fracture zone a
few hundred meters from the repository
(the reference scenario)

A well, having a yield which gives the
maximum concentration of radionuclides,
is drilled in the rock midway between
the two vaults (the conservative
scenario)

A well is drilled through one of the
vaults at some time after repository
closure (the intrusion scenario).

Radiation doses to individuals in the critical

group have been calculated for each of the

scenarios. To complete the picture, global

collective doses have also been calculated,

assuming that all of the activity, that is not

consumed by the critical group as drinking

water, travels to a lake.

This study is not a probabilistic one and it

deals only with the radiological consequences

associated with the scenarios, not the proba-

bilities or their occurring. In any case, the

reference alternative must be considered more

realistic than the other more conservative

scenarios.



35

5.2 Reference site and geohydroloqy

The transport medium for the migrating radio-

nuclides is the groundwater, which in a humid

climate and under an uneven terrain moves as

effluent stream flows under gravity. The flow

rate and the transport time to the surface

depend on the hydraulic and retention properties

of the rock mass, and on the gravity potential

of the groundwater.

The favorable barrier properties of the rock are

those which yield:

Long transport times (e.g. strong
retention, great tortuosity)

High discharge rates in wells at shallow
depths

Small extension of the well flow around
the wells

Great dispersion effects in the wells

Good recharging (infiltration) capacity
of the ground.

Some of these favorable properties may be achieved

simultaneously while others are difficult to

obtain in the same situation.

A favorable situation concerning the rock block

(see Section 3.1) is characterized by:

Blocks of the right size

Steep, high, convex blocks

Wide, permeable, bordering fracture
zones

Short distances between bordering
slopes and fracture zones

Regional influx conditions in the
bordering fracture zones.
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The repository will be localized at moderate

depths and under a groundwater divide. Low

permeable rock blocks in Sweden are primarily to

be found between permeable tectonic structures

such as fault zones and other major crush zones

in crystalline rocks. Due to the erosion of the

latest glaciation those tectonic zones are

related to the valleys, whereas the low permeable

units (tectonic blocks) are in general related

to the intermediate hills in the Swedish land-

scape.

The tectonic blocks differ in size, but a rather

small block should be chosen in order to be able

to avoid inhomogeneities within the block. In

the present calculations for the reference site

the size taken is 800 x 1 000 m. The difference

in altitude between the top of the hill and the

bottom of the valley is 30 m. The length of the

slopes is 200 m, and the depth to the roofs of

the two storage vaults is 75 m. The block is

assumed to be surrounded by fracture zones. The
.-8hydraulic conductivity is taken to be 10 and

.0"

.-3
—6 —5 —4

10 -10 m/s, and the hydraulic porosity 10
and 10 ", for the rock mass and fracture zones

respectively. Such sites could be found in

reality. The influence of parameter changes will

be discussed below. The synthetic reference site

is depicted in Figure 5.1.

The repository design is that of Alternative I

in Chapter 4, horizontal vaults, with an inner

concrete wall of 0.7 m, and a 1.5 m thick moraine/

bentonite layer on the outside.
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The geometrical conditions of the rock block and
repository on the reference site

5.3 Modeling of radionuclide dispersal

5i3il Preliminaries

The modeling of radionuclide releases and dispersal

has been carried out in three consecutive steps:

Migration of radionuclides out of the
repository
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Migration of radionuclides in rock and
their dilution in groundwater

Transport of radionuclides in the
biosphere and the resulting doses to
man.

In fact, the retention of the most important

radioactive species in the host rock will have

no significant effect on the releases to a

primary recipient. The dilution is the important

geohydrological factor.

It is important to note that it is assumed that

all the activity contained in the repository is

incorporated in concrete blocks of the kind

described in Section 2.2. This is definitely a

conservative assumption, since the transport of

radionuclides in bitumen is much slower than in

concrete, and since the amount of activity in

other products will be very small.

A short presentation of the calculation principles

will be given in Section 5.3. A more comprehensive

and exhaustive formulation is to be found in

Appendices A, B and C.

5.3.2 Modeling of radionuclide migration out

of_the_regository

The transport of radionuclides out of the repo-

sitory will be almost entirely governed by

diffusion. As stated in Chapter 4, the hydraulic

conductivities of concrete and moraine/bentonite

are extremely small, also in comparison with the

permeability of the surrounding, rather dense

rock. The hydraulic gradients, which can be

predicted, will not result in any convective

water flow of relevance in the repository. This
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is true with exception of the influx phase

immediately after closure of the repository,

probably one or a few hundred years (9), when

the flow will in any case be inwards.

The diffusion is, in turn, governed by several

physico-chemical mechanisms. For dissolved

species, the mass transport flux is, at all

points, proportional to the concentration gradient.

The diffusion calculations have been carried out

with the aid of a modified vert on of the tempe-

rature calculation program TEMPER-3. TEMPER is a

computer code applicable to general two-dimen-

sional, as well as axisymmetric three-dimensional

geometries (14, 15). The algorithm used by the

code is a sort of integrated finite difference

method. The principles for applying TEMPER to

the ALMA repository are described in Appendix A.

Most of the calculations referred to in this

report have been reported previously (14).

There are two main sets of geometries and boundary

conditions to be considered: the first set

arises in the reference and conservative scena-

rios, where radionuclides leak out from the

outer clay barrier. In this case, the outside

water velocity will be a boundary condition, and

the geometry can be regarded as two-dimensional

(see Appendix A). In the intrusion scenario, the

diffusion of nuclides to a hole penetrating the

repository will be significant, necessitating

the transformation to a three-dimensional axi-

symmetric geometry with a special boundary

condition (described in Appendix A). These

models naturally take all the barriers into
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thicknesses, channels between the blocks and

cracks in the rock, concrete or blocks.

After the closure of the repository, dissolved

radionuclides will start to leak out into the

crystalline rock mass. The subsequent transpor-

tation of the nuclides takes place in a complex

system of minor and major fissures. This system

is in practice neither isotropic nor homogeneous.

The exact picture of the transportation process

will therefore vary from place to place. In

order to geu a general idea of the dispersion

effect, a homogeneous and isotropic porous

system of continuous fissures must be assumed.

The tortuosity and the retention properties of

the fracture surfaces are neglected, and a

Darcian stream flow calculation is applied. The

transportation time of radionuclides from the

repository to a primary recipient is neglected.

The siting depth and transport distances are

rather small, and the water velocities are not

expected to be extremely slow. The dilution and

water turnover in the primary recipient are the

significant factors.

In the reference scenario, the well is located

in one of the fracture zones which border the

rock block containing the vaults. The well is

primarily charged by water from that zone. This

water is partly derived from the two adjacent

rock blocks, and partly from more distant infiltra-

tion areas via the fracture zone. Assuming

realistic values for the hydraulic conductivity

and the hydraulic gradient in the zone, together
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with a mean infiltration rate for the two neigh-

boring hills, it is possible to establish a

balance equation and calculate the required

infiltration area on the rock block. To evaluate

the depth and distance of influence of pumping

in the well (the vertical and horizontal extension

of the well flow) a stream flow pattern is

required. A description of the calculations and

evaluations is given in Appendix B. A well can

also be drilled in the zone at a more considerable

distance downstream from the repository, in

which case major amounts of water from the rock

block may reach the well.

In the conservative scenario, the well is located

between the vaults. With assumed boundary con-

ditions, an approximate calculation of the

pumping flow can be made for a given situation,

in which the well flow balances the topographi-

cally induced flow at a fixed distance from the

well: the extension of the well flow. This

calculation is reported in Appendix B.

Knowledge of a reasonably accurate value of the

infiltration rate would provide a means of

checking the above-mentioned calculation of the

extension of the well flow by using a simple

equation of balance between the pumping rate and

the infiltration rate. An evaluation of infil-

tration rates generated by the topographical

conditions is suggested in Appendix B.

As far as the analytical treatment is concerned,

the intrusion scenario is similar to the con-

servative scenario. However, the well depth must

be increased to compensate for the almost im-

permeable well section penetrating the vault.
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5.3^4 Biosghere and dosimetry_ modeling

The modeling of radionuclide transport in the

biosphere is aimed towards final estimations of

doses to man. The calculation of individual and

collective doses require somewhat different

approaches.

The maximum individual doses are experienced by

those who use scenario wells for drinking purposes,

The scenario wells are assumed to have rather

small capacities or are used by a small city-like

municipality, so that well water is not used for

irrigation in any scenario. Thus, doses to the

individual in the critical group will be due

entirely to ingestion from drinking water. The

average consumption is set to 440 litres per

year and individual. The conversion from intake

to dose is described in Appendix C. All doses

presented in this study are weighted whole-body

dose equivalents.

The estimation of collective doses requires a

more elaborate treatment. In all three scenarios

it is assumed, that all the water taken from the

well will eventually travel to a nearby lake,

either via a fracture zone, or via drain and

sewage networks. From the lake, the nuclides can

be dispersed through irrigation, uptake in

vegetation, transport to the sea, etc.

Compartment theory has been used to describe the

cycling on a local, regional, intermediate and

global scale. The principles of compartment

theory are outlined in Appendix C. The reader is

referred to (16) for more detail. The BIOPATH

computer program (17) has been used for the

calculations. The approach is illustrated in

Figure 5.2 and the exposure pathways in

Figure 5.3.
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CONCENTRATION IN

RECIPIENT

CONCENTRATION IN

RESERVOIRS

INDIVIDUAL AND
COLLECTIVE DOSES

1 WELL
2 LAKE

LIVING HABITS

-j EXPOSURE PATHWAYS j

DOSE CONVERSION FACTOR

•{POPULATION DISTRIBUTION

Figure 5.2

Study approach to biosphere modeling and
consequence calculations

lediment

inhalation

food

Figure 5.3

Pathways for human exposure in the ecosystem
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5.4 Reference wel 1 scenario

In the reference scenario, it is assumed that a

well is drilled in a fracture zone bordering or

passing the rock block containing the ALMA repo-

sitory. The yield is taken as 2.4 x 10~ m /s

and the average production (pumping rate) as

1.3 x 10~ m /s. This well is assumed to supply

a small community of some five hundred consumers,

who use the water for drinking and other house-

hold purposes.

The escape rate of the most significant radio-

nuclides from the repository walls have been

calculated using TEMPER-3 for an initial average

concentration of 1 Ci/m for each nuclide in the

repository, assuming homogeneous concrete, clay

and rock without cracks, and a water flow rate
3 2of 0.15 m /m -year on the outside of the repository.

see Table 5.1.

3 2The 0.15 m /m *y flow rate may not be in complete

agreement with the geohydrological calculations

below. It has been shown, however, that results

are insensitive to alterations of that parameter.

A quick look at Table 5.1, the inventories in

Table 2.3, and the dimensions of the repository

show that the most important nuclides are tritium,

carbon-14, iodine-129 and cesium-135. Cobalt-60,

nickel-59 and -63, strontium-90, cesium-137 and

plutonium-239 can be ruled out. Figure 5.4 shows

the time dependencies of the leak rates.
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Table 5.1

Maximum leak rates of most significant nuclides
from ALMA, reference scenario, initial average
concentration 1 Ci/m3 for each nuclide, homo-
geneous concrete, clay and rock, water flow rate
0.15 m3/m2-y

NUCLIDE

3H

14c
59Ni

I

135Cs

MAXIMUM
LEAK-RATE
Ci/m *y

lxio"9

2xl0"5

4X10"19

lxio"4

2xlO~5

137
Cs 5x10-17

239
Pu 1x10-21

The calculated values for 60Co, 63Ni and 90Sr
correspond to leak rates less than one atom per
m2 and year

Ci/Wy

10"

® 1-129. no crock,
homogcnanus rotk

(D 1-129, 0,5rmi crock,
homogcnaous rock

d) 1-129, 0,1mmcrockAn
in rock only

14, no crock,
homogtrmus rock

Ct-136,no aock,
homogtmou» rock

Leak rate time dependencies for thf most
important nuclides
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Sone parameter variation studies have been made

for iodine-129. The concrete is an important

barrier, and therefore an investigation has been

made of the effect of reasonably large cracks in

the concrete. A crack 0.5 nun wide is assumed to

extend through the entire central plane of all

the outer concrete blocks, and through the

concrete wall in the same plane. Furthermore, it

is assumed that the migration in the crack could

be much faster than the rate due to diffusion.

The mechanism could, for example, be thermally

induced dispersion. This is simulated by using a

diffusion constant for water in water multiplied

by a factor of 1 000 in the direction along the

crack; the channels below the blocks are treated

in the same manner. As can be seen from Figure 5.4,

the maximum leak rate may be three times greater

than without cracks. A discrete treatment of the

rock has also been performed. It is assumed that

the nuclides migrate to discrete 0.1 mm cracks

in the rock. This assumption tends to lower the

maximum leak rate somewhat, see Figure 5.4.

The effect of placing thick-walled 35 cm concrete

blocks, with an initial concentration fifty

times that of the thin-walled, in the outermost

or second outermost pile has also been investi-

gated. Thick-walled blocks in the outermost pile

may increase the maximum leak rate by about a

factor of three, whereas placed in the second

outermost pile they would not affect the maximum

leak rate, but delay it about two thousand

years.

A reduction of the outside flow rate from 0.15
3 2to 0.01 m /m -year would decrease the peak

escape rate of iodine-129 to about 75 % of its

original value.
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There are two quite separate contributions to

the total well flow. Part of the flow in the

fracture zone charges the well and constitutes

the main contribution (the intrazonal well

flow). A minor contribution is provided by

infiltrated water from the rock block (accretional

flow from the wall rock). The calculation of the

extension of the well flow at the rock block

surface is based on the combined use of the

equation of continuity (or mass conservation)

and the stream flow pattern through the rock

block. The calculation method is reported in

more detail in Appendix B. The results are shown

in Table 5.2.

Table 5.2

The vertical and horizontal extension of the well
flow at different values of the fracture zone con-
ductivity. The horizontal extension is equal to the
extension of the primary accretion zone (from the
bordering fracture zone) towards the ground water
divide. The hydraulic conductivity of the rock
block mass is 10~ m/s, the average annual infiltra-
tion capacity 45 mm and the pumping flow rate
1.3 x 10 m3/s.

Hydraulic conductivity
of the fracture
zone (m/s) 10-5

Required drawdown/
well depth (m/m) 16/30

Vertical extension
of the well flow (m) 75

Horizontal extension
of the well flow (m) 275

Intrazonal charge flow,
percentage of
total well flow 95

5xl0"6 10"6

33/60 160/300

115

290

80

280

360

75
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Obviously, the position of the vertical fracture

zone in relation to the hill slope is not irre-

levant, since it decides at what depth the cri-

tical stream lines (flow paths) from the rock

block emerge into the zone. An increase in the

distance between the fracture zone and the hill

slope will result in an increase in the horizontal

extension of the well flow. However, the fracture

zone/repository distance will increase proportio-

nally, as indicated by the more distant position 2

than position 1 in relation to the repository in

Figure 5.5.

ZONE
POSITION 1

GROUNDWATER DIVIDE
DISTANCE OF INFLUENCE

0

-50'

-100'

-150'

-200'

-250'

-300-

-350

-400

-450

-500

-550

-600

ZONE
POSITION 2

TDEPTH OF

^INFLUENCE

Figure 5.5

The flow from a plateau to a bordering fracture
zone in two positions (1 and 2). The flow is
affected by pumping in a well located in the
fracture zone. The resulting depth and distance
of influence (well flow extension) with boundary
conditions as used in the calculations are also
shown. Note the difference in scale.
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The extension of the well flow is computed using

an iterative method where the undisturbed,

natural, two-dimensional flow net is distorted

with a three-dimensional flow net of a well, see

Appendix B. This method yields no precise exten-

sion values, but it is evident that if the

conductivity of the fracture zone is less than

two magnitudes higher than that of the rock

block mass, 10 m/s, the leakage of activity

may migrate to the well. Since migration to the

well may also appear in more permeable zones if

the well is situated near the outflux area of

the regional stream flow in the zone, a conserva-

tive approach requires that dose calculations be

performed for the assumption that the entire

leakage of activity reaches the well in the

fracture zone.

The infiltration areas of the surrounding rock

blocks which are required to balance the pumping

discharge, are inversely proportional to the

hydraulic conductivity of the rock block masses.
—8

If the conductivity falls below 10 m/s, which

here equals an average annual infiltration of

about 45 mm (with pumping), larger infiltration

areas will probably be needed since it is doubt-

ful whether the infiltration rate can be increased

correspondingly. In this case there is a risk

that the activity leakage could be transported

to the well.

The risk of contaminating the well increases

with increasing well depth, and decreases with

increasing storage depths. However, greater well

depths result in higher well yields and in

greater dispersion. From the flow nets it is

evident that the repository depth factor is of

minor importance.



bO

The distance between the regional fracture zone

and the block slope effects the depth at which

certain flow paths from the block (e.g. those

passing the vaults) interferes with the flow

pattern in the zone and therefore determines

what vertical well flow extension will be needed

to collect the contaminated water. The shorter

zone/slope distance the greater vertical extension

will be needed.

It must further be assumed that a well drilled

in a fracture zone at some distance downstream

from the rock block might collect all the activity

leaked, since the fracture zone might act as a

pipe leading water to the surface.

To summarize the discussion: it is difficult to

assign probabilities to fractions of released

radionuclides traveling to the reference well.

Thus, it is assumed that 100 % of the activity

released from the repository is diluted in
-3 31.3 x 10 m /s, the average production of the

public well. The leak rates given in Table 5.2,

the radionuclide inventories, the repository

volume and area, and individual and collective

dose calculations yield the results given in

Table 5.3.



Table 5.3

Radiation doses to man in the reference scenario

MAXIMUM APPROX MAX CONC MAX ANNU- MAX ANNUAL
LEAK RATE TIME TO IN WELL AL DOSE GLOBAL
FROM THE MAXIMUM TO CRIT COLLECTIVE

NUCLIDE REPOSITORY (y) (Ci/m ) GROUP IND DOSE
(Ci/y) (Sv/y*) (manSv/y)

H

14c

129,

135Cs

lxio"7

lxio " 5

9xl0 ~7

6xl0 " 6

90 3xlO~12 2xl0"12

2 000 3xl0"10 lxio"9

1 000 2xlO~n 3xlO~8

15 000 4xlO~ 9

8xl0 " 1 0

2xl0 "3

2xio"4

5xio" 6

5.5

1 Sv (sievert) = 100 rem

Conservative well scenario

To describe the environmental impact from ALMA
under very unfavorable conditions, a conservative
scenario is postulated. I t is assumed that a
well is drilled midway between the vaults, and
that the well depth, yield and average production
are such that 100 % of the activity leaked
travels to the well with the minimum dilution
required by the 100 % criterion.

The rock block aquifer (800 x 1 000 m) is con-
sidered to be composed of a homogeneous and
isotropic system of fractures. The flux to the
well is a three-dimensional flow to a point, or
to a short and thin cylindrical influx area.
This flow competes with a natural, principally
two-dimensional flow to the surrounding valleys,
due to the topography and the continuous infiltra-
tion from precipitation.
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A simple method of manually calculating the

extension of the well flow has been used. The

method is approximate and conservative, and is

based on the superposition of the two basic

flows: the well flow (3-D) and the terrain flow

(2-D) under a plateau with infiltration, see

Figure 5.6. The repository is assumed to be

symmetrically situated under the groundwater

divide and parallel to the valleys. Figure 5.7.

Wall

Undisturbed ground-water flow under a hill

Water flow to a well

F i g u r e 5 . 6

The principal three-dimensional flow to a "con-
servative" or "intrusive" (see section 5.6) well
and the two-dimensional flow under a plateau
bordered by slopes (18)
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Figure 5.7

Schematic diagram showing the interference
between the groundwater flow to a central well
in a rock block (hill) and the natural (topo-
graphically induced) flow to the surrounding
valleys (fracure zones)

The two basic flow rates are controlled by the

following factors (Table 5.4):
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Table 5.4

Factors controlling the flow rates in the rock block

WELL FLOW RATE LOCAL, TERRAIN INDUCED FLOW RATE

PrimarY_factors

Pumping flow

Distance to the well

§??2D*??!*Y

Hydraulic conductivity
of the rock mass
Hydraulic porosity of
the rock mass
Well depth
Drawdown in the well

Hydraulic gradient in the
rock mass
Hydraulic conductivity of the
rock mass
Hydraulic porosity of the
rock mass

SecondarY_factors

Slope

Plateau size and altitude

Position of current interest

The most unfavorable set of parameters is given

in Table 5.5. The hydraulic conductivity and

porosity are assumed values.

Table 5 .5

Hydraulic parameters in the conservative
scenario

Well depth

Drawdown

Yield

Average production

Extension of the well flow at
average production

Hydraulic conductivity of the
rock mass

Hydraulic porosity of the rock
mass

100

63 m

8x10

5x10

m

-5

-5

m3

m3

/s

/s

100 m

10"8 m/s

10-4



Since very little separates the reference scenario

from the conservative scenario with regard to

diffusion from the repository, leak rates are

taken to be the same. Maximum individual doses

are reported in Table 5.6.

Table 5.6

Maximum individual doses in the conservative
scenario

MAX CONC IN
WELL

NUCLIDE

MAX ANNUAL
DOSE TO
CRIT GROUP
INDIVIDUAL
(Sv/y)

H

14C

129

135

7x10-11 4x10-11

7x10-9 3x10-8

I 6x10-10 9X10-7

CS 4x10-9 1x10-7

The collective doses will be the same as in the

reference scenario.

The calculated extension of the well flow is

100 m in the conservative scenario. The flow

rate decreases with depth in both flow models.

The decrease should be more rapid in the spherical

flow to the well, than in the two-dimensional

flow to the valleys. Therefore, the depth of

influence of the well should not exceed the well

depth by more than 100 m. This means that due to

the symmetrical and deep position of the well

(compared to the vaults) activity will leak from

the entire repository to the well.
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If the well depth is greater than in the refer-

ence case, the influx section is also larger.

Theoretically this would result in reduced flow

rates around the well, and consequently in a

smaller extension of the well flow than in the

reference case. However, this requires a corre-

sponding increase in the infiltration rate

within the radius of pumping influence. Since

there are no basic data on the possible infiltra-

tion conditions for this specific type of terrain

and rock mass, we are not inclined to accept a

smaller extension than 100 m.

The above well can be estimated to supply a

small village of some twenty consumers. It is

easy to show that a one-household, four-person

well, which does not penetrate a vault, would be

less critical. A probable drawdown/well depth

ratio is 0.5, which only requires a well depth

of 50 m to produce the required 10* m /s. The

radius of influence (extension of the well flow)

may then interfere with a vault within a segment

of a lower hemisphere, maximum height 10 - 15 m,

and which interferes with the vault roof by the

maximum length of 70 m. The resulting fraction

of the exposed cavern surface which will release

activity to the well is 5 - 7 % of the total

surface area exposed to the rock mass by one of

the vaults.

Even if we conservatively assume that the one-

household well for some reason or another needs

to be as deep as the vaults to yield enough

water, or that an open fracture traversing one

of the vaults acts as an extension of the well,

not more than 10 per cent of the activity released

from one vault would be collected by the well.

The resultant individual dose is less than one
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half of that in the five-household case. Since

it is to be expected that no more activity will

be collected, the five-household case shows the

greatest possible individual doses.

If the pumping rate is fixed and the infiltra-

tion capacity is unlimited, an increase in the

conductivity of the rock mass will result in

more shallow wells and/or lower drawdowns which

will reduce the extension of the well flow. In

practice however, the infiltration capacity is

limited. For the current climatical conditions,

and the rock block geometry concerned, the

infiltration capacity is believed to be the

factor controlling the well influence charac-

teristics when the conductivity values are
—8

greater than about 5 x 10 m/s. The minimum

extension is thus estimated to be about 50 m in

the conservative scenario, corresponding to an

average infiltration rate of 200 mm/year.

Basicly, if the pumping rate and the conductivity

are constant, the extension of the well flow

increases with increasing well depth. However,

in this case the infiltration capacity probably

also becomes critical, and the infiltration area

required will determinate the radius of influence

at the surface. If the well is very deep, say

200 m, a moderate drawdown is required (30 m),

and the rock volume affected by the pumping will

be roughly cone shaped. The depth of influence

becomes negligibly greater than the well depth.
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5.6 Intrusive well scenario

Institutional control of the repository site

can, no doubt, be maintained for at least a

hundred years after closure. Only very extreme

political, climatical or ecological perturba-

tions could jeopardize such control. Its main

purpose would be to prevent people from, inad-

vertently, drilling a well in the rock block

containing the repository.

In the conservative scenario, it is assumed that

a well is drilled in the rock between the vaults.

In this case, the outer concrete and clay barriers

will hold back short-lived nuclides until they

have decayed. Only the most long-lived ones,

primarily 16-million-year iodine-129, 5 700-year

carbon-14, and 2.3-million-year cesium-135, will

escape. Their long half-lives will make the time

at which drilling is performed practically

irrelevant.

In a real intrusion in which a vault is pene-

trated, see Figure 5.6, the barriers will be

short-circuited, the short-lived nuclides may

escape, and the time of intrusion will then be

very relevant.

The basis of the diffusion calculations for the

intrusion scenario is the assumption that a pile

of thin-walled blocks in the center of a vault

is penetrated. At the exact time of intrusion,

the leach rate in the hole will be very high.

The duration of this first phase will be very

short, and it is hard to fully take it into

account in the TEMPER calculations because of

numerical circumstances. Diffusive redistribution

of nuclides prior to the penetration is not

taken into account, either.



Leak rates for the significant short-lived

nuclides, given as curies per meter of the hole,

are illustrated in Figure 5.8. An average initial
3

concentration of 1 Ci/m is assumed for each

nuclide. The diameter of the drill hole is

80 mm. Iodine-129 is included in the diagram for

comparison. The TEMPER calculations for the

intrusion scenario are not reported elsewhere

and details may be found in Appendix A.

As can be seen from Figure 5.8, the leak rates

very rapidly assume a steadily decreasing value.

The actual amounts obtained in the first, short

phase must be rather small. The water pumped to

the surface during drilling and test pumping

will contain that activity and will, in any

case, not be used for drinking. The leak rate

value at 0.3 years is used to represent the

first year in the dose calculations.

To illustrate the significance of hypothetically

poor quality, highly permeable concrete in the

center pile block walls, a special calculation

with a wall diffusion constant equivalent to

that of water in water has been made. The maximum

is delayed and increased by a factor of ten in

the case of a fairly long-lived nuclide.

In order to estimate the greatest possible

individual doses it is necessary to study the

effect on just a few consumers. The one-household

well is considered relevant. The well production
—5 3

required is 10 m /s. The well depth is assumed

to be 130 m, 30 m of which penetrates a cavern

and are hydraulically inactive. For the remaining

100 m well length a 12.5 m drawdown is required.

The yield will be 8 x 10 m3/s. Hence, the
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influx section of the well is 87.5 m long and

the well flow will be mainly radial. Therefore,

the extension of the well flow has been calculated

using a virtual cylinder over the cavern and a

hemisphere under the cavern. The resultant

average radius of influence becomes 30 m whereas

the balance for infiltration will need a radius

of about 50 m. These figures are interesting,

however, primarily for the impact from nuclides

escaping from the outer walls of the repository.

The main concern here is the drill hole.

The intrusion scenario differs from the conser-

vative scenario only by the additional direct

(diffusion) leakage into the intruding well

section, and the well flow pattern which mainly

concerns one of the vaults and extends below

that vault. The influence of rock mass conducti-

vity, well depth and repository depth is there-

fore the same as in the conservative case. In

view of the possibility of avoiding intrusion by

deep siting, it is relevant to note that about

16 % of all the wells in the Swedish crystalline

bedrock are deeper than 100 m, but only 0.5 %

are deeper than 200 m.

From the inventories, radiotoxicities and leak

rates of Figure 5.8 it is obvious, that cesium-137

and strontium-90 are the dominant nuclides in

the intrusion scenario. The estimated contribution

from strontium-90 will depend on whether the

Studsvik or the NRPB dose conversion factor (19)

is used. The average concentrations, the height

of the hole in the vault, and the well production

together with the leak rates, yield the results

shown in Figures 5.9 and 5.10. It must be noted

that drilling through thick-walled blocks could

give higher doses for short periods of time.
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The results are summarized in Table 5.7. The

doses are the committed fifty-year doses from

the first year's intake, but could be used

conservatively as the annual doses for the first

few years of intake.

Table 5.7

Total first year committed doses from 137Cs and
90Sr in the intrusion scenario

TIME OF
INTRUSION

(y)

100

200

300

400

500

STUDSVIK 9°Sr
CONV FACT

CRIT GROUP
INDIV (Sv)

1.6xl0"2

1.6xl0"3

1.5xl0"4

1.5xlO~5

1.4xlO~6

COLLECT
(manSv)

6xl0"2

6xl0"3

6xl0"4

6xlO~5

6xl0"6

NRPB 9°Sr
CONV FACT

CRIT GROUP
INDIV (Sv)

1.2x10"'

1.2x10 J

1.2xlO"4

1.2X10"5

l.lxio"6

COLLECT
(manSv)

5xl0"2

5xl0"3

5xlO~4

5xl0"5

5xl0"6

Ltak rit#(Ci/my)

10

10

Figure 5.8

10' 10'
7im» «ff#r tnfrusfon If täts)

Radionuclide leak rate per meter of well through
the repository at various times after intrusion
(initially 1 Ci/m3 of each nuclide)
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6. CONCLUDING DESIGN, SITING AND SAFETY

ASSESSMENT

As far as the repository design is concerned,

this study is merely a summary of work previously

reported. This is, in some respects, also true

for the siting considerations. In any case it

must be concluded, that it is possible to find a

site in Sweden, such as a rock block, where a

repository can be built with room for the the

low- and intermediate-level waste generated from

thirty years operation of twelve or thirteen

light-water reactors. Further, it is technically

and economically feasible to construct such a

repository with techniques available today. The

costs for constructing and operating such a

facility will have a small impact on electricity

rates.

The preliminary safety assessment of the reference

design (Alt I) and site is not a full risk

analysis involving probabilities and consequences.

The reference we I"1, scenario assumed as typical,

a public well drilled in a fracture zone in the

vicinity of the site, is expected to give the

following maximum annual doses:

Reference scenario

Maximum annual dose to a critical group
individual:

—83 x 10 sievert/year

(from iodine-129 thousand years after
closure).

Maximum annual global collective dose:

2 x 10~ mansievert/year

(from carbon-14 two thousand years
after closure).
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The maximum individual dose represents a 2 x 10

addition to the background dose. It must also be

borne in mind, that it is rather unlikely, that

any radionuclides will reach a well drilled in a

fracture zone. The global collective dose is

also very small, perhaps giving a maximum inte-

grated five hundred year dose of 1 mansievert.

Carbon-14 enters global cycling quite rapidly.

-3

The long-term stability of the barriers and

waste products, with a special emphasis on

concrete, has been dealt with in Chapter 4. The

deterioration processes are very slow, and the

maximum doses are likely to appear after a

relatively short period of time, one or a few

thousand years, implying that the effects of

aging cannot be very important. It is also

doubtful whether these processes will change the

relevant properties of the materials that much

even in the very long perspective.

In the conservative scenario, the unlikely

situation of having a well drilled midway between

the repository vaults is described. The drawdown

and pumping rate giving the highest doses yield:

Conservative scenario

Maximum annual dose to a critical group
individual:

_7
9 x 10 sievert/year

(from iodine-129 thousand years after
closure).

Maximum annual global collective dose:
_3

2 x 10 mansievert/year

(from carbon-14 two thousand years
after closure).
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The maximum individual dose represents a 6 x 10

addition to the background dose. The assumptions

made give the same global collective doses as in

the reference scenario. The discussion of aging

effects made for the reference scenario is also

valid for this case.

-2

The intrusion scenario illustrates an extremely

unlikely case where a one-household well is

drilled through one of the repository vaults.

The time of the intrusion will govern the doses,

which, if the intrusion is made sometime during

the first few hundred years, come from cesium-137

and strontium-90:

Intrusion scenario

Committed dose to a critical group
individual from first year's intake:

_2
1.5 x 10 sievert

(from cesium-137 and strontium-90*), if
the intrusion takes place one hundred
years after closure. The dose is reduced
by an order of magnitude for each
additional century.

Committed global collective dose from
first year's intake:

_2
6 x 10 mansievert

(from cesium-137 and strontium-90*), if
the intrusion takes place one hundred
years after closure. The dose is reduced
by an order of magnitude for each
additional century.

The intake decreases rather rapidly with time

once intrusion has taken place, but the above

doses may be taken as the conservative upper

limits for the annual doses during the first few

Studsvik dose conversion factor



years. The sooner the intrusion, the higher the

doses. The shorter the time between the closure

and the intrusion, the smaller the probability

of its occurence. Institutional control of the

site during the first hundred years presents no

problem, and it seems rather improbable that man

would forget about the repository within a few

hundred years. Even after one hundred years the

individual doses (0.015 Sv) would not be disas-

treous. Doses from the more long-lived species

would not be crucial in an intrusion.

As can easily be seen, the critical group (assumed

to be four persons) will suffer practically the

whole collective dose, the residual global dose

being very small. Cesium-137 and strontium-90 do

not enter regional and global cycling as rapidly

as carbon-14, and their relatively short half-

lives allow them to decay before any major

dispersal. The collective doses do not become

critical compared to the individual doses.

Two alternative designs are briefly described in

Chapter 4. No safety assessment has been made

for either of them. However, it is hard to find

any features connected with the design alterna-

tives that would alter their radiological safety

characteristics significantly, compared to the

reference design analysed.

It must be noted, in any case, that the analysis

which has been made is of a conceptual and

preliminary nature, even if the generic site and

repository design must be considered to have

been realistically selected. The effects of

certain parameter changes are described in

Chapter 5. It should be understood, however,

that the calculational uncertainties are much



greater than those effects might imply. The

uncertainties as to hydraulic constants, radio-

nuclide inventories, now possibly conservative,

and diffusion constants are large, to mention

only a few. Therefore, future siting, design and

construction must be supported by a more elaborate

and comprehensive safety analysis.
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Appendix A.I (19)

MODELING OF RADIONUCLIDE MIGRATION OUT OF THE

REPOSITORY

Preliminaries

The diffusion of radionuclides out of the repos-

itory is governed by several physico-chemical

mechanisms. For dissolved species, the mass

transport flux is, at all points, proportional

to the concentration gradient,

J = -eD* grad c (Eq A.I)

Fick's first law of diffusion. The time dependent

concentration may be calculated using the relation

^ = D V2c - Ac
at e

(Eq A.2)

Fick's second law of diffusion. J is the current

per unit area (flux) of the porous medium (assumed

saturated), e is the porosity, D* is the diffusion

coefficient of the medium, c is the concentration

of the nuclide in solution (voids), t is the

time, D is the effective diffusion coefficient,
2 e

V • is the Laplace operator, and A is the decay

constant (see Reference A.I).

The effective diffusion coefficient is not the

same as the ordinary coefficient of molecular

diffusion in a homogeneous liquid (hare denoted
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D), or in the bulk of a porous medium (D*). D

depends on several parameters related to the

medium. The following holds (A.I):

D*
K

T*D
K (Eq A.3)

where T* is the tortuosity of the porous medium,

D is the coefficient of molecular diffusion in a

homogeneous liquid, and K is the retention

factor. The tortuosity is a factor that takes

into account the fact that the migrating mole-

cules or ions may have to travel a much longer

distance in a porous medium than in a liquid to

get from one point in space to another. This is

due to, for example, channel curvature. Tortuosity

is related to permeability.

For ionic species, the Nernst relation for a

single ion in pure water at infinite dilution

may be used to obtain D:

D(H-O) = Z|
(Eq A.4)

where R is the molar gas constant, T the absolute

temperature, F the Faraday constant, \Q the

ionic equivalent conductance, and Z is the ionic

charge. The above equation only holds for low

ionic strengths but is assumed to be approximate

for groundwater.

The diffusion coefficient determined in concrete

leaching experiments is related to D in the

following manner:

D
De =

leach

(£K)2

Dleach (Eq A.5)
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where e is the porosity, K is the retention

factor, K, is the equilibrium sorption constant,

and p is the dry bulk density of the porous

medium. The last relation holds for large values

of K,. The proof of the above can be found in

Reference A.I. Thus, it is not sufficient to

know D, . ; the porosity and the retention, or

K, and the density, must be known or estimated

as well.

Principles of the TEMPER calculations

The TEMPER computer program has originally been

developed at Studsvik for static and transient

temperature calculations (A.2). When calculating

nuclide transport, three field functions are of

interest, namely, the nuclide concentration, c

(corresponding to temperature), the nuclide

flux, J (corresponding to heat flux), and the

fluid velocity, v. They are connected by the

expressions

J = -eD* grad c (Eq A.I)

and

J = vc (Eg A.6)

The boupjary conditions used in TEMPER-3 are

either reflective or determined by a constant

value of the field function (constant in time).

Outside the repository, the nuclide velocity is

determined by the piezometric head, the porosity,

the permeability and the retardation factor. It

has been assumed that this velocity is continuous

at the boundary. The same value must then be

obtained from the diffusion calculation. An
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additional assumption is that the velocity is

perpendicular to the surface. As will be explained

later, the latter assumption is only made for

practical reasons, but it will give higher leak

rates than other assumptions. The methodology

has been accomodated to the 2-D integrated

finite difference method used in the program.

Consider a one-dimensional case with diffusion

from mesh i to mesh j, Figure A.I. Assume that

the nuclide velocity in mesh j is v.. The follow-

ing notation will be used (index k corresponds

to either of the meshes i or j):

D. = diffusion coefficient in mesh k
(= £D*)

d. - distance from the midpoint of mesh k
to the common mesh boundary

c, = nuclide concentration at the midpoint
of mesh k

c . = nuclide concentration at the common
•^ mesh boundary

j.. = nuclide flux at the common boundary

then Ficks's law can be written approximately as

di

(Eq A.7)

i

'i

i

Figure A.I

Mesh model for mass balance
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Equation A.7 also gives continuity at the boundary.

The second equality in Equation A.7 gives

Di
di ci d, cj

Or in words, (Eq A.8) indicates that the nuclide

concentration at the boundary is given by the

weighted mean of the concentrations at the mesh

centres, the weighting function being D,/d. .

From this it can be concluded that the meshes

should be set up such that D./d, varies as

slowly as possible.

In TEMPER, the above is extended to two dimen-

sions and all directions to yield a mass balance

on each mesh.

From Equations A.7 and A.8, the flux at the

boundary is given by

A-9>
—— +

The above expressions are valid for each mesh.

For a boundary mesh 'j' it is assumed that the

velocity v. is constant over the mesh. The

inward flux is then

Jij = CJVJ

and the concentration c. is obtiined from Equations

A.9 and A.10:
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Ci
d. d.

(Eq A.11)

If v. approaches infinity, c. approaches zero,

which is often used as the boundary value for

this type of diffusion calculation. The leak

rate is then maximized. If v. approaches zero,

c = c and the gradient is zero which corre-

sponds to reflective boundary conditions. If d.

and d. approach zero, c. also approaches c , but

the boundary flux is not zero. It is easily seen

that in this case

J . . -> c . v . (Eq A.12)

Thus, the nuclide flux through the boundary is

independent of d, or D, for d, =d.=d.*0. A more
i\ K. .K. 1. J

stringent condition is

<< I (Eq A.13)

In the diffusion adapted version of TEMPER-3,

the boundary condition according to Equation

A.11 is valid if a quantity v.>0 is given for a

boundary mesh. The region considered must be

surrounded by boundary meshes in every direction.

It is assumed that the half-thickness |d| is

equal to the half-thickness |d.| of the adjacent

mesh. If the outer boundary is rock or a porous

medium, it is recommended that the meshes i and

j are both taken as being within the same medium.

Then, if the condition given by Equation A.13 is

fulfilled, the precise values of d, and D. are

not important. If v.SO, the boundary value c.

must be given for that mesh.
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The accuracy of the calculations has been esti-

mated by varying mesh sizes and time steps. It

is concluded that the accuracy seems to be

better than 25 percent up to the peak value of

the time dependent concentration. Beyond that

point, the accuracy is reduced and the error may

be as large as 100 percent for very long times.

Geometrical considerations

For the reference well scenario and the conserva-

tive well scenario, the calculations have been

made assuming an infinite slab, formed by an

infinite array of blocks in the vertical direction.

Because of the periodic structure, the numerical

computations could be limited to a narrow segment,

an example of which is shown in Figure A.2.

Here, the block array consists of three units,

but the last unit to the right is equivalent to

three normal units by introducing a factor

corresponding to the thermal heat capacity. The

horizontal boundaries have reflective boundary

conditions. Thus, only the lower halves of the

concrete blocks are depicted. The right hand

boundary condition is also reflective. The left

hand boundary condition is formed by the rock

either with one crack in the central symmetry

plane, or with a very large number of small

cracks equivalent to a porous medium. In addi-

tion to cracks in the rock, cracks could also

occur in the outer concrete wall, and, possibly,

in the concrete blocks. The crack plane in the

wall is always approximately parallel to the

plane of the figure, but is has been shown that

the orientation of the plane is not a crucial

parameter. It has been assumed in the calculations

that any crack in the concrete occurred in the

same plane as the crack in the rock.
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For the intrusive well scenario, the calculations

have been made using r-z geometry. A cut through

the r-z plane is shown in Figure A.3. It should

be observed that, in contrast to Figure A.2 the

central symmetry line of the repository is now

on the left. The geometry is closest to a cylin-

drical interior, but the results can also be

applied to a rock vault since the flow to the

well comes essentially from a zone with trans-

verse dimensions of the same order as the width

of the vault. The well is assumed to be positioned

in the center and the diameter of the drill hole

is assumed to be 80 mm. It forms a boundary

region with zero nuclide concentration, mainly

surrounded by a mixture of waste and cement. The

geometry then contains only two and a half block

units, but the outermost block is equivalent to

five normal units. Thus, the effective diameter

of the cylinder is 1.3 times larger than the

thickness assumed for the slab in the calcu-

lations for the reference well scenario. Thus,

the cross sectional area is about the same as

the area of a pillar with a square cross section,

and having the same side measure as the thickness

of the infinite slab. The outer dimension is,

however, of minor importance because the peak

leak rate to the well occurs in the beginning,

when only the nuclides which are influential are

those from the close surroundings.

Cracks in the rock and in the concrete

For the reference well calculations, the outlet

of the nuclide flux is formed by cracks in the

rock. Crack widths between 0.1 mm and 2 mm have

been considered. A crack width of 0.1 mm can be

considered a relatively high value for Swedish

rock in an area representative for the reposi-
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Moraine/
bentonite

Crack

Rock

Concrete 350 500

Waste -
cement

375 125

Concrete

Water

1000

Waste-cement

Concrete

Water/

Homogenized
waste-concrete

Water

Figure A.2

Two-dimensional model for the reference and
conservative scenarios (measurements in mm)

Well
hole

Homogenized
waste-concrete

Moraine/

I
\

Waste-
cement

Concrete

25125, 1000

Waste- cement

Concrete

1
/\

„ 1250

< >

, 700
_1 Z_
. 1500 m

Figure A.3

Two-dimensional model for the intrusion scenario
(measurement in mm)
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tory site. In the calculations with discrete

cracks, the crack distance is assumed to be the

same as the block dimensions, namely 1.2 m. This

corresponds theoretically, for 0.1 mm crack
_7

widths, to a hydraulic conductivity of 2x10 m/s
-4and a porosity of 0.8x10 . The calculations

have been made using the water velocities 30 or

3 000 m/y. It turned out that the results are

only very slightly dependent upon the velocity

in the outlet.

In some cases, the rock is considered to be a

homogeneous, porous medium. The assumed flow
3 2

rate is then generally 0.15 rr. per year and m

of rock, corresponding to a hydraulic gradient

of 0.025. It should be observed, that the proper

boundary condition is defined by the nuclide

velocity. This is obtained in a crack by divid-

ing tr.e water velocity by the retardation factor.

The concrete blocks must be designed in such a

way that they can be handled by fork-lift trucks

Therefore, there are facings on the underneath

and channels filled with water are formed below

the blocks, between the facings. These channels

are considered in the reference well calcu-

lations, but they have been abandoned in the

intrusive well case because of numerical diffi-

culties. Instead, a "worst case" is considered

by replacing all the concrete walls with water.

A situation could, for reasons of conservatism,

be imagined where the concrete has very severe

cracks filled with water. This situation is

never so severe as the assumed "worst case",

except, possibly, if the diffusion is replaced

by convective currents.
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Results for the intrusive well calculations

Because the results for the reference well

calcultions are reported elsewhere (A.I), only

the intrusive well calculations will be reported

here. In these calculations, it is especially

important to have a good description of the

behavior for short times after the intrusion.

The short time steps in the beginning also

necessitate very small radial meshes close to

the well boundary. In these types of calculations

it is also important to avoid large abrupt

changes in the ratio between the time increment

and the diffusion constant. Such considerations

limited the smallest time interval considered to

about 0.1 year.

A normalization of the flow is obtained by

calculating the initial total amount of nuclides

used in the repository model and dividing by the

volume inside the outer concrete wall. The leak

rate per meter of vertical well dimension is

then

3 =
2nRwI(c2-Cl)

(Eq A.14)

(^ XT)
Dl D2

where

w
I

c.

= radius of the well hole

= total inventory in the repository

= computed concentration in the first
mesh (at the well boundary)

= computed concentration in the second
mesh from the well boundary

= width of the first mesh

= width of the second mesh
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D^ = diffusion constant in the first mesh

D2 = diffusion constant in the second mesh

Jc(t=0)dV= integrated initial value of the concen-
tration.

The results of the calculations, assuming that

the concrete is intact are shown in Figures A.4

to A.6. Tritium, carbon, iodine and cesium have

the highest diffusion constants in concrete, and

have therefore the highest leak rates for times

smaller than the half-life. It should be noted

that the initial concentration of the nuclides

is assumed to be the same: 1 Ci/m3 in the whole

repository. If the intrusion occurs at some time

value t, the proper level for each nuclide is

obtained by considering the initial concentration

and the decay up to time t.

10 -

Figure A.4

Radionuclide leak rate per meter of well through
the repository at various times after intrusion
(initially 1 Ci/m3 of each nuclide)
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10' 1O3 yrs

Radionuclide leak rate per meter of well through
the repository at various times after intrusion
(initially 1 Ci/m3 of each nuclide)

10-'

10'1 10u 10' 102 yrs

Figure A.6

Radionuclide leak rate per meter of well through
the repository of various times after intrusion
(initially 1 Ci/m3 of each nuclide)
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For the long-lived nuclides one can observe a

slight increase in the leak rates at about 1 000

years. This is because the nuclides from the

second pile of blocks are by then arriving at

the well hole: but the corresponding maximum

value will never be high.

Figure A.7 shows the effect of damaged concrete

for iodine-129. Because the concrete walls are

replaced by water, the flow is more in the

vertical direction than in the earlier cases.

The initial flux to the well hole will therefore

be somewhat lower than in the normal cases. This

is, however, only the case if the intrusion

happens simultaneously with deposition. If it

happens later, some redistribution of the nuclides

will have occurred, which is not taken into

account in the calculations. But the high diffusion

constant in water will have the effect that the

leak rates increase during the time period

Ci
m y

i<rz

10'

Damaged concrete

10'' 10" yrs

Figure A. 7

Leak rate of iodine-129 per meter of well through
the repository for damaged and intact concrete
(initially 1 Ci/m3)
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between 10 and 50 years after the intrusion. But

the initial top value for the undisturbed case

will not be reached. After a few hundred years,

the flux is s nigh, that the nuclide density

decreases r . i.dly, and the leak rates to the

well are i-wer than for the undisturbed case

after ?ljout 2 000 years.

r:' &rial properties

Concrete

Some measured D data for strontium, cesium,
leach

cobalt and plutonium are available from the

literature (A.3 - A.5). Figures indicated by

preliminary experimental studies in Studsvik

have been used for cesium and strontium. They

fall within the range given in the literature.

Diffusion coefficients for cobalt and plutonium

have been taken directly from A.3 and A.5. Since

no retention factors in concrete seem to have

been measured, the product eK is assumed to be

unity, D ~ D, ., which is most probably a

conservative assumption. Nickel is assumed to

have D the same as that of cobalt.

The quoted reports do not contain any data for

tritium, carbon and iodine. They are assumed to

migrate as HTO, CO" and I , respectively. The

diffusion coefficient for HTO in pure H2O at

25°C have been taken from (A.6). Ionic equivalent

conductances for COz" and i" at 25 C have been

taken from (A.7), making possible the use of the

Nernst relation. Tritium, carbon and iodine are

assumed not to be chemically retarded. The

tortuosity is assumed to be 0.01, indicated by

experiments with non-retarded species in con-

crete (A.8).
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The effective diffusion coefficients used are

compiled in Table A.I.

Moraine/bentonite

The moraine/bentonite mixture proposed to surround

the ALMA repository is assumed to have

p = 2.2 Mg/m and e = 0.2 (A.9). No diffusion

coefficients or retention factors have been

found for moraine/bentonite, so data for the

sand/bentonite mixture outlined in the KBS-study

have had to be used. For the latter type of

mixture, retention factors are available (A.10).

The K = l+K,p/e are those for Aq _, long

exposure time, oxidizing conditions and low

tracer concentrations from (A.10). The data for

cobalt and nickel are, however, rough estimates.
2- -HTO, CO., and I are assumed to be non-retarded.

The coefficients of molecular diffusion in pure

water have been calculated with Nernst's relation.

The K figures at 25°C have been taken from
° 4+ o

(A.7). An extrapolated value for Th at 18 C is

used for plutonium. In the case of tritium, the

diffusion coefficient for HTO in H2O at 25°C is

taken from (A.6).

In the absence of data, it has been assumed that

T* = 1. This is a conservative estimate since T*

for unconsolidated particulate media is in the

range 0.5 - 1, while the compacted moraine/ben-

tonite, with its wide range of particle sizes,

may be expected to have a smaller tortuosity,

however not as small as that of concrete.

The calculations, estimates and assumptions

yield the results shown in Table A.I.
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Table A.I

Effective diffusion constants for the most signi-
ficant nuclides

NUCLIDE

CONCRETE MORAINE/BENTONITE

H (HTO)
14c (
60Co

59Ni

63Ni

90Sr

129j

135Cs

137Cs

239PU

CO2")

(CO2+

(Ni2+

(Ni2 +

(Sr2+

(I")

(Cs+

(CS+

)

)

)

)

)

)

(Pu4+)

Cracks

7x10-4

3x10-4

4x10-9

4x10-9

4x10-9

7x10-6

6x10-4

3x10-4

3x10-4

4x10-9*

-2

7x10

3x10

8x10

8x10

8x10

7x10

6x10

2x10

2x10

3x10

-2

-2

-6

-6

-5

-2

-4

-4

-6

7x10 /70 (all nuclides)

A more realistic value of D for plutonium

in concrete would be 10-12 »Vy
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GEOHYDROLOGICAL MODELING

Wells in the repository rock block unit

One of our model approaches has been primarily

to evaluate a conservative well scenario giving

the highest radionuclide concentrations. Conse-

quently, the basic well position is a deep,

vertical and central well, symmetrically located

between the two storage vaults. A small drawdown,

that is, a low pumping rate, in such a well is

ne-'fnsr probable, nor critical. It means inef-

f" * eat use of the well, and it will not signif-

i..\ i?t.ly affect the topographically induced

<<£ .>«adwater flow near the rock vaults, that is,

•el <? extension of the well flow will be small.

«. »aversely, a very large drawdown in a very deep

<s£ll will be related to a high discharge, and

certainly to a great extension of the well flow.

B')wever, the dispersion effect will be large. In

tiis case all the contaminated water will be

collected by the well but it will also be

strongly diluted. The most unfavorable, but

still probable situation, is believed to occur

when the radius of influence (extension of the

well flow) is in accordance with the length of

the vaults. Then all the activity emitted from

the vaults will reach the well with a minimum of

dilution.
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The extension of the well flow is the distance

between the influx section of the well and a

circle around the well where the flow vector is

zero, that is, where the flow to the well balances

the natural gravity flow induced by topography.

This radius of influence can be computed approxi-

mately by a procedure of superposition of the

two basic flows. The well flow is a three-

dimensional flow in an infinite, homogeneous and

isotropic aquifer without accretion, whereas the

terrain flow is assumed to be a two-dimensional

flow under a plateau with slopes to the bordering

valleys or flatlands with precipitational accre-

tion.

The rock block aquifer (800 x 1 000 m) is con-

sidered to be composed of a homogeneous and

isotropic system of fractures. The flow to the

well is a three-dimensional flow to a point, or

to a short and thin cylindrical influ;; area.

This flow competes with the natural, principally

two-dimensional flow to the surrounding valleys.

As previously stated, the latter flow is caused

by the topography and the continuous positive

accretion of precipitation.

A simple method of calculating the radius of

influence by hand has been used. The method is

approximate and conservative, and is based on

the superposition of the two basic flows, that

is, the well flow (3-D) and the terrain flow

(2-D) under a plateau with accretion. The repo-

sitory is assumed to be situated symmetrically

under the groundwater divide and parallel to the

valleys, Figure B.I.
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Figure B.I

Schematic diagram showing the interference between
the groundwater flow to a central well in a rock
block (hill) and the natural (topographically
induced) flow to the surrounding valleys (fracture
zones)

The two basic flow rates are controlled by the

following factors (Table B.I):
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T a b l e B . I

Factors controlling the flow rate in the rock block

WELL FLOW RATE LOCAL, TERRAIN INDUCED FLOW RATE

Primary factors

Pumping flow

Distance to the well

Secondary factors

Hydraulic conductivity
of the rock mass

Hydraulic porosity of
the rock mass

Well depth

Drawdown in the well

Primary factors

Hydraulic gradient in the rock
mass

Hydraulic conductivity of the
rock mass

Hydraulic porosity ot the
rock mass

Secondary factors

Slope

Plateau size and altitude

Position of current interest

The calculations of the distances and depths of

influence which follow will require the knowledge

of some essential hydraulic relations, such as:

Pumping rate vs. hydraulic conductivity
vs. drawdown

Hydraulic conductivity vs. hydraulic
porosity

Hydraulic conductivity vs. accretion
(infiltration rate) and increment of
the groundwater level

Hydraulic conductivity vs. radius of
influence of drawdown in a pumped well.

The radius of influence (r ) of the drawdown

(s = specific drawdown) in an infinite, homo-

geneous aquifer with a known conductivity (K),

which is not the same as the radius of the

influence of pumping or extension of the well

flow, is estimated from the empirical formula of

Thurner (B.I):
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= 3000 •K1» (Eq B.I)

The distance of influence of drawdown along

structural zones has been calculated according

to a model proposed by Carlsson & Olsson (B.2),

Figure B.2.

HYDRAULIC CONDUCTIVITY (m/s)

Figure B.2

1000

X'oo

UJbU

O

4

/

/

f

fl 5 1

/

/

F^/R^-RATIO

Distance of influence of drawdown along a draining
tunnel, according to Carlsson & Olsson (B.2).
Left diagram: Distance groundwater level - tunnel
(R ) = 60 m; B = zone width. Right diagram:
Correction factor for varying depths (R ).

The pumping flow (Q) from a well in an aquifer

is derived from an empirical formula reported by

Gustafsson et al (B.3):

1.25-Q = K«D-s
w

(Eq B.2)
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where D denotes the aquifer thickness, but is

here as a rough approximation set equal to the

well depth in the infinite aquifer. In the

planar aquifer, D is the zone width. A similar

formula may be obtained by combining the Thurner

relation (B.I) with the well-known Dupuit-Thiem

well equation, Figure B.3.

HVjRAULlC CONDUCT!

Figure B.3

Well yield vs. hydraulic conductivity of the
rock mass obtained by the combination of the
Thurner-relation with the Dupuit-Thiem well
equation, or by an empirical formula of
Gustafsson et al (B.3). The shaded area shows
the general position of field values reported in
the literature.
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In order to be able to calculate the net flow

rate and transport times, a relation between

conductivity and porosity must be derived. This

has been done by means of a statistical treatment

of well pumping data from recent KBS/SGU field

surveys. Figure B.4.

10

K>
HYDRAULIC CONDUCTIVITY I m/s)

10"

Figure B.4

The relation between hydraulic conductivity and
hydraulic porosity obtained from statistical
data from recent KBS/SGU field surveys, reported
by Olsson & Carlsson (B.4)

The proposal that the groundwater level more or

less closely follows the topography of the

Swedish terrain is generally accepted. Hence,

the infiltration rate always exceeds a minimum

level, the size of which depends on the general

hydraulic conductivity of the rock and the

topographical conditions. According to Carlsson

& Olsson (B.4) the minimum average annual infil-

tration to maintain a 30 m high groundwater
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level in a 800 m wide hill is about 15 nun, if

the hydraulic conductivity of the rock mass is
_Q —10

10 m/s. This infiltration rate (4.8-10 m/s)

probably corresponds to an annual precipitation

of at least 50 mm.

According to the terrain flow net, Figure B.5,

the hydraulic gradient is almost three times

greater under the slope than under the center of

the block. This condition is also pointed out in

(B.4) in which the maximum gradient is reported

to be 0.16 under a 1 000 m wide and 30 m high

hill. Hence, as long as the groundwater level

follows the ground level, we may assume that the

infiltration rate above mentioned may be in-

creased to at least 45 mm/year.

Knowledge of a reasonable value for the infil-

tration rate provides a means for checking the

calculation of the extension of the well flow

(r ) by using the simple equation of balance

between pumping rate (Q) and precipitational

accretion (e):

Q = K (Eq B.3)

The increase in accretion due to the drawdown of

the well could certainly be even greater. However,

it is generally difficult to estimate since it

depends on several varying or fluctuating condi-

tions, such as the infiltration properties of

the ground and the climate.



Appendix B.9 (13)

Undisturbed ground-water flow under a hill

Water flow to a well

Figure B.5

The principal three-dimensional flow to a well
and the two-dimensional flow under a plateau
bordered by slopes (from B.5)

Wells in the structural zones bordering the
repository rock block unit

Any well with a significant discharge in the
surrounding zones will affect the groundwater
level in the zone. Due to the high conductivity
of the zone in relation to that of the host rock
mass, the zone will act as a draining ditch in
the less pervious rock mass. The well will be
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charged by two principal sources (areas): the

infiltration into the two neighboring rock

blocks and the infiltration from more distant

areas via the crush zone.

A basic question is that of the extension of the

well flow in the zone. How deep will the flow to

the well be strong enough to compete with the

topographically induced (regional) flow? An

approximate answer may be derived by comparing

the well flow to the regional terrain flow, see

Figure B.5.

Due to the low zonal conductivity the drawdown

of the groundwater level will be efficient when

pumping occurs. The influence of drawdown will

be noticeable at a distance of about 300 m.

Therefore, the charge flow from the zone v<3 )
z

will - close to the well - percolate through

the surface of a virtual half cylinder,

Figure B.6. If the drawdown in the well is not

at its maximum, the half cylinder is prolonged

upwards to the groundwater level. The charge

flow from the two surrounding rock blocks will

percolate through the two ends of this half

cylinder. Figure B.6. The vertical accretion

from water infiltrating directly into the zone

is difficult to estimate and has been neglected

for conservative reasons.

The rate of the intrazonal charge flow is esti-

mated by assuming a linear Darcian flow. The

regional hydraulic gradient is assumed to be

0.01 of the corresponding local gradient, which

is about 0.15. However, the regional gradient is

increased by the pumping to 0.11. The charge

flow from the two blocks may be estimated by

applying the correct infiltration rate
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and a ground surface area value which can be

estimated from the terrain flow net, Figure B.6.

This flow net is derived from calculations

presented in (B.5). As an initial value, the

horizontal extension of the well flow or distance

of influence (n ) is put equal to 3 times the

radius of the half sphere. Eventually, an itera-

tive calculation with n has to be done using a

value of the vertical extension or depth of

influence (r) obtained by applying the law of

conservation of masses:

Q = q (D'Ti/2'X + a) + 2«e*2r*n

(Eq B.4)

where D is the zone width and a is the head of

water above the bottom of the well. Note that

only one half of the half cylinder is used

since, at balance, no percolation takes place

through the other half. The drawdown of the head

in the zone is about 15 m, which increases the

gradient under the slope by a factor 1.5. Due to

the increase in the gradient, the infiltration

rate will be enhanced proportionally. The regional

flow rate in the zone (q_) represents the upstream
z

flow into the virtual half cylinder. This flow

is charged by water infiltrated on upstream

areas (secondary accretion areas).

Additionally, note that this treatment will, for

geometrical reasons, require that some further

conditions are imposed on the position and

orientation of the zone.

The two charge flow rates are specifically

influenced by the following factors (Table B.2):
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Table B.2

Factors controlling the charge flow rates

WELL FLOW RATE REGIONAL FLOW RATE IN THE ZONE

Well pumping rate

Distance factors

Secondary^ factors

Hydraulic conductivity
of the zone

Hydraulic porosity of
the zone

Well depth and drawdown

Fracture zone width

Primary factors

Hydraulic gradient in the zone

Hydraulic conductivity of the
zone

Hydraulic porosity of the zone

Secondary factors

Slope along the zone

Position of current interest

DISTANCEOF INFLUENCE

Figure B.6
/*

Schematic diagram showing the partial charge flow
to a well in the bordering fracture zone. The
related areas of accretion and the geometry of the
spatial surface of balance are also shown.
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BIOSPHERE AND DOSIMETRY MODELING

General

The biosphere modeling part of the environmental

impact assessment commences where the geohydro-

logical considerations are terminated: in the

primary recipient.

The general calculational approach is outlined

in Figure C.I. The water discharged to the well

is assumed to be used only for drinking purposes,

that is, in the case of the critical group, the

only reservoir is the well itself, and the only

exposure pathway is ingestion of drinking water.

It is further assumed that all radionuclides

leaked from the repository are transported to a

lake, either directly via fractures, or indirectly

via the well and household discharge and sewage.

This is used in the calculations of collective

doses.

Individual doses

The highest individual doses are experienced in

the critical group using well water for drinking

purposes. Each individual is likely to consume a
3

total of some 80 m water per annum. However,

typically only 440 litres per annum are actually

ingested, and the major amounts are used for

personal hygiene, water closets, laundry and

dishwashing. The 440 1/y figure is used through-

out this report.
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CONCENTRATION IN

RECIPIENT

CONCENTRATION IN

RESERVOIRS

INDIVIDUAL AND

COLLECTIVE DOSES

1 WELL
2 LAKE

EXPOSURE PATHWAYS

LIVING HABITS

DOSE CONVERSION FACTOR

POPULATION DISTRIBUTION

Figure C.I

Study approach to biosphere modeling and conse-
quence calculations

In order to arrive at the final estimation of

individual doses, human metabolic data must be

used to calculate a factor for converting the

intake of radionuclides to an equivalent dose to

a typical individual.

A fundamental quantity is the weighted whole-body

dose (equivalent), in which doses to various

organs are weighted to yield an equivalent

whole-body dose. To estimate the total dose from

a unit intake, the committed dose (equivalent)

(H50) has been used in this study. The committed

dose (equivalent) to a particular organ or

tissue is the total dose (equivalent) to which
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that organ or tissue would be committed during

the fifty years following the intake of a radionuclide

(C.I). Its equivalent for weighted whole-body

dose has been used. If a person has a constant

annual intake of radionuclides over a number of

years, the annual committed dose tends to grow

towards an equilibrium value equal to H5Q, a

fact which has been used to calculate annual

doses. This has also been used in the intrusion

scenario where the intakes decrease rather

rapidly with time. The 1 Ci H5_ values for the

most significant nuclides in Table C.I have been

calculated in Studsvik, and have been used as

dose conversion factors both in the past (C.2)

and in this study. The strontium-90 factor used

by the British National Radiation Protection

Board (C.3) is also given in the table since it

differs markedly from that used in Studsvik.

Table C.I

Dose conversion factors for the most significant
nuclides

NUCLIDE

3H

14c

90Sr

129j

135CS

137CS

HALF-LIFE

12.3

5 736

28.6

15.7X106

2.30xl06

30.0

DOSE CONVERSION
(Sv/Ci)

1.3

9.9

15 000 (NRPB: 1

3 400

73

550

FACTOR

200)
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Collective doses

The basis of the global collective dose calcu-

lations is the assumption that all radionuclides

leaked from the repository travel to a lake via

fractures or household discharge and sewage. The

lake is used for swimming, fishing and irrigation,

and is connected to secondary wells as well as

the Baltic.

To enable an assessment of the global collective

dose (the sum of the doses to all humans at a

specific point or over a period in time), compart-

ment theory may be used. The biosphere is divided

into a number of well-defined reservoirs, among

which the transport of radionuclides is described

by a set of first order linear differential

equations with constant coefficients:

dt - '

where

y(t)

-*-*
K

Q - Ay (Eq C.I)

the vector given by the set of
reservoir inventories of a nuclide

a transfer coefficient matrix
describing the transport of radio-
nuclides between reservoirs

a radionuclide source term

the decay constant.

The multicompartmental system used in this study

is depicted in Figure C.2, and the exposure

pathways are shown in Figure C.3. The actual

calculations have been made with the BIOPATH

computer code (C.4) and the transfer coefficients

and reservoir volumes/masses can be found in
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(C.2). The dose conversion factors for ingestion

are, of course, the same as in the calculation

of individual doses.

atmusphtre

LZE
- " I I '"lilWnlI I

local and regional
ecosystem

global
v<. osvstem

Figure C.2

Reservoirs for the different ecosystems. The
details of the local ecosystem are not shown.

sediment

inhalation

Figure C.3

Pathways for human exposure in the ecosystem
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