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Where and how will we dispose of
spent nuclear fuel?

There is political consensus to dispose of spent nuclear fuel from Swedish nuclear power
plants in Sweden. No decision has yet been reached on a site for the final repository in
Sweden and neither has a method for disposal been determined. The disposal site and
method must be selected with regard to safety and the environment as well as with regard
to our responsibility to prevent the proliferation of materials which can be used to produce
nuclear weapons.

In 1983, a disposal method called KBS-3 was presented by the nuclear power utilities,
through the Swedish Nuclear Fuel and Waste Management Company (SKB). In ;ts 1984
resolution on permission to load fuel into the Forsmark 3 and Oskarshamn 3 reactors, the
government stated that the KBS-3 method - which hart been thoroughly reviewed by
Swedish and foreign experts - "was, in its entirety and in all essentials, found to be
acceptable in terms of safely and radiological protection."

In the same resolution, the government also pointed out that a final position on a choice
of method would require further research and development work.

Who is responsible for the safe
management of spent nuclear fuel?

The nuclear power utilities have the direct responsibility forme safe handling and disposal
of spent nuclear fuel.

This decision is based on the following, general argument: those who conduct an
activity arc responsible for seeing that the activity is conducted in a safe manner. This
responsibility also includes managing any waste generated by the activity. This argument
is reflected in the wording of major legislation in the field of nuclear power, such as the
Act on Nuclear Activities (1984) and the Act on the Financing of Future Expenses for
Spent Nuclear Fuel etc. (1981).

The Act on Nuclear Activities and the Act on the Financing of Future Expenses for
Spent Nuclear Fuel etc. stipulate that the nuclear power utilities arc responsible for
conducting the research which is necessary for the safe management of spent nuclear fuel.
This legislation stipulates thai the utilities arc also responsible for the costs incurred in
connection with the handling and disposal of the waste.

There arc four nuclear power utilities in Sweden: Statens vattcnfallsvcrk (the Swedish
Stale Power Board), Forsmarks Kraflgrupp AB, Sydsvenska Värmekraft AB and OKG
AB. Together, these four utilities own the Swedish Nuclear Fuel and Waslc Management
Company (SKB). SKB's tasks ini 1c the practical execution of the work which the
utilities arc rcsponsiblc for carryin- iut.

The government has the overall responsibility for safety in connection with waste
handling and disposal. Three authorities - the National Board for Spent Nuclear Fuel
(SKN), the Swedish Nuclear Power Inspectorate (SKI), and the National Institute of
Radiation Protection (SSI) -arc rcsponsiblc ford i ffcrcnt aspects of government supervision
of the utilities' waslc activities. The government has also appointed a special agency, the
Consultative Committee for Nuclear Waslc Management (KASAM) to deal with these
matters. (The task of this commission was completed by June 1990.)

Continued on Hi* back insid* cover.
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Summary

T h i s r e p o r t c o n t a i n s a n a c c o u n t a n d d i s c u s s i o n o r t h e r e f i l l s >>; \ \>>rk p u b l i s h e d

within the area of geogas. with nanicular emphasis or. the conditions \\ hich >A .HLC:

exist in a Swedish repository tor spent nuclear fuel. The io!;iH\ing issue- .-,:"c

addressed:

• Is there any ev idence / i s it probable or i m p r o b a r u e thai a g e o g a s ; ! O A exist*-.'

How does the How move, what does it consist of and it uhui depth is it re-

leased?

• Is there any evidence/is it probable or improbable that matter is transported to the

surface by a geogas flow'.'

• What are the mechanisms that could be involved in the transport ot matter b\

geogas? Does the composition of the gas have any bearing on the ability o!' t'ne

gas to transport matter'.' Would the gas tend to transport certain element^ raiher

than others?

• What effect does the surrounding rock have on gas transport?

• If matter is transported upwards by g e o g a s . is this kind o\ i raimport impor t an t

compared to other means of transport of matter'

The conclusion of this report is that all evidence points to the existence of .1 geogas

flow and that nitrogen seems to be the most probable geogas candidate in a

Swedish repository environment. Available data indicates that nitrogen gas bubble

formation cannot be excluded in the environments which arc currently being con-

sidered as repository she candidates.

It is difficult to estimate how quickly the gas can reach the surface from a depth

of 500 m. The extreme values are 30 minutes to several thousand years, depending

upon existing conditions.

It i s l i k e l y that m a t t e r i s t r a n s p o s e d b y g e o g a s . S u c h t r a n s p o r t is l i k e l y t o b e

selective in a way that would favour the upward transport of collouis and other

smaller particles. The most probable mechanism is transport by ascending gas

bubbles in water-filled fractures/cavitie... The shape and si/e ot the fracture*- and

the characteristics of the bedrock should have a considerable effect on [he trarts|tori

process.

K s t i m a t e s o f t i m e s , t r a n s p o r t r a t e s a n d q u a n t i t i e s i n t h i s r e p o r t a r e s p e c u l a t i v e

a n d u n c e r t a i n a n d m u s t b e r e g a r d e d a s a n i n i t i a l e t t o r t , s i n c e l i t t l e o r n o t h i n g i s

k n o w n o f m u c h o f t h e n e c e s s a r y b a c k g r o u n d d a l a . l o r t h i s r e a s o n , it i s i m p o v M h l e

to compare, with any certainty, the importance of geogas transport of radionuclidcs

from a repository with other transport mechanisms.
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The authors recommend that supplementary studies and practical experiments

should be carried out in the laboratory as well as in the field, in order to obtain a

more certain bodv of data for evaluation.
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1 Background

Knowledge of the possibility of radionuclide transport to the surface from a

repository for radioactive waste by an ascending geogas flow is currently so

incomplete that it is impossible to quantify the effect of such a form of transport of

matter. The importance of geogas transport, if it does indeed occur, is uncertain.

This is a matter which needs clarification. Repository safety assessments

previously carried out may need to be re-evaluated if the transport mechanisms for

radionuclides used in the assumptions have to be supplemented by others. Previous

studies of geogas have been pragmatic in nature. However, the need for knowledge

is different in the case of a radioactive waste repository, since such knowledge

must be gained in advance of its design and construction. This means that the

emphasis must be placed on the understanding of the phenomena and mechanisms

involved-

The National Board for Spent Nuclear Fuel (SKN) has commissioned Studsv ik

AB and Swedish Geological Co (SGAB) to conduct a pilot study on geogas. The

results of the study are presented in this report. The objective of the pilot study was

two-fold. The aim of the study was to determine the state of knowledge on the

subject by compiling a bibliography of literature on the existence of geogas and its

composition, content and movement in geological structures of the kind under

consideration for a Swedish repository of high-level waste. In addition, the aim

was to find out, if possible, whether any data exist on the kinds of substances

which can be transported by the gac and if the transport mechanisms are selective,

thereby possibly favouring the upward transport of such long- lived radionuclides

which are of interest from the point of view of safety. The potential for using

geogas to detect fracture zones was also to be studied. During the course of the

study, ideas were presented on the possible use of radionuclides transported in

geogas in a monitoring system for the early detection of leakage from a repository.

This issue is also discussed in this report. In addition, in the light of the results

obtained, proposals for continued work within the area are presented.

2 Structure

This study is based on a survey of literature within the area, and on discussions

with experts and researchers in Sweden and abroad.

In 1985, SGAB conducted a computerised search of literature published within

the area. The result was in the form of a long list of titles of various publications

published between 1974 and 1985. This list has now been updated until 1989

using the same set of search descriptors and arguments used in 1985. The decision

to use the same search parameters was made after discussing the outcome of the

1985 search and determining that the same parameters should still be valid. They

are described in Appendix 1. The joint outcome of both searches amounted to about

7



6(X) titles. Of these, about 150 publications were selected on the basis of their titles.

Copies of these publications were ordered and they were examined. About 60 of

the 150 publications were finally selected. Together with the conclusions drawn

from discussions with researchers, these 60 publications form the basis of this

report.

SGAB was responsible for establishing contact with the experts and

researchers. Several researchers within the area were contacted - mainly by

telephone. As part of the project, the department for research and measurement of

gases and gas flows at BRGM in Orleans was also visited.

The method of work adopted in the study involved reading the publications,

consulting with external researchers and experts, discussing the collected material

and checking the project participants' viewpoints on the material through a number

of telephone conferences and 3 meetings.

3 Overview

The transport of matter in bedrock through a carrier gas or geogas has been used in

several publications as a hypothesis to explain anomalies which cannot be

explained by other known phenomena, such as diffusion. For example, radon

concentrations measured in soil air at the ground surface have been found to be too

high to be explained solely through the diffusion of radon from known uranium-

thorium mineralisations. Theories that the radon originates from sources deep

below the surface of the ground, e.g. hidden uranium ore deposits, have been

proposed by some of the researchers working with radon measurement. However,

such speculations must be viewed with misgiving. In order for radon to reach the

surface before decaying, it must be transported upwards at a rapid rate, which, in

itself, is possible if a rapidly ascending carrier gas/geogas is assumed to exist.

However, it is more probable that uranium and radium, in this case, are transported

with the groundwater and deposited on fractures near the surface or in the ground

over the fractures. In this way, the radon source will be located near to the point of

measurement. In several of the reported cases, no abnormal concentration of radon

has been found. The reported values lie within the intervals which are normal for

the radon concentrations, if the probable radium concentration in the ground is

considered. Since the researchers have seldom determined the radium content, they

have not been able to judge the credibility of the measurement results. Moreover,

radon concentrations in the soil vary widely depending on soil type and atmos-

pheric conditions. These factors have seldom been taken into consideration.

In his deep earth gas theory (methane from the mantle ascending to the ground

surface), Gold (1 - 5) argues that helium and other noble gases can be taken up by

the deep earth gas and be transported to the surface. Sulphur, nitrogen and a num-

ber of metals would be able to form compounds which, in turn, could be trans-
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ported up to the surface by the gas. In the case of metals, organometallic com-

pounds would be of special interest.

Dikun et al (6) suggests that the occurrence of helium anomalies and their dur-

ation can only be explained by an ascending carrier gas. In connection with

observations made in southwestern England, carbon monoxide, methane and

carbon dioxide are considered to be carrier gases (7). Studies carried out in

Czechoslovakia (8, 9) also describe the transport of matter by a gas medium.

In several studies (10 - 13). K Kristiansson and L Malmqvist have accounted

for the non-diffusive transport of matter in gas bubbles, or geogas transport.

Although Kristiansson and Malmqvist do not themselves speculate about any

transport mechanism, the transport of matter could take place as is briefly described

below.

A carrier gas (geogas) flows through the groundwater in the bedrock. As it

ascends to the surface, the geogas picks up matter in the liquid-gas interface and

this matter is carried upward. If the geogas flows through mineralisations, matter

from the mineralisations are carried to the surface and can be detected there.

If such a form of transporting matter occurs, it may be of significance for the

migration of radionuclides from a repository towards the surface.

The word "geogas" has not been defined, and in this report the word is used to

mean "an occurrence in crystalline bedrock of substances which become gaseous at

normal pressure and temperature."

The gases discussed here are listed in Table 1. The concentrations of the gases

in the air at the surface are given.

Table 1

Gas concentrations in the air at ground surface 114).

Gas Concentration in the air (vol %)

Nitrogen
Oxygen

Argon

Carbon dioxide

Helium

Methane

Hydrogen

Radon

78.084
20.9476

0.934

0.0314

0.000524

0.00014

0.00005
1-10-17

In a litre of air at normal pressure and temperature, there is a total of about

2.7 • 1()22 gas molecules and atoms. About 5.6 • 1021 of these are mo.ccules of

oxygen and about 2 7(K), atoms of radon.



4 Survey of literature

4.1 Introduction

The structure of the survey of literature is presented in Chapter 2 and Appendix I.

The number of articles published in this area was very comprehensive and much

effort was put into reading and assessing the relevance of the publications. The

report on the findings of the survey has been divided into a number of sub-

headings relating to the issues that the Board wished to have examined in the pilot

study.

4.2 Ascending gas now

The issues which are of interest here are: does geogas. in fact, exist and. if so.

what does it consist of. Moreover, what gas flows and flow rates can occur?

The basic assumption is that a gas flow passing through bedrock must originate

somewhere. A rough classification of the origin of gas flows, based on the litera-

ture published in this area, can be made as shown below and in Table 2:

Atmosphere Atmospheric gas dissolved in water can be transported

downward by groundwater flows.

Radioactive Argon, helium, radon and radon-220 ithoron gas) which are

decay in the formed in the bedrock through potassium, uranium and thorium

bedrock decay.

Chemical Gases formed through the conversion of carbonates, organic

matter, graphite and pyrite mineral (e.g. ferrous sulphide).

Mantle E.g. hydrogen from any iron hydride present deeply inside the
degassing earth.

Of these 4 sources, radioactive decay, in itself, can only produce enough gas

(helium and other noble gases) to be a gcogas, if processes occur involving canal-

isation and accumulation.
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Table 2

Origin ofgeogas

Gas Possible origin

Nitrogen

Oxygen

Argon

Neon
Helium-4

atmosphere, mantle

atmosphere, chemical reactions

atmosphere, radioactive decay

radioactive decay, earth's crust and the interior of the

earth

Helium-3

Carbon monoxide,

carbon dioxide

Methane

Radon

Hydrogen

interior of the earth

chemical reactions, mantle

chemical reactions, crust, mantle

radioactive decay

chemical reactions, mantle

Different authors have analysed different gases depending on their special area of

interest. This means that the gas compositions reported in the literature vary de-

pending on geological and other conditions existing in the region investigated, as

well as on the special interest of the author.

Depassing from the earth's crust and inside the earth has occurred throughout

the earth's history. Gases which are associated with the deep parts of the earth's

crust are carbon dioxide, carbon monoxide, methane, hydrogen, nitrogen, water

and hydrogen sulphide (1). In his article, Gold proposes a system for carbon sup-

ply, see Figure 1.
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Hg. 1 Schematic flow dUfnm [or carbon supply. CrU. COj and H.-O arc »hown at major volatile» btlo • -i
surface Chemical processes arc indicated b) »mall letters. Biological cydä tre omitted. The diagram indu:j<e.i
(ba( CH, may react the surface without modification, or If the pathway ftran oxidation (indicated as process •-'I
(he carbon may emerge at CO, (or at CO, not indicated I. The necessary oiygen may be supplied either by watei
or by metal oddc* in On rocks. (The hydrogen HUT emerge as molecular hydrogen Into (he atmosphere, or
oi id Lie to water in the ground o* (orm hydrides In (he rocks.I

Atmospheric CH, will be otldUed and (be carbon will finally end up as C0 : (process 6) using atmosptirri.
oiygeo-Tbe hydrogen may escape (rexn the atmosphere, or make more H-0. Atmospheric H;0 sutlers photo
dissociation to produce a (resh supply o( 0,(process cUThe hydrogen most escape (or this process to yield a nei

-)gen supply. Atmospherv: CO, b finally to SI (rom the atmosphere by form! ngcarbonatedepo sits, with caldum
o tide eroded (rora rods, or by deposition as unoiidued carbon,having been reduced by photosynthesis (process
<f\ in planu.

Figure I Schematic flow diagram for carbon supply, according to Gold (1).

The estimated flow of water from the mantle to the surface is 1 • 1013 moles/year.

T.ns flow would take 15 • 109 years to produce the volume of water on the surface

of the earth today, and suggests that the flow from the mantle may have decreased

with time (15). Hydrogen in the form of iron hydride (the FeH composition is the

author's speculation) in the earth's core is proposed in (16). This hydride would

comprise an enormous potential source of hydrogen gas.

Few flow measurements and analyses of entire gas flows from the bedrock are

to be found in the literature studied. Most of the literature studied deals with vari-

ations of individual components in the gas in the aim of predicting earthquakes and

volcanic activity, of detecting fractures and of finding uranium-thorium min-

eralisations etc. One km3 of "ordinary granite" (about 4 ppm of uranium, 12 ppm

of morium and 3.5 % potassium) produces about 2 1 helium/year and 0.4 1

argon/year. Of this, about 1.4 1 helium is released to the atmosphere.

Swedish studies, particularly SKB's gas analyses conducted in Fjällveden,

Svartboberget, in the Finnsjö area and in Gideå (14, 17 - 19) indicate the

occurrence of gas in the boreholes which have been investigated. Gas analyses

have been conducted, although mainly helium analyses have been published in the

reports. Analysis values in SKB's chemical database, which are of relevance, are

13



reported in Table 3. These values were obtained from Laxemar iKL) and Aspö

(KA), at SKB's Hard Rock Laboratory site for research work on the siting and

construction of a spent nuclear fuel repository. The gas concentrations are given in

N (il/1 of the tou»l amount of liquid + gas which was pumped up (N designates

"normal pressure and temperature", i.e. 0.1 MPa and 25 °C) dissolved in the

groundwater. It is evident that, in these cas^s, nitrogen is the dominant gas

component.
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Table 3

Extract from the results of groundwater analyses from Laxemar (KL) and Äspö

(KA). Source: SKB - TR 90-05. The gas concentrations are given in N fil gas/l.

liquid + gas and water flow are given in mil min. The values have been corrected

for air leakage and can be used directly for calculations.

Drill-hole
Level (m)
Date
Analysis
Nitrogen
Hydrogen
Helium
Methane
Carbon monoxide
Carbon dioxide
Oxygen
Water flow

Drill-hole
Level (m)
Date
Analysis
Nitrogen
Hydrogen
Helium
Methane
Carbon monoxide
Carbon dioxide
Oxygen
Water flow

Drill-hole
Level (m)
Date
Analysis
Nitrogen
Hydrogen
Helium
Methane
Carbon monoxide
Carbon dioxide
Oxygen
Water flow

KLX01
272
881209
1538

25 000
88
-
110
14
—

0.35
130

KAS02
202
890111
1548

38 600
610
—

30
0.6
_

-

61

KAS04
195
890417
1596

34 000
-
720
85
0.7
4 5(X)
0.33
1(X)

KLX01
680
881102
1516
72 (XX)

-
220
1.5
290

138

KAS02
314
880412
1419
-

3 7(X)
3 000
60
20
1 400
0.01
180

KAS04
290
890427
1603

50 000
-
2 700
28

960
-

108

KLX01
680
891101
1633
33 800
610
-
30
0.6
-

-
96

KAS02
860
890131
1560

48 000
-
—

34
42
490
0.38
135

KAS04
380
890403
1588

7 (XX)

1 8(X)
3.6
1.3
330
0.29
93

KAS03
129
890222
1569
20 (XX)
-
-

16
11
1 200
-
122

KAS03
860
890315
1582

40 (XX)

-

37
35
175
0.26
118
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SGAB has carried out investigations on groundwater over the Brändan fracture

zone (14) in Finnsjön. This investigation shows enhanced concentrations of radon,

helium, cai jon dioxide and methane. In addition, SGAB has studied gas concen-

trations in the groundwater in a fracture zone in granite at Mariefred. Enhanced

concentrations of nitrogen, oxygen, carbon dioxide, carbon monoxide, methane

and hydrogen were found. Enhanced radon and helium-4 concentrations were also

found during continuous pumping up to 2 months (20, 21). Figure 2 is a summary

of the variation in the concentration of radon-daughters over a period of three days.

According to Wikberg (22), there is no free oxygen in groundwater and in gases

emanating from deeper levels in the earth, e.g. from repository level and below.

This is because oxygen is consumed in the oxidation of substances contained in the

fracture minerals, especially iron. In the cases where oxygen is nevertheless found

to be present, this is either due to contamination in connection with sampling and/or

analysis, or because the oxygen originates from groundwater near to the surface.

radon
daughters

flow
(numerical
resolution
0.01 1/s)

water
temperature

I

rr.jiy 1 ri . 0

n.in '.' • 'H

air
temperature

W 2 i 1 2

June 1st June 2nd

Figure 2 Concentrations of radon-daughters
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The &as sampling reported in the publications often concerns natural gas which is

sampled near the surface. Meteorological effects dependent upon wina, temperature

and season may be considerable. These variations mainly concern noble gases and

methane (7, 23 - 42). Other effects which result in variations in concentration are

tidal effects in the bedrock, seismic activity and geothermal effects.

Hydrogen occurs in concentrations up to a few per cent in connection with

active faults (41, 43 44).

The nitrogen concentrations reported in reference (45) can amount to a few per

cent. In this case it is assumed that the nitrogen has emanated from the mantle.

Available data on the Siljan project has been compiled in (46). Nitrogen, oxy-

gen, argon, carbon dioxide, Cl - C5 hydrocarbons, hydrogen and helium were

analysed. In addition, isotope ratios were determined. The deep earth gas theory,

according to Gold, is discussed in (1 - 5). Of the gases mentioned, methane, car-

bon dioxide, carbon monoxide, hydrogen, nitrogen, water and hydrogen sulphide

are the main components, while noble gases are in the minority.

The accident at Lake Nyos in the Cameroon is evidence that considerable

amounts of carbon dioxide of magmatic origin can accumulate and suddenly be

released. Carbon dioxide accumulated at the bottom of a crater lake and when the

gas pressure exceeded the water pressure, a carbon dioxide gas cloud formed,

causing 1 7(K) people to suffocate to death (30).

Examples of free gas being released from boreholes in Sweden are provided in

(10) and elsewhere:

Sax berget
Älgliden

Långsele

15.8
1.6-

525 -

- 525
10.5
10500

dm-Vyeaar

No quantitative data on gas released from fracture zones have been found in the

publications. On the other hand, such data is available from measurements taken

near active volcanos. In the case of helium, the amount lost to outer space could be

equalized with the gas flux from the earth to the atmosphere.

The conclusions of the publications studiet! are as follows:

• Gases occur and are transported in the crystalline bedrock.

• There is ascending geogas in boreholes and in fracture zones.

• The gas consists of noble gases, gases which are present in the atmosphere

(nitrogen, oxygen, argon), gases containing carbon, such as carbon dioxide and

hydrocarbons, as well as a number of other gases such as hydrogen and hydro

gen sulphide.
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Seen as a whole, this means that there is a basis for claiming the existence of an

ascending geogas flow. The strongest evidence for the existence of an ascending

geogas flow from the interior of the earth is, in fact, the existence of the earth's at-

mosphere. The earth's atmosphere (mainly its nitrogen content and early

occurrence of reducing gases) probably, emanated from the interior of the earth

over millions of years.

All the experience reported in this study indicates that most of the gas in

fractures in crystalline bedrock consists of nitrogen of atmospheric origin and was,

therefore, probably carried there via the "p-oundwater. Other gases exist, such as

noble gases (helium and radon), methane, hydrogen and the majority of the carbon

dioxide which must come from a different source like bedrock and organic matter.

4.3 Content and composition

One of the most interesting issues is, naturally, the composition and content of the

geogas which could be found in the geological structures under consideration for

the siting of the Swedish repository.

As previously mentioned, only a few analyses of the entire gas flow from the

bedrock have been carried out. These analyses have often focussed on the author's

special area of interest. In addition to the concentrations and components mentioned

in the previous heading (Table 3), see also (40). In the former case, the main com-

ponent of the gas is nitrogen and in the latter, carbon dioxide or methane.

However, the sampling sites in (40) cannot be compared with Swedish crystalline

bedrock. In (10, 11), attempts have also been made to measure and quantify gas

flow.

Measurements of gas emissions from boreholes have also been carried out at the

mines in Saxberget, Älgliden and Långsele (11). In most of the cases, the sampling

times were about 24 hours and the quantities of gas collected 20-30 cm^. Samples

were taken over holes drilled from the surface. The results of the measurements are

presented in Table 4. The composition of gas emanating from these boreholes is

largely the same as atmospheric air. This, and the fact that the gas contains free

oxygen is the reason that this geogas is considered to consist of air and to originate

from sources close to the surface. The methane present in the gas from the

Långsele mine is probably produced locally from black shale containing carbon.

The enhanced content of methane in the sample from Saxberget may be due to the

fact that the pyrite mineral ore body is located in dolomitic limestone and skarn with

a high limestone content. This is also an environment in which methane could be

formed. The Älgliden mine is located in gabbro and granodioritic rocks. These

types of piutonic rock do not contain organic matter.
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Table 4

Composition oftiie gas in some boreholes.

Place

Saxberget

Saxberget
Älgliden

Långsele

2 months later

Gas

Nitrogen

vol%

78.8

77.3

91.9

45.9

Oxygen

\ol9c

14.1

13.8

7.5
9.3

Aigon

vol 9c

1.1

1.0

1.0
0.53

Methane

vol 9c

6.0

7.9

0.1
44.44

The composition of the gas samples taken by SGAB in a borehole in Mariefred are

presented in Table 5. The gas seems to originate from the atmosphere in this case.

Samples were taken from the boreholes with a method that allowed determination

of the gas flow.

Table 5

Composition of the gas analysed in samples from Mariefred.

Gases in the water Nitrogen Oxygen Carbon Methane Hydrogen

dioxide

By weight (ppm) 21000 3 000 IKK) 1 1.7

By weight -% 84 12 4 4 -10-3 7-10-3

Flow (1/s) 11.8 1.5 0.4 0.001 0.01

The available gas analysis results (e.g. those from Mariefred) therefore indicate.

especially as regards the high oxygen concentrations, that the gas which was ana-

lysed contained a mixture of atmospheric gas which was carried by the surface

water to relatively shallow depths, and which then encountered ascending gases.

e.g. methane, hydrogen and nitrogen. This conclusion is based on Wikberg's

argument (22) that there is no free oxygen in groundwater and in gases which ema-

nate from deeper strata in the earth, e.g. from repository level and below.

4.4 Gas transport routes

Geogas transport in the bedrock requires a reasonably unobstructed route either in

the form of empty pores and various types of cavities or in the form of bubble

transport via liquid-filled cavities in the rock. In addition, the bubble must be ot the

right size to be transported.
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Transport could either occur through very small nanopores in minerals and soils

(47, 48). These nanopores could be about 100 - 200 Å in diameter. The transport

rate in this medium would probably be very lo v.

If the transport path has a somewhat larger diameter, diffusion for pressure

equilibration probably occurs (27). If the size of the transport paths is further in-

creased, convection of liquid with dissolved gas, upward bubble movements in

stationary water and two-phase flow as well as the transport of gas bubbles in

ascending water could occur.

4.5 Transport of matter in a geogas flow

Czechoslovakian articles (8, 9) as well as Kristiansson and Malmqvist's articles

(II - 13) contain information on the transport of matter in gas flows. According to

these authors, the carrier gas (geogas) is a gas with the same composition as air,

which picks up and carries small quantities of matter to the surface as it passes

through mineralisations. This matter can then be detected on the ground surface

through special sampling techniques.

Briefly described, the Czechoslovakian sampling technique (8,9) uses a filtered

air stream, which is sucked in at about 0.5 m over the ground surface, to pass

through a solution containing nitric acid, where any substances passing a dust and

aerosol filter are dissolved for subsequent analysis. Anomalies have been found

over fluorine, chlorine, bromine, copper, iron, zinc, nickel, calcium, magnesium,

potassium, sodium etc. mineralisations.

Kristiansson and Malmqvist (10 - 13) use a funnel to lead an air stream to an

absorber which collects any particles contained in the air flow. The absorbate is

then analysed. Anomalies have been found for gold and nickel mineralisations.

Other means of transporting matter are discussed by Gold (1 - 5) where the

transport of matter is considered possible through the transport of organometallic

compounds.

One means for transport which is related to the enrichment of matter in the

liquid-gas interface is described in (49). Actinides which are released in the Irish

Sea are transferred to the atmosphere and transported to land. It was found that the

actinides were enriched in the sea-air interface relative to the sea. Furthermore,

actinides could be driven out of the water phase by bubbling air through the water

and capturing the small droplets of water which were formed. Enrichment factors

of 30 - 6(X) relative to the bulk water were measured. The study thus shows that

enrichment, and possibly separation occur in the observed, natural process.

One sampling technique which involves collecting particles on a sticky substrate

while flying overhead has been found to be capable of detecting copper anomalies

over copper mineralisations.

Another enrichment and transport of matter phenomenon which can be men-

tioned here is the "carryover" which occurs from the reactor vessel to the turbine
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side of boiling water reactors. In this case, droplets of liquid containing corrosion

products and other substances are carried with steam from the boiling medium in

the core via steam separators and steam driers into the turbine/condenser systems.

Since this phenomenon occurs under boiling conditions and at 285 °C, it may be

somewhat far-fetched to compare it to the typv of transport of matter being dis-

cussed here. However, this phenomenon shows that a mechanism for the transport

of aerosol-bound sub >iances in gas exists and that it is impossible to completely

arrest the transport process, in spite of the fact that severe countermeasures are

taken.

Thus, several publications point to the probable occurrence of transport of

matter in a geogas flow. However, it must be pointed out that the investigation,

sampling and analysis techniques used have not been evaluated in detail. It is

probably not possible to do this without carrying out practical experiments.

However, on the whole, the results reported in different publications are somewhat

conclusive in indicating the occurrence of transport of matter etc. by ascending

geogas flows.

4.6 Data on fractures

Variations in the helium content are useful for indicating the existence of open

fractures and faults, and the main aim of reported helium measurements is to detect

fractures (6, 50). However, according to French sources, the gas primarily used

for detecting fracture zones is carbon dioxide (51).

The formation of hydrogen through the reaction between water and newly

crushed rock has been observed in laboratory experiments. In sedimentary rock

types, gases from fractures in active fault zones have often been found to have an

enhanced carbon dioxide content, and an enhanced hydrogen content in crystalline

rock types. The enhanced hydrogen content could be the result of reactions

between newly crushed rock and water in the fractures (44).

Much effort has been put into correlating the variations in helium content with

seismic activity. However, there are considerable difficulties in distinguishing

effects which are not related to seismic activity, such as temperature and seasonal

variations as well as tidal effects.



5 Discussions with Swedish and foreign
researchers

5.1 Introduction

Alongside the survey of publications, several Swedish and foreign researchers

working with geogas and related problems were contacted for discussion. An

account of some of the discussions which are of particular interest to the project is

given below.

Routine measurements and research on gas emissions and gas concentrations in

the soil, water and in fractures in bedrock are being conducted throughout the

world. Besides those carried out in connection with oil prospecting, such investi-

gations are mainly being carried out in connection with studies of volcanism and

seismic activity. In recent years, more and more measurements and research are

being conducted on gas in and over fractures zones in crystalline bedrock.

However, real data on the content of gases in bedrock at great depths are still sur-

prisingly rare.

5.2 France

French geologists have long been interested in gas emissions from bedrock and use

gas measurements for several purposes. A special department exists at the Bureau

de Recherches Geologiques et Miniéres (BRGM), Orleans, for conducting

measurements and research relating to gas, which is not connected to petroleum

prospecting. Jean-Claude Baubron is responsible for this department and he was

visited at the laboratory in Orleans as part of the project (51).

Since the applications of the French gas investigations may be of interest, a list

is provided below.

• Gas flow measurements in areas with volcanic activity in order to try to find

methods of predicting volcano eruptions and earthquakes. Work is being carried

out in several countries including Italy, New Zealand, Martinique, Greece and

Indonesia.

• Gas flow measurements in order to map areas where there is a risk of toxic

gases in volcanic environments. These gases can be harmful to human beings

and animals and can contaminate the groundwater. Work is being carried o *

several areas including islands north of Sicily.

• Gas flow measurements to locate areas with thermal energy potential. The gas

flow is greater over such areas than in the surrounding areas.
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• Gas flow measurements to locate open zones containing water. This technique

is being used with success in countries such as Botswana, Chad and Israel.

• Gas flow measurements to locate areas with unfractured bedrock for the siting

of nuclear waste repositories.

• Gas flow measurements to locate ore deposits. The technique has been tested in

Brittany and Cyprus.

• Basic research relating to gas flow in crystalline bedrock in Cornwall, in coop-

eration with English geologists and elsewhere.

Gas sampling and measurement are carried out to obtain anomalies in content and

flow. These anomalies can be evaluated in the light of the geological conditions

described above. On the other hand, the French researchers do not appear to be

studying the transport of metals by geogas, nor have they studied the theories about

geogas being capable of transporting nuclides from a nuclear waste repository.

In most cases, gas from the soil is sampled from a depth of 0.5 - 0.7 m. A nar-

row probe is inserted and gas is pumped directly from the soil into the analysis

equipment or into teflon bags for subsequent laboratory analysis. Most of the ana-

lyses are carried out in-situ, in a mobile laboratory set up in a jeep. The analyses

are carried out by mass spectrometry and scintillometry (radon). Special equipment

is used for helium.

Before sampling, the system is pumped out once or twice in order to completely

evacuate the atmospheric air. Samples are then taken by very careful pumping in

order to avoid, as much as possible, the mixing of atmospheric air with soil air. It

takes one person one day to take and analyze 40 samples.

A sheet metal box with 25 cm high sides and with a surface area of 0.5 m^ is

used to measure the gas flow. The box is placed directly on the ground and then the

topmost 2 to 3 decimetres of topsoil are dug away. Air is then slowly pumped out

of the box. Gas flow data is obtained by repeated pumping. A total of 60 1 is

pumped every time. Previously, attempts were made to use 2 m^ and 1 m^ boxes.

However, it was found fhat the results were just as good with a 0.5 m^ box.

The French researchers have found an increase in the gas flow of 5 - 10 times

when investigating seismic and volcanic activity. Unfortunately, the results do not

yet show the kind of pattern which would make it possible to predict earthquakes

or volcanic eruptions.

Of the gases under investigation, carbon dioxide is attracting the greatest

interest.

The normal content of carbon dioxide in soil air is about 1%, but over open

fractures, a 20% increase in the carbon dioxide content can be found. The carbon

dioxide content is always enhanced over open fractures. It has always been poss-

ible to locate these open fractures, even if they are covered by a layer of clay.
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It is unclear how gas transport takes place. Carbon dioxide concentrations over

sulphide mineralisations are often enhanced. This is due to the reaction between

sulphur dioxide and limestone in the bedrock or in fractures in the bedrock which

gives rise to carbon dioxide. By measuring the carbon dioxide content in the soil

air, hidden sulphide mineralisations at a depth of 200 m have been located in

quartzite in areas such as Brittany, and sulphide ores have been located in granite in

Cornwall. Over mineralisations, the carbon dioxide in the soil air has been found to

increase from the normal concentration of 1% to 10%. The carbon dioxide flow

may be as large as 0.2 I/m^ . h.

From these measurements, a positive relationship between carbon dioxide and

radon has been established. Radon seems to be transported by the carbon dioxide.

The origin of the radon is uncertain. It may have been transported a long distance

by the carbon dioxide or it may have been released from the nearest layer of earth.

Baubron has reported the following data in response to the question of gas flow

at various depths in deep boreholes:

In a granite region in the Massif Central, where the carbon dioxide concentration

was 1% at a depth of 0.7 m, the carbon dioxide flow was 0.02 l/wr- • h. The

measurements were taken over a fault where the groundwater level was 10 to 15 m

below the surface.

Helium and radon have been measured in a 3 500 m deep borehole and anom-

alies were found which coula be related to fractures in the bedrock. The surface of

the crystalline basement is at a depth of 940 m in the borehole. At a depth of 1 780

m, the helium/radon ratio increased by a factor of 10. At the same depth, changes

were found in the mineralogical phase of the calcite deposit on the fractures. Well-

crystallised calcite changed to fine-grained calcite. The helium was radiogenic.

5.3 Finland

In Finland, interest in gas in crystalline bedrock is much greater than in Sweden

(except for Sweden's gas prospecting in the Siljan ring). The investigations are

being carried out in the form of two different projects. The aim of the first project is

to sample and measure gas in deep boreholes, while the aim of the second is to

evaluate the potential use for measurements of gas-borne metals.

The first project (52, 53) is a pan of the geochemical investigation of water in

boreholes down to a depth of 1 km. The project also includes gas analysis.

The research project is being conducted by Geologiska Forskningscentralen (the

Geological Survey of Finland) in cooperation with Canadian and German ge-

ologists. High concentrations of gas have been found in connection with rock types

containing carbon (black shale) and also in connection with ulrrabasic rock types

(serpentinites) in mica gneiss. In acidic rock types such as granite and silicic

gneiss, the gas content in the holes investigated is low.
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In the ultrabasic rock, the high gas content is connected with saline concentra-

tions of 70-200 g/1. The deep gas in these holes consists of:

almost 50% methane

almost 30% hydrogen

almost 10-20% helium.

Nitrogen may be present in concentrations of up to 30-40%.

The isotope composition of the gas indicates that its origin is inorganic. Methane

and hydrogen formation seems to occur in connection with serpentinisation under

very reductive conditions, whereby it is possible that:

hydrogen + carbon dioxide = water + methane.

In the second Finnish geogas project, two techniques for collecting and analysing

metals transported by geogas are being tested (54). These are Malmqvist and

Kristiansson's measurement and analysis technique with funnels (11 - 13) and the

Czechoslovakian technique for collecting metals in air just above the ground

surface (8, 9).

In short, the Czechoslovakian technique involves sucking in air just above the

ground surface through a filter which collects the metal atoms/molecules. The filter

is then dissolved in concentrated nitric acid. The technique allows for large quan-

tities of gas to be analysed, and is very sensitive, since large quantities of air are

sucked through the filter.

The evaluations are being carried out by:

• Imatran Voima for studies of fracture zones in connection with the investigation

of suitable sites for nuclear power installations.

• Nesté Oy for the detection of fracture zones in connection with suitable sites for

storing gas.

• Prospecting companies for the development of new techniques for ore

prospecting.

Reports on the Finnish studies will be available during the autumn of 1990 (65).

5.4 Sweden

In Sweden, the occurrence of mineiais as a deposit on fracture surfaces has been

studied by SGAB and other organisations as part of research projects for SKB and
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Vattenfall (Swedish State Power BoaHV Work has included the analysis of the

isotope composition of calcite in order to determine the age of the buildup. Calcite

is interesting from the point of view of geogas, since it might play a part in the for-

mation of methane, carbon dioxide and carbonic acid. Extremely high and low

values of 5 C-13 (+1.8 and -2.5 %) are considered to be caused by equilibrium

reactions with methane.

No evident oxidation of methane, which could have resulted in the formation of

"light" calcites in the fractures, is to be found in the Klipperås (SKB) and Siljan

(Vattenfall) boreholes. Most of the analyses are within a 5 C-13 interval of -2.0 to

-0.2 % and a 8 O-18 interval of -2.5 to -0.6 %. These intervals are expected for

calcites which are deposited at low temperatures and under hydrothermal condi-

tions.

The 5 C-13 and 5 0-18 values are deviations in per cent between the measured

value of the concentration ratios:

[C-13] [O-18I
[C-12| and [O-16] respectively

and the normal values of each ratio. A negative deviation indicates that the

particular element has not been involved in biological processes for a long period of

time.

In Finland, high gas concentrations have been found in fracture zones where the

water has a high saline content. Such high gas concentrations have not been

encountered in deep borehc!«*.s in Sweden (55, 56).

Malmqvist and Kristiansson's technique (10, 12, 13) for sampling and ana-

lysing metals transported by geogas has been used by SGAB in a couple of geo-

chemical prospecting investigations. It is clear ihat anomalies in the measurements

occur over zones containing oie. However, the results have been relatively diffuse

and difficult to interpret. Reports from the investigations indicate that the insides of

the funnels were sometimes coated with soil panicles. It is not clear how this oc-

curred. In a couple of cases, the funnels were also dislodged. The couting and dis-

lodging of the funnels have been interpreted as effects of sudden gas bursts.

A programme on gas from the bedrock and the earth in Sweden, was broadcast

on Swedish radio in May 1990. Arne Strömberg, a geologist at SGU, explained

how holes in the ice on lake Fkoln near Uppsala were observed and investigated.

The holes are caused by ascending gas flows from the bottom of the lake. The

holes are in a line along the face of a cliff on the bottom of the lake. This indicates

that the gas ascends along a fracture zone. Strömberg claimed to know about

similar holes in the ice, caused by gas, in several locations in Sweden.

In the same programme, Tom Floden and Per Söderberg, marine geologists at

the Institution of Geology, University of Stockholm, described investigations that

they carried out on ascending gas flows above fault zones in the Stockholm archi-

pelago. The investigations included diving sorties as well as gas sampling and
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analysis. Along the faults on the bottom of the sea, there are, in some areas, a

number of pockmarks which are 10-30 cm in diameter. Some of the pockmarks are

as large as 10-40 m in diameter and 2-3 m deep. The pockmarks are formed when

gas suddenly bubbles up. The areas with the pockmarks can be as large as 100 x

100 m and more.

In the archipelago, gas emissions from the seabed can cause eruptions of water

of up to 8 -10 m in height.

On Löparö in the northern archipelago of Stockholm, there are deep fault sys-

tems with ascending gas flows. This gas provides nutrition for a certain kind of

algae which grow on the seabed. The algae use methane but can also generate

methane.

Gas sampling and isotope analyses have shown that this gas consists of methane

with two origins: organic methane and methane gas from beneath the seabed.

During the radio broadcast, Dr Floden was asked whether gas also emanated

from fractures on land. He said that he believed this to be so, but that the gas was

not visible since it continuously seeps out into the atmosphere.

Floden and Söderberg speculated about whether the natural gas was formed

deep down in the earth's crust in connection with continental shelf collisions. Rock

types containing carbon would be subjected to melting under high pressure which

would result in the formation of methane.

In (57, 58), Floden and Söderberg give a more detailed report on their work on

gas emissions in the Stockholm archipelago. The phenomena observed include gas

bursts and pockmarks in the sediment on the seabed. The authors believe that, in

addition to gas formed by organic processes, gas formed by thermal processes is

also present along tectonic lines.

Samples have been taken on free ascending gas in the sea by sampling sediment

extracted along two profiles. In addition to concentrations of Cl - C3 hydrocar-

bons, the 8 C-13 relationship has been determined. The results of the analyses indi-

cate a gas composition originating from thermal processes in most cases. No gas of

abiogenic origin could be found in any of the analysed samples.

No direct relationship with gas formed by bacteria could be found with the

pockmarks, which were formed by large gas bursts. The authors' interpretation is

that the pockmarks are the result of gas emissions from deeper levels in the earth's

crust. According to the authors, the investigations unambiguously indicate that

natural gas formed by thermal processes ascends to the surface of the bedrock

along fault zones in the Stockholm archipelago.

5.5 Summary

To summarise, we can state that gas also occurs in fractures in crystalline bedrock

in varying amounts and concentrations. The researchers seem to agree that gas is
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produced at great depths and that this gas is not organic in origin. The volumes of

gas and the means of gas transport to the surface of the earth is largely unknown.

It is clear that measurements of gas concentrations in the soil air and ground-

water can be used to detect fracture zones, determine their subcrop under the soil

cover and to determine whether the fracture zones are open or not.



6 Discussion

6.1 Introduction

The relevant issues for discussion in this report can be summarised as follows:

• Is there any evidence/is it probable or improbable that a geogas flow exists?

How does the flow move, what does it consist of and at what depth is it re-

leased?

• Is there any evidence/is it probable or improbable that matter is transported to

the surface by geogas flows?

• What are the mechanisms that could be involved in the transport of matter with

geogas? Does the composition of the gas have any bearing on the ability of the

gas to transport matter? Would the gas tend to transport certain elements rather

than others?

• What effect does the surrounding rock have on gas transport?

• If matter is transported upwards by geogas, is this kind of transport important

compared to other means of transporting matter in the bedrock environment?

6.2 The existence of geogas and the movement of
the geogas flow

The references studied and researchers contacted seem to agree on the existence of

geogas and that it moves/ascends to the surface. The strongest evidence for the

existence of geogas, along with all the measurements and analyses which have

been carried out using more or less ingenious techniques, is actually the fact that

the earth is surrounded by an atmosphere. Measurements of nitrogen and helium

concentrations exceeding atmospheric conditions are reported in (14) and (20). The

established upward transport of gaseous components through water in fracture

zones will cause a higher concentration of gas-producing components in the

groundwater above a fracture as well as in the soil air above the fracture, thereby

making it possible for fracture zones to be detected. The composition of the geogas

may vary, although its most common components (not in order of priority) are

noble gases, nitrogen, oxygen, carbon dioxide and methane.

As mentioned in Section 4.2, several different sources of geogas can be distin-

guished. One important source is probably the atmosphere and, in this case, atmos-

pheric air could be transported downwards in the groundwater flows.
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Another source is radioactive decay in bedrock, whereby noble gases are

formed. In addition, chemical reactions which produce gas also occur. Examples of

this are carbon dioxide formed from carbonates and methane formed from organic

matter and graphite. Last but not least, mantle degassing of hydrogen, nitrogen and

carbon dioxide occurs, in all likelihood.

The gases will gravitate towards the surface and, at first sight, four different

transport mechanisms and varieties of these mechanisms can be discerned. The first

mechanism is the transport of gas molecules through diffusion in the bedrock or in

free water. The second is the transport of dissolved gas molecules or bubbles in a

water flow, and the third, free gas flowing in a single-phase gas system. The

fourth mechanism involves the gravitative two-phase flow of gas bubbles in a

water phase. Upward transport of liquid with dissolved gas may also be a gas

transport mechanism.

Diffusion would probably be the slowest process. Transport through diffusion

through crystalline bedrock could occur in three ways. Through the rock itself,

through water in micro-fractures as well as through relatively free and mechanically

unaffected water lying more or less stationary in fractures or other cavities which

are large enough. Examples of diffusion constants for helium in the different media

are 1 • 1O9 cm^/s for rock and 1 • 10-5 cm^/s for water. Corresponding values for

other geogas candidates have not been found. On the other hand, it is probable that

helium diffuses the quickest of all the gases.

In fractures that are sufficiently small, surface diffusion will probably be signifi-

cant, which is not the case in large fractures. If gas is only transported through dif-

fusion, the order of magnitude of the lower limit of the gas flow, and thereby also

the order of magnitude of any transport of matter will be given by the resulting

transport.

Using the reported diffusion constants, the rates for helium diffusion can be

estimated in short ranges at 0.25 cm/year in rock and 25 cm/year in free water. In

terms of a nuclear waste repository, this means 2.5 m and 250 m respectively, in

one thousand years. The diffusion process could thus be a minor source of gas

molecules at the repository level in the long-term. It is not likely, however, that any

matter from the repository would be transported to the surface during this time by

diffusing helium or other gases as all other gases would probably diffuse me :

slowly than helium. The diffusing gases could, however, contribute to the

formation of gas bubbles at the repository level if a process involving canalisation

and accumulation is active simultaneously. The gas bubbles formed in this process

could, of course, be able to transport matter.

A mechanism based on gas transport by a water flow is more difficult to evalu-

ate. The mechanism could be important if the flow rates were high and if free gas

bubbles carrying matter were to occur where enrichment co •' take place. Such gas

bubbles could form in, and even reinforce the effect of an ascending water flow

due to the release of gas which could occur in connection with the reduction in

pressure during ascent. In such a case, the supply of gas molecules through a

32



homogeneous water flow to the level where the gas is released would probably be

the rate-determining step for the transport.

A free single-phase gas flow could, naturally, be very rapid depending on local

convection and other conditions. On the other hand, such a single-phase flow

should not be able to carry radionuclides from a depth of 500 m upwards and out

of the repository to any significant degree. If, on the other hand, the gas flow were

not single-phase, but were to carry an aerosol of water droplets containing matter

from the repository, the situation could be different and dependent upon the pre

vailing conditions, including the presence and shape of the open gas-filled frac-

tures. However, this situation should be unlikely for the repository unless, for

some reason, accumulated gas could be released instantaneously. Nevertheless,

this situation could arise if, for example, accumulated radiolytic hydrogen were

suddenly released in an unfavourable situation. Another example would be if

methane ice had been formed in or around the repository in connection with an ice

age and were suddenly to be released when the ice melted and the pressure

dropped. Methane ice is a containment compound (clathrate) which can be formed

in connection with the freezing of water containing methane.

A gravitative two-phase flow of gas bubbles in a free liquid phase would be

quite rapid and would probably also be very efficient as a transport mechanism

under "ideal" circumstances, since enrichment of repository components could be

expected in certain circumstances (49). According to instructions for divers, the

ascension rate for small air bubbles in water is about IS m/min at depths of up to

100 m. Due to the assumed efficiency of the mechanism, this is probably a good

approximation of the ascension rate which could be used in estimating the transport

of matter from the repository under "ideal" circumstances. From a repository depth

of 500 m, and with this velocity, it would take about 30 minutes for small air-like

gas bubbles to ascend to the surface provided that there is an open, water-tilled

fracture system with a free liquid phase. However, it should be pointed out that.

according to Stokes1 law, the ascension rate of the bubbles, is proportional to the

square of the bubble radius, which is why the ascension rate would be very

dependent upon the size of the bubbles which increases as the bubbles ascend.

Air-saturated groundwater descending through bedrock would not, in itself,

form gas bubbles as it descended and ascended once again through the rock. On the

other hand, the water could encounter and take up nitrogen, for example, as it

ascended. If the water were to become saturated with nitrogen, bubbles would

probably form when the water turned and depressurisation occurred. Moreover, in

the vicinity of the repository, the high temperature would decrease the solubility of

the gas and thereby increase the propensity for bubble formation. The solubility of

nitrogen in water decreases by a factor of 2 with a temperature increase of 25 ° C at

temperatures around 25 °C. The solubility of oxygen, argon and carbon dioxide

decreases more quickly (59).

A free gas phase in the form of bubbles is probably necessary for repository

matter to be transported with gas. The occurrence of bubbles is dependent upon
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several parameters, including depth and, thereby, pressure. Dissolved gas would

probably not have any significant effect on a transport mechanism other than poss-

ibly a chemical one, and this is not of primary interest in this study. The occurrence

of a free gas phase would be determined by both thermodynamic and kinetic factors

in the system. The first factor is how large is the supply of gas-forming chemical

components and/or how large is the physical supply of gas. In addition, the solu-

bility of the gas at particular pressures and temperatures, the critical point of the gas

and the occurrence of other components in the system, which the gas could react

with would affect the occurrence of the gas phase. Moreover, one reason for the

formation of a gas phase is depressurisation, another is change in temperature, a

third is, in certain cases, purely chemical factors such as pH, a fourth factor is the

occurrence of nucleation sites for gas bubble formation. Such nucleation sites are

probably always present, either in the form of chemically active mineral surfaces or

small particles in water or in the form of energy deposition in connection with

radioactive decay, particularly alpha decay. Finally, the conditions of the gas would

be affected by the kinetic factors which tend to interfere with the tendency of the

system to attain thermodynamic equilibrium. Thus, the situation is very compli-

cated.

Let us exclude kinetic constraints, purely from the point of view of this calcula-

tion, and assume that the geochemical system reaches equilibrium and that this

equilibrium state involves the presence of such a large quantity of gas-forming

components as to enable the formation of a gas phase. A very rough estimate of the

lowest depth at which gas bubbles can be formed can then be obtained from the g/1

curve of the gas (g/1 curve = the line in the single-component phase diagramme

where gas (g) and liquid (1) are in equilibrium with each other) and its critical point,

if it is above the temperature within the bedrock. The critical points of some geogas

candidates are shown in Table 6. Figure 3 is a rough plot of the g/1 line for the

geogases. The figure shows that only sulphur dioxide, radon and possibly, carbon

dioxide can be transformed into the liquid phase at the pressures which are relevant

for a repository. Other relevant gases such as "air", oxygen, nitrogen, methane,

argon and hydrogen do not run any risk of condensing, in their pure form, into

liquid anywhere in the earth's crust, since the temperature will always be above

their critical temperatures. Of the gases which could condense, carbon dioxide is

probably the only likely candidate for a carrier geogas. In Figure 3, an estimated

depth limit (pressure) for carbon dioxide gas has been marked at 20 °C on its g/1

line on the assumption that only hydrostatic pressure occurs. However, the litho-

static pressure would also be important if diffusion were to take place in solid rock.

This pressure is about a factor of 3 greater than the hydrostatic pressure, which

means that the depth limit would, by a rough estimation, decrease by a correspond-

ing factor. However, it is probable that the hydrostatic pressure is the only deciding

factor in fracture systems which are large enough for bubble transport, and conse-

quently, the lithostatic pressure can be excluded in this important case.
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Table 6
Critical points for some geogas candidates (59, 60).

Critical pressure (bar) Critical temperature (°C)Gas

Nitrogen
Oxygen

Helium -4

Helium -3

Neon
Radon

Methane

Carbon dioxide
Hydrogen

Argon

Sulphur dioxide
Hydrogen sulphide

"Aii"

33.5
50.1
2.26
1.16
26.9
62
45.8
72.9
12.8
48.7
78.8
90.1
36.6

-147

-118

-268

-270

-228

104
-82

31

-240

-122

158

100
-142

P(bar)

He-3

-300 -200

S02

C)

Figure 3

Critical p-rints (0), triple points (*) and approximate gll lines for geogas candidates.
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I
With such a very simplified and rough estimate, it can be seen that the most import-

ant geogas candidates - nitrogen, oxygen and methane - can occur as gases, from

the physico-chemical point of view, from approximately repository level depth. It

is possible that carbon dioxide may not occur as a gas at depths below 200 - 300 m

provided that the lithostatic pressure is significant. As long as it is a question of

hydrostatic pressure alone, carbon dioxide will also be able to occur as a gas in the

repository environment.

In order to calculate how much gas-forming material is needed for the gas phase

to actually occur at equilibrium, access to solubility data at the particular pressures

and temperatures are required. From these data, see Table 7, and from comparisons

with analyses carried out it is possible to calculate whether there is a real possibility

of gas bubble formation. Table 7 also contains some very rough estimates of gas

solubility in the vicinity of the repository at a depth of 5(X) m, with a pressure of 50

bar and a temperature of 15 °C - 80 °C, as well as at a depth of 1 (XX) m with a

pressure of 1(X) bar and a temperature of 20 °C in "normal" crystalline bedrock.

The temperature estimate at each depth is based on a gradient of about 13 °C per

1 (XX) m in Swedish crystalline bedrock, and a surface temperature of an average

of about 6 °C. Please note that P (gas) = P (tot) is assumed in the solubility values,

which is an oversimplification since the partial pressure of steam is not taken into

account.

Table 7
Solubility of geogas in water (59, 6/) at P(gas) = P(lol)

Gas

Nitrogen
Oxygen
Helium - 4
Neon
Methane
Carbon dioxide
Hydrogen
Argon
Sulphur dioxide
Hydrogen sulphide
"Air"

Solubility
1 bar
2() OQ *)

0.015
0.030
0.008
0.010
0.033
0.878
0.018
0.037
38.2
2.5
0.018

in WATER (N
50 bar +>
15°C
0.90
1.7

-
54
0.95
0.08

lit/kg)

20 °C
0.75
1.5
0.40
0.50
1.7
44
0.90
1.9
(2» 103)
( 1 - 102)
0.90

80 °C
0.51
1.2
0.51

—
-
0.84
-

100 bar+)
20 °C
1.5
3.0
0.80
1.0
3.3
88
1.8
3.7
(4« 103)
(3 • 102)
1.8

*) According to (59)

+) Very rough estimates in accordance with Henry's law and data on temperature

dependency according to (61). (According to Henry's law, gas partial pressure

is directly proportional to the mole fraction of the dissolved gas in diluted

solutions).
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Data from SKB's investigations at Laxemai and Äspö, reported in Table 3, have

been taken as examples and used to calculate the total amount of gas in N litre/kg

water which may be found in a repository environment. (N = Normal = normal

pressure and temperature, i.e. 0.1 MPa and 25 °C). This was done in all cases in

Table 3. If the values thus calculated are compared with the solubility data in Table

7, and provided that the analyses are complete and water volumes are correctly

stated, it can be seen, firstly, that only nitrogen is able to form gas bubbles in a

repository environment to any significant extent (if it is assumed that the repository

is represented by the sampling sites selected by SKB). Secondly, the nitrogen con-

centrations are below the estimated solubility values for a depth of 5(K) m. This

means that gas bubbles are not immediately anticipated at repository level in un-

disturbed bedrock.

If, on the other hand, the temperature were to rise, the solubility could decrease

in the vicinity of the repository, as shown in Table 7. For the most important gas.

nitrogen, the factor is about 2. Moreover, other phenomena, which could involve

nitrogen being supplied, could occur as a result of the total disturbance of the

bedrock represented by the repository. Together with the reduction in solubility,

this could result in nitrogen gas bubbles forming near or in the repository under

"favourable" conditions. However, the calculations indicate that the probability of

this scenario occurring is low in the case in question. If gas bubbles were to occur,

they could, however, function as a transport medium as they ascend to the ground

surface.

The conclusions drawn from the discussion in this section are that all data indi-

cate the occurrence of free geogas, at least at more shallow levels. Moreover, the

possibility of gas bubble formation at repository level cannot be excluded. Nitrogen

may be the most important geogas candidate in terms of a Swedish repository en-

vironment. Provided that the bedrock is fractured, so that the gas bubbles can

freely gravitate to the surface, a very rough estimate of the ascension rate of the

bubbles would be about 18 m/min for small bubbles, which would give an equally

rough estimate of the transport time of about 30 minutes from a depth of 5(K) m.

However, please note that the rate is heavily dependent on the size of the gas

bubbles. The transport time would, in all probability, be much longer due to

various constraints. If diffusion processes were to determine the rate of gas

migration a time scale of thousands of years would be realistic.

6.3 Transport of matter by geogas

Several authors, such as Gold, Malmqvist and Krcmar, have explained observed

anomalies by transport of matter in a geogas flow.

Gold states that matter could be transported in geogas via organometallic com-

pounds. Malmqvist et al have also discussed the possibility of enrichment and

transport via bubble formation.
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The occurrence of a free gas phase is probably necessary for the transport of

matter via gas. Dissolved gas in itself cannot contribute to geogas transport. The

gas could then occur either in the form of bubbles in a water matrix or as flowing

gas in dry fractures. The ability to transport matter from a repository will differ in

these two cases.

Bubbles in a water matrix can act as a transport medium in two different ways.

Enrichment and binding of non-gaseous substances could occur in the interface

between a gaseous and liquid/water solution. In addition, other gaseous substances

could be picked up by the gas bubble, "stripped" and transported inside the bubble

as a component in the gas phase. An aerosol could also be present inside the

bubble. The bubbles could then enrich mainly colloids and particles in the two-

phase interface through a flotation process and the matter which is taken up could

accompany the bubble during transport. The mechanism could easily lift up

colloids, and probably even relatively large particles depending on the nature of the

particles and the gas, and depending on the size of the bubbles and their ability to

lift matter. Enrichment of radionuclides has been observed in other similar kinds of

systems (49).

In the repository area, a spherical gas bubble with a diameter of 1 mm, con-

sisting of nitrogen, would have a buoyant force of about 1 mg. This buoyant force

would increase as the gas bubble ascends to the surface since the bubble would

expand in the decreasing pressure. A geogas flow containing this kind of bubble

would be able to transport particles with a density under 12 g/cm^ (62) and with a

radius under about 0.3 mm. Data on the gas flow from boreholes at Saxberget and

Älgliden (10) vary between about 1 - 500 I/year. At Laxemar and Äspö (Table 3),

the values are about 10 times enhanced. As can be seen from the discussion in the

previous chapter, it is very improbable that these flow data can be considered to

correspond to the gas supply at repository depth. However, the lower level

(1 - 5(X) I/year) is used in any case as a measure of the flow in this calculation. In

addition, it is difficult to convert figures into flow per surface unit of ground area.

If, instead, it is assumed that an open fracture with the same flow as in the borehole

example, penetrates the repository and that all conditions are "ideal" for the kind of

transport of matter by gas bubbles which is described here, this would give a

transport, per year, of 2 • 1(K> - 1 • 1()9 bubbles with a diameter of 1 mm. The

maximum amount of transported particles per year, under the conditions described

above, would be about 2 - 1 (XX) g/year. The buoyant force of a gas bubble would

be proportional to the third power of the diameter length. The same amount of

bubbles with a diameter of 0.1 mm, which corresponds to the expected fracture

dimensions at the repository level in undisturbed rock, would thus, under similar

conditions, transport 2 • 10-3 - 1 g of particles per year. This illustrates the

importance of the fracture conditions of the rock for the transport of matter by a

gcogas bubble .stream mechanism. The calculations are based on (63).

Ionic matter will probably not have a great propensity for enrichment in the wall

of a gas bubble, since it prefers a polar solvent like water, from an energetic point
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of view. However, ions and heavily charged colloids could be transported via an

internal aerosol contained in the gas bubble and/or by remaining in the gas-water

interface. Therefore, fission products such as iodine and cesium would probably

not be enriched in a geogas flow, since their behaviour is very polar. On the con-

trary, they would probably remain in the liquid phase. On the other hand, neutral

actinide colloids could prove to be ideal for enrichment in the bubble's interface and

could thereby, be lifted to a considerable extent, by a geogas flow as described

above. Matter with an organic end in the molecule would probably have a greater

propensity for enrichment in the interface than wholly inorganic molecules. One

example of organometallic compounds which occur in the gas phase are carbonyl

metals, of which the best known are those with metals in groups 8-10 on the peri-

odic table. This means that only relatively short-lived nuclides are available for

transport as a gas in their own right, e.g. in the form of nickel carbonyl. On the

other hand, the presence of substances containing carbon (such as graphite or

methane) in the vicinity of the repository, could, quite naturally, lead to the forma-

tion of organic complexes with more or less all known transition metal radio-

nuclides, if the conditions are ideal. These complexes could undergo enrichment

processes within a gas bubble.

It should be possible for upward bubble transport to occur both with and against

the prevailing water current.

In summary, it can be said that the transport of matter by geogas naturally

depends on the state of the matter to be transported, and on the carrier gas and its

properties as well as on its rate of supply to the repository area. Due to the expected

enrichment processes for colloids and lighter particles, although not for ionic

matter, the transport process would probably be selective and favour the transport

of matter such as species containing actinides.

First of all, free flowing gas or gas bubbles must be present, and must be able to

pass through the bedrock. The conditions for this have been discussed in the

preceding sections. It is worth pointing out that the repository zone would probably

be an ideal site for bubble precipitation in a passing gas-saturated water flow. The

temperature increase would lead to a reduction in solubility, and thereby, probably

also to bubble precipitation. Secondly, the gas and the transported matter must in-

teract, either in the form of stripping and dissolution of the transported gas in the

geogas or in the form of enrichment of liquid or solid matter in the interface of the

bubble skin. Moreover, aerosol transport could occur either in freely flowing gas

or as internal aerosols within gas bubbles. Transport of matter with gas bubbles in

the liquid phase could be in the range of less than 1 mg/year to 1 kg/year to the

surface above the repository depending very much on the fracturing of the bedrock.

The estimates of transport of mainly paniculate matter from repository level to

the surface reported above, are naturally speculative in nature and highly uncertain,

since little or nothing is known of the necessary background. However, specula-

tions indicate that the geogas transport model cannot be directly discounted when

modelling radionuclide transport, but requires further investigation and study. It is
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likely that the important factors, must, in certain cases, be determined not only

through supplementary investigation but also through practical experiments.

Due to the uncertainty of the data, it is impossible to compare the importance of

geogas transport of radionuclides from a repository with other transport mech-

anisms.

6.4 Geogas, a means of locating open fracture
zones

One of the aims of this pilot study on geogas is to compile data on the basis for

using geogas as a means of locating fractures systems in bedrock. In candidate

sites for a spent nuclear fuel repository, it is important to locate fractures and

determine the fracture frequency and to what extent these fractures are open to

water and geogas flows.

In the areas around the repository, thorough geophysical measurements and

drilling are being carried out to locate and study the fractures. However, there is no

geophysical technique which can be directly used for determining whether a frac-

ture is open or filled with clay or fracture minerals. The fractures do not always

stand out, which would make it possible to "see" them using geophysical methods.

Many of the articles which have been studied show how geogas and the trans-

port of matter associated with the gas occur in connection with fracture zones. One

condition for large volumes of geogas to reach the surface is generally the existence

of transport routes for the geogas in the form of open fractures.

This relationship can be used to locate and, to a certain extent, characterise zones

with open fractures. In this way, geogas sampling could be a technique for sup-

plementing geophysical surveys. By studying geogas, it should be possible, in

many cases, to distinguish open fracture zones from those that have "healed up" or

quite simply locate the subcrop of fracture zones which cannot be detected by geo-

physical methods. Examples of the latter are fracture zones which are hidden under

thick layers of clay or which are located under lakes and bogs. Clay layers, lakes

and bogs act as electrical conductors and therefore, geoelectrical techniques do not

work. Another reason why it can be impossible to detect fractures by geophysical

methods is that the fractures represent such a small volume of the bedrock that they

do not stand out sufficiently.

The surest method of locating fracture zones using geogas, is helium sampling,

at least if helium in the groundwater is sampled and analysed. The only source of

helium is, namely, bedrock and the inside of the earth. The diffusion capability of

helium is also high and helium is an inert gas. Sampling of helium in the soil air

above the groundwater surface may give a more uncertain signal due to weaker

anomalies which are difficult to distinguish from the natural "noise". This is due to

the fact that helium diffuses relatively quickly and may be affected by ventilation by

the wind.
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CC>2 is used abroad to locate fracture zones. Sampling is simple to earn' out and

the analysis costs are relatively low. According to the literature studied, and dis-

cussions with researchers, as a rule, CCb gives good anomalies above fracture

zones. According to experience from France, this is even the case when the zones

are hidden under layers of clay. CO2 sampling can be carried out either on water or

soil air. CCb can be formed by the decomposition of carbonates and the breakdown

of organic matter in the soil. This could be one source of false anomalies.

Hydrogen gas is a good indicator of geogas. The hydrogen gas comes from the

hydrolysis of water (44) or hydrogen gas from sources deep inside the earth (1,6).

Hydrogen gas is not formed in the soil layer. However, the occurrence of

hydrogen gas is much too irregular and often, the concentrations are too low to be

generally used as a tracer gas to locate fracture zones.

Methane can be a good indicator of geogas, but can also come from other

sejrees, e.g. marsh gas. Enhanced concentrations of methane sometimes occur in

fractures, but not as a rule. Isotope analyses of methane can be used to determine

the origin of the methane gas.

Radon is extensively used to carry out measurements over fracture zones and to

trace such zones. As reported in Chapter 3, the value of radon as an indicator is

doubtful. In most cases, the radon comes from a source close to the sampling

point. If radon is to be sampled, samples should be taken of the groundwater in the

soil layer. The radon level is stable there. The radon concentration in soil air varies

considerably due to various kinds of diffusion resistance and the weather above the

surface.

Nitrogen and argon could be used for tracing fracture zones, but the concentra-

tions of these gases in the atmosphere is so high that it may be difficult to establish

whether the sample gas originates from the atmosphere or is a geogas.

Sampling and analysis of metals transported with geogas using the techniques

described in Chapter 3 and Section 4.5 often result in distinct anomalies over frac-

tures and fracture zones. However, it is costly to use these techniques to locate

fracture zones when compared to direct sampling and analysis of gas in the

groundwater or soil air.

6.5 Monitoring techniques

In the previous discussion, it became evident that a geogas flow probably exists,

and that under conditions which are ideal for the transport of matter, geogas could

transport radionuclides from the repository to the surface. This phenomenon is,

naturally, a safety-related problem, but it could also be the basis for a monitoring

technique based on early detection of radionuclide leaching in a geogas flow.

However, the creation of such a monitoring system would require research to

determine how the radionuclides move in the geogas flow, how rapidly they are
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transported, what nuclides can be expected to be transported first depending on the

nanue of the release etc.
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7 Proposal for continued work

7.1 Introduction

As stated at the end of the previous chapter, the estimates of radionuclide transport

from the repository to the surface made here are speculative and uncertain, since the

survey of literature has shown that little or nothing is known of much of the

necessary background data. The data must, therefore be compiled through supple-

mentary studies and through practical experiments and field studies.

The objective of such research is to provide the basis tor enabling the

importance of radionuclide transport by geogas to be determined with certainty. For

this reason and in the light of the needs we perceive, we would like to propose the

following areas for research.

7.2 Continued theoretical studies

The research proposed under this heading focusses on a more detailed study of the

conditions for the transport of matter in geogas. This involves a closer study of the

conditions for the occurrence of geogas and of the conditions for the transport of

matter.

The conditions for the supply of gas to the repository should be defined and

quantified. Moreover, whether or not these conditions are fulfilled in the repository

environment should be investigated. It is possible that gases are supplied to the

repository through air descending in the groundwater, from reactions in the earth's

crust, and also through mantle degassing or from another source. The permeability

of different gases, diffusion etc. are important factors. Research on this issue

would probably involve a survey of literature and a thorough theoretical review of

available material in the aim of establishing the conditions.

One basic condition for a description of the transport of matter in geogas is

knowledge of the transport mechanism. The speculations presented in this report

should be supplemented by a more detailed review of possible mechanisms for the

transport of matter in the aim of defining the most likely mechanism or mech-

anisms. Research should also include quantification of the mechanisms so that the

results can be used to calculate transport rates. A definition of the external condi-

tions for transport in the form of data on fracture size, fracture frequency etc. and

other factors limiting transport should also be included. Research should focus on

repository components which are soluble as well as those which are difficult to dis-

solve.

Some of the theoretical research should aim at finding methods to prevent the

transport of any substances by geogas. This issue would probably also benefit

from data from columnar experiments.
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Some of the theoretical research will result in the identification of areas where

experimental research is needed. Some of these needs which can already be pre-

dicted at the present are presented under their respective headings below.

7.3 Columnar experiments

It should be possible to carry out mechanistic studies through relatively simple

columnar experiments. It should be possible to carry out these experiments using a

series of different gases and different types of transported matter, such as radio-

active material even plutonium. A proposal for the design of the column is pre-

sented in Figure 4.

Pump Gas OUT

Adsorber

Droplet separator

Pressure equalisation

Column for parameter studies

Gas IN

Figure 4

Column for geogas experiments
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Some relevant parameters for possible investigation in columnar experiments are:

• Conditions for bubble formation.

Changes in solubility in temperature gradients, generation of bubbles with

radioactivity. Other bubble nucleation sites such as mineral fragments etc.

Bubble size, surface/volume relationship to fracture surface/liquid medium.

Bubbles' ability to move. Variation in temperature, pH, type of gas, bubble size

and transported matter.

• Colloid chemistry and enrichment in the gas-liquid interface, especially for

plutonium colloids and particles. Investigate the effect of plutonium complexes

and plutonium colloids as far as possible.

• Experiments with other types of organic plutonium compounds which may be

of significance for the transport of plutonium, such as different types of com-

plexes, etc.

• Long-term experiments in controlled fractures between 2 blocks of rock (not

crushed rock). Effect of fracture dimensions. Determination of transport rates.

Study of "wallpapering effects" on granite surfaces. Follow-up of migration of

deposit.

• Corresponding studies of fission product transport in geogas.

• A series of final columnar experiments where the most probable parameter

values are used. These values are then varied within reasonable limits in order to

determine the sensitivity of the parameters.

7 A Field experiments

Field experiments can be carried out alongside the columnar experiments, but

should be partly coordinated with them since it could be suitable to first study cer-

tain parameters in a column and then in the field. Suitable areas for field experi-

ments are:

• Injecting a suitable isotope in a fracture zone for subsequent measurement.

Measurements are first taken in the natural environment and then bubbles are

added and transport results compared. Suitable isotopes for field experiments

are iron-59, chromium-51 and manganese-54.
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Studying gas bubble formation by heating water in a borehole and simultaneous

sampling. The process should be monitored by camera.

Studying conditions for a uranium deposit. Measurement of uranium and

follow-up of anomalies.

Tracing naturally complexing minerals in an environment which has been aged

to correspond to the condition of the repository after a long period of time.

Very little data have been found on gas concentrations in crystalline bedrock.

The data that have been found are uncertain. In order to gain knowledge of gas

concentrations etc. more basic data are needed. These data can be obtained by

sampling at different depths in existing boreholes in crystalline bedrock. In

order to do this, sampling techniques and analysis methods must be reviewed

and evaluated.

Conducting field measurements of geogas. The natural occurrence of geogas

should be verified in a future project. This should be done via a separate field

measurement study, which aims at locating and quantifying the occurrence of

geogas in geological environments which are relevant to a repository. This can

partly be done by carrying out measurements over fracture zones, e.g. using

earlier described Swedish and French techniques. The gas content in the

groundwater and in the air should be determined. For Swedish conditions, sev-

eral earlier studies are of interest for use as models for such an investigation.

For example, Floden and Soderberg's (57, 58) studies should be repeated for

closer determination of the origin and composition of the gas.

Testing gas measurement techniques in order to characterize fractures by

measuring the gas flow over fracture zones.

7.5 Development of monitoring methods

As stated in the discussion, transport of radionuciides in an ascending geogas flow

could be the basis of a method of monitoring the repository and of early detection

of radionuclide leaching. In order to develop such a monitoring system, basic re-

search, including the kind proposed above is required. In addition, development on

techniques and systems within a series of different areas such as gas and aerosol

sampling and on-line radiometry is required. Developments referred to earlier (also

see (64)) within prospecting technology should be a basis for the research necess-

ary to develop a safe and reliable monitoring system.
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7.6 Miscellaneous

It seems to be more or less evident, from the research which has emerged in this

study, that metals reach the surface through geogas transport. Theoretically, it

could be assumed that this transport of metals would result in an enhanced content

of metals in the layer of soil near to the surface.

However, the literature studied does not report any results from sampling and

analysis of layers of soil close to the surface which would corroborate that this kind

of enrichment takes place. It would seem that this kind of investigation has not

been carried out.

One indication of enrichment is the anomalies of gold in melted snow which

Kristiansson and Malmqvist have found over mineralisations containing gold (2).

The maximum concentrations of gold which they have found amount to some tens

of nanograms per kg of snow. They report that gold in ppt concentrations accumu-

lates in about 6 months in the snow over the mineralisations containing gold.

As mentioned above, no geochemical anomalies have been reported in soil from

the same points where the metal anomalies were found through analyses using geo-

gas methods. Such geochemical anomalies should have been found, if they exist,

since geogas methods ought to have been tested many times in areas where geo-

chemical soil sampling has also been carried out.

One reason why geochemical anomalies in the soil near the surface have not

been observed, which has been linked to the transport of metals in the geogas,

could be that the total amount of matter transported is very small. Enrichment of

gas-borne metals in the surface would, therefore, not be sufficiently large to result

in a significant increase in the metal content of the soil or in the soil layer with

humus. However, the small amounts of transported metals per unit of time should

be weighed against the long periods of time during which the transport of matter in

geogas has taken place. In Sweden, the period of time starting from the disap-

pearance of land ice to the present day would have to be taken into account, i.e.

12 0 0 0 - 9 000 years.

Another reason why increases in metal concentrations resulting from the trans-

port of matter in geogas have not been observed is that the geochemical metal ana-

lyses were not carried out on the suitable fractions of soil. Gas-borne metals would

probably be adsorbed onto the surfaces of mineral grains. Only on the smallest

grains and soil particles would the amount of adsorbed metals be so enhanced, in

relation to the background concentrations, that it would be possible to analyze it

using existing techniques. In a geochemical context, it is relatively seldom that the

finest fi action of soil is analysed.

A third reason is, that the gas-borne metals might be contained in the gas

bubbles and, therefore, unable to reach the soil particles and stick to them. The

Czechoslovakian technique for sampling gas-borne metals whereby metals in the

air over the surface are filtered shows that this is the case to a certain extent.
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Since it is important for assessing the risk of radioactive contamination of the
environment over a repository due to nuclides transported in the geogas, it is pro-
posed that investigations be carried out on whether metal anomalies, obtained in
studies using Malmqvist's or the Czechoslovakian technique, can also be detected
in the layer of soil close to the surface.
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Appendix 1 Literature search

Computer-based documentary research has been made in INIS (International

Nuclear Information System), ENERGY (petroleum and LNG field) and

GEOARCHIVE.

The following search words and compounds of these have been used.

Helium
Neon
Argon
Krypton
Radon
Xenon
Noble
Gas
Hydrogen
Deuterium
Oxygen
Nitrogen
Carbon
Oxide
Dioxide
Monoxide
Carbon(W) (Oxide or dioxide or monoxide)
Chlorine
Methane
Geogas
Soil
Geogas or soil(W)gas
Oil or gas(W)field
Earth
Neotectonic
Fault
Fracture
Earthquake
Flow
Microflow
Transport
Composition
Concentration
Content
Analys or determination or measur
Discharge or emission
Solubilit
Ground
Rock
Bedrock
Soil
Gas or gases
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The Swedish nuclear power
programme

After the 1980 referendum on nuclear power, the Riksdag decided that nuclear power in
Sweden would be phased out no later than the year 2010 and that the number of reactors
would be limited to twelve. Since 1985, these reactors have all been in operation at the
nuclear power plants in Barsebäck, Forsmark, Oskarshamn and Ringhals. In June 1988,
the Riksdag decided upon guidelines foranearly phase-out of nuclear power which would
mean that one reactor in Barsebäck and one in Ringhals would be decommissioned
between 1995 and 1996. In 1990, it is planned that the Riksdag will decide which reactors
arc to be decommissioned and in what order.

Different kinds of radioactive waste
Different kinds of radioactive waste are generated during the operation of
a nuclear power plant - low-level waste, intermediate-level waste and
high-level waste.

LOW- AND INTERMEDIATE-LEVEL WASTE

Low- and intermediate-level waste arising from the continuous operation of a nuclear
power plant are known by the common name of reactor waste. Reactor waste consists of
scrap material and metal, protective matting, clothing and suchlike which are used within
the controlled areas of the nuclear power plants. This waste also consists of filter material
which is used to trap radioactive substances in the reactor coolant. The radiation level of
low-level waste is so low that it can be handled without any particular safety measures and
so it is packed in plastic bags or sheet metal drums. However, certain protective measures
arc required when handling intermediate-level waste. This waste is cast in concrete or
asphalt.

In the spring of 1988, SFR (the final repository for reactor waste) was taken into
service. SFR is located under the seabed near to Forsmark nuclear power plant. The
utilities plan to deposit all reactor waste as well as low- and intermediate-level waste from
decommissioning in SFR.

H I G H - L E V E L WASTE

High-level waste mainly consists of spent nuclear fuel, i .e. fuel elements in which so many
of the fissile atoms arc spent that the elements can no longer be used. However, the spent
fuel still generates heat on account of its radioactivity and must be cooled. The fuel is,
therefore, stored in special pools filled with water in the reactor building for at least one
year. The fuel is then transported by a specially built ship, called Sigyn, to CLAB (the
central interim storage facility for spent nuclear fuel), located close to Oskarshamn
nuclear power plant. CLAB was taken into service 1986. Since the radiation level is very
high, the fuel is transported in specially built containers. The walls of the containers arc
made of thick steel so as to shield the personnel and surroundings from harmful radiation
and to protect the fuel from damage.

The fuel is then placed in storage pools in an underground room at CLAB where it will
be stored for at least forty years. During this time, the radioactivity and the heat generated
by the fuel will decline thereby facilitating handling and disposal of the fuel.



THE NATIONAL BOARD FOR SPENT NUCLEAR FUEL

One of the main tasks of the National Board for Spent Nuclear Fuel (SKN) is to review
the utilities' research and development programme for the management of spent
nuclear fuel and for the decommissioning of the nuclear power plants. The Board also
supervises the way in which the utilities carry out the programme. In order to
accomplish this task, The Board keeps abreast with international research and
development work within the area and initiates such research that is important to its
own supervisory functions. The research conducted by the Board is both scientific/
technical and sociological in nature. The results from this research are published in
the SKN Reports series. A list of published reports is available at the end of each
publication.

Another of the Board's main tasks is to handle issues concerning the financing of
costs within the area of nuclear waste. Each year, the Board estimates the size of the
fee to be paid by the utilities to cover the current and future costs of waste
management. The proposal on fees for the coming year is reported in SKN PLAN,
which is submitted to the government before the end of October.

The Board is also responsible for seeing that the public is granted insight into the
work on the safe disposal of spent nuclear fuel. The Board will continually issue short
publications on this matter in the series, DISPOSAL OF SPENT NUCLEAR FUEL.
The following publications have so far been issued:

1. Comments on the research programme for 1986. (In Swedish)

2. (Now replaced by number 5)
3. How do we choose a suitable site for a final repository? (In Swedish)

4. Radioactive waste: technology and politics in six countries. (In Swedish)
5. This is how nuclear waste management is financed. (In Swedish and English)

6. Evaluation of SKB's research programme 89. (In Swedish)
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