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1 Summary

A study has been made on retardation of radionuclides in
various materials, which could be suited for use in the
final repository. 4 literature survey has shown that
except for Cs and Sr very little is known on ion exchange
equilibria in ground water surroundings. Measurements
were made to determine equilibrium data fdr Cs, Sr, Eu
and U in five natural zeclites, which could be used as
f:lline material. Diffusivities in zeolite particles and

i)

beds as well as clay beds were also determined.

The measured egquilibrium data could aot be predicted by
using published data on binary egquilibria. Bed diffusivi-

ties were of 2 magnitude that was expected.

With the aid of these data the function of the ion exchange
barrier was investizated. The barrier is so short that the
nuclide trancport is by diffusion. An 0.2 m barrier of a
zeolite will delay Cs and Sr so long that they will decay

247
totally., Am" "

will alzo be considerably delayed. An C.2 m
clay-cuartz barrier will have very little effect on these
nuclides., & 1 m clay-quartz barrier will have about the
came effect 25 an 0,2 m zeolite barrier. Most other nucli-
des have =0 long lives that they will only be delayed, but
not sufficiently long to decays

The rock itself interacts with many of the radionuclides.

A cimple mcdel has been made to describe the nuclide retar-
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tracer experiments in actual underground rock have been
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tion factor 3-% was predicted and a value of 6 was measurei.



This is expressed as a mean retardation., Due to the fact
that some water flows faster than other, the first nucli-
des arrive at about one fifth of the mean time, This dis-
persion effect is much larger than what has been observed
in sand and similar materials. Using laboratory data, the
model and expected water velocities and dispersion, a one
km path in the rock would give time enough for Cs and Am241
to decay totally. Sr and Am245 are considerably delayed.

The above must te confirmed by further experiments.



2 Background

When depositing radioactive wastes in the ground. a leak
may occur in the capsules., The leaking nuclides must be
hindered from reaching the ground water. One possible way
of hindering the nuclides from reaching the ground water

is to fill +the space around the capsules by a buffer mate-
rial. The buffer material should guard the capsules mecha-
nically and act as an ion exchange barrier and so retard
the wandering ions. The ion exchange material must be
stable for long times.lon exchange materials which can be
considered are natural zeoclites, clays and synthetic zeo-
lites., The ions which will be primarily retarded are the
metal ions with positive charges. The negative ions will
vrobably not be retarded. Even if the ions have passed the
ion exchange barrier they will be further retarded in the
rock by ion exchange, adsorption and precipitatiqn mecha-
nisms. Ideally the iong will be retarded by a factor depen-
ding only cn the equilibrium constants. When, however, water
flows in porous media we will have to consider the mecha-
nisme of diffusion in the bed, as well as diffusion effects
intc the particles themselves, In addition to this there
will be dicpersion e¢ffects. The dispersion effects arise
from the fact that water flows with different velocities in
different charnels. This will lead to a spreading of the
break-through front. The same mechanisms will apply to the
flew in a rock., The fissures in the rock are probably of
different sizes, directions and spacings. Very little is

known of the exchange mechanisms in the rock.

The object of this investigations has heen a) to make a lite-
rature survey of what is kncwn on ion exchange equiliibria
in soils, cliays and zeolites with regard to the nuclides of

interect, b) by experiments to determine the influence of



diffusion in the particles, diffusion in the bed and
equilibria for various nuclides and zeolites. In addi-
tion to this it has been the object of this work to
assesg how effective ion exchange barriers are and what
can be expected by using them. The same applies tc rock.
In addition to this we have made a number of supporting

investigations.



3 Literature survey

3.7 Most important radionuclides

According to Cohen (1976) the most important nuclides to
contain are those which may give rise to most cancer deaths.
These nuclides will not always be the same as those which
are most radioactive or are most abundant. Cohen makes an
assessment of how a radionuclide will enter the body, how

long it will stay and how many cancer doses it may give

90
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and Np237 must also be considered as very dange-

rise to. The most dangerous of the nuclides are Sr and

Cs157 followed by Am241 and Am245° Pu259, Pu24o,
Tc99, Ra226
rous. The relative danger of different nuclides at various

times after burial are shown in figure 3.1. The data are taken

from Cohen (1976). They arply to reprocessed fuel.

Relative danger

100 4 & " k] - !
102 103 10% 105 10% 10’
Years after reprocessing

Fig. 3.1 Relative danger of various nuclides as a function of the time after
re processing. From Coben (1976)



342 Migration of radionuclides in the ground

Much work has been done regarding the migration of radio-
nuclides in the ground. At the Vienna conference IAEA 1967
a number of papers were presented on this and related sub-
jects. Practically all investigations were concerned with
soils, sand and clayey materials. Practically no investi-

gations were done on consolidated rocke.

Levi (1967) found that Cesium was very strongly bound to
Vermiculite., It was found that this ion was practically

fixed and only about 10 % of one Cesium isotope could be
exchanged by other Cesium isctopes. Strontium was not fixed
all and could be readily displaced by other ions. Spitsyn
(1967) investigated the sorption capability of a large num-
ber of different materials including clays, sand, limestone
and sandstone. Sorption capacities were determined for various
compositions of the water. Inoue (1967) measured mass egui-
1ibrium constants for Strontium and Cesium in sand., He found
values corresponding to retardation factors of 36 for Stron-
tium and about 1000 for Cesium, Brown (1967) similarly found
retardation factors 50 and 300 for Strontium and Cesium resrec-
tively in the sedimentary ground beneath the Hanford reserva-
tion., Rancon (1967) gives data on carbonate rock for Strontium
and Cesium., His results indicate a surface reaction mechanism,
Allard (1977a)and Vandergraaf 1976 a,b,c,d and 1977 nave mea-
sured equilibria for various nuclides in granitic rock and

other materials.

Landstrdm (1977) has made ir situ measurements of Strontium
and Cesium retardation in granitic rock in Studsvik. The water
is transported in fissures and it is thought that the nuclices
are aisorbed on the surface of the rock by some mechanism.

Strontium was retarded by a factor 6 and Cesium did not appear



at all in the measuring well. Iodine and Technetium travel
with the velocity of water as was expected. There was a
considerable dispersion when the water travelled between
the boreholes spaced at 22 and 51 m. The first breakthrough
occurs at about one tenth to one fifth of the time it takes
for the peak to arrive. Papadopulos and Winograd (1974)
make a review of mathematical models used for predicting
water movement in the ground as well as the data needed for
such computations. They conclude that it may be possible to
predict radionuclide movement in homogenuous porous ground
with the present methods, but that they are not suited for
prediction of water and nuclide movement in fractured rocke
This is mainly due to the difficulty in describing the size

and structure of the fissures.

+kholder et al (1976) have made computaticns of nuclide
movement in Western U.S. desert subsoil using a sofisticated
mathematical treatment which takes in account the decay of
the nuclides and the appearence of other nuclides in the decay
chain. The model is named the Geosphere model., They also give
retardation factors for most of the nuclides present in the
spent fuel. Burkholders equilibrium data for Western T.Ss

desert subsoil are given in table 3.1,

According to Burkholder the Geosphere model can be applied

to "faulted monolitic media" also.

Higgblom (1977) used & similar technique to study the migra-
tion of radionuclides. In his study the only transport mecha-
nism is assumed to be diffusion, whereas the Burkholder treat-
ment includes convection and diffusion. From both treatments
it may be concluded that diffusion is of no importance for

distances as large as hundreds of meters.



Table 3.1

Half lives T1
Ue.S. desert s

and retardation factors ki in "Western
Soil"o

Nuclide

-3
C-14
Ji-59
Ni-63
Se-T79
Rb-87
Sr-90
2r-93
Mo-93
Tc-99
Pa-107
Cd-113
Sn-126
I-129
Cs=~135
Cs-137
Sm-151
Eu-152,154
Ho-166
Ra-226
Th-229
Th-230
Pa-231
-236
=233
-238
-234
=235
Np-237
Pu-240
Pu-244
Pu-241
Pu-242
Pu-238
Pu-239
Am-241
Am-242
Am-243
Cm-248
Cm-245
Cm-246
Cm-242
Cm-247
Cm~243

adagd

T1/2 years‘

12126
5730
o104

100
2.1+10°
7106
14
10° .
2+10¢
3410

0

93
15,16 ,
1,210
1600
7340,
810" ,
3.3°1O7
2,410,
1.6100
£.541C7
2,510
7.1¢10,
2,110
6530
ge107
13,2
3,810
86
2,410
458
152
7270 -
4.7+107
92,3107
6.5¢127
0.4
1.6+107
32

5
4

Data from Burkholder (1976)
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343 Jon exchange materials and eguilibria

Many inorganic materials found in nature have ion exchange
properties. Some investigations regarding the properties of
sands, clays, peat, gravel and silt were already mentioned
above. Another large group of natural materials with excel-
lent ion exchange properties are the natural zeolites. Zeo-
lites may also be synthesized from clays. There are many
different kinds of zeolites. They are often selective ion
exchangers due tc the size of the cavities formed by the
crystal structure. A very thorough compilation of the natu-
ral zeolites can be found in Breck’s book (1975). Theoreti-
cal treatment of ion exchange, as well a2s eguilibrium and
diffusivity data may be found in Helfferich (1962) and
Amphlett (1965). Ames (1960) has studied one of the most
common zeolites in connection with radionuclides. Ames (1960,

63, 64), Mercer and Ames (1963) and Amphlett (1956) have

studied the ion exchange properties of natural and some synthe-

tic zeolites in connectior with Strontium and Cesium. Arnek
(1977) has made an investigation using Strontium, Cesium and

Buropeum and 10 different zeclites. Allard (1977a) has made

a series of measurements using montmorillonite clay and granite

particles as ion exchange materials and Cs, Sr, Fu, Zr, Tc,

I, Ce, Nd, Ra, Th, U, Np, Pu and Am nuclides,

344 Water transport in rock

Water transport in consolidated rock is usually described in
the same way as for porous materials. Darcy s equation simply
relates the flow of water to the hydraulic gradient i. The

proporsionality factor is called the permeability KD

U ig the bulk velocity. The velocity in the pores up is

uo/eB, where ¢, is the porcsity of the medium, Kp is a lumped

B
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parameter and depends on the pore size, temperature, poro-

sity and even velocity if this is large.

The other frequently used way for describing flow in porous

media is given be the Kozeny-Karman equation. Bird (1960)°
2 3

@P ez €

150 v(1-e5)"

u_ = o i

0

Here only that part of the equation is given which is valid
for laminar flow. This expression accounts for the influence
of porosity, particle size or channel width and temperature
via the viscosity. A similar expression is arrived at by the
treatment of Snow (1968). The Kozeny-Karman equation was deri-
ved by considering flowoin a channel formed by the pores in

a bed of spherical particles, whereas Snows “treatment assumes
a flat semiinfinite channel formed by the space between two

parallel slabs.

Neither of these models give any information on the variation
of velocities in the different channels - axial dispersion-
nor on the spreading and mixing perpendicular to the flow direc=-

tion.

fverg (1975) gives some data on the frequency of fissures,
measured down tc a few hundred meiers. He also indirectly

gives information on the size of the fissures by giving the
variation of the permeability at different levels in the bore-
hole. Similar data are given in Landstrdms report (1977). At
present few data are available at depths lower then a few hund-
red meters. Abergs data indicate that the permeability decrea-
ses with the depth. As the permeability measurements are made

by a method which very strongly emphasizes the conditions near
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the borehole, the data may not be applicable over a larger
distance. The only measurements available at present where
water and nuclides were transported over a large distance

in rock are those of Landstrdm.

365 Dispersion and diffusion

Dispersion has been much studied in the literature on chemi-

cal reaction engineering. Levenspiel (1962) gives a comprehen-—
sive chapter on these effects in his book. Bischoff (1962 a,b)
has given very thorough treatment of dispersion, experimentally
as well as theoretically. For very small velocities in porous
media the axial and radial dispersion coefficients may be deter-

mined from

log (D) = log [3¢ < . 5.3] axial
B
Dr u_d € 5
log (3‘) = 0.57 log [;%ngg)' g] radial

Baetsle (1967) gives very similar expressions

log (Dx> log (up) -3 axial

log (Dr) 0.47 log (up) - 6.1 radial

Burkholder in his computations used an axial dispersion coef-
ficient DX = ,008 cm2/mino This compares very well with the
values predicted by the abdove expressions. These expressions
for the dispersion coefficient will have a lower limit of
validity. When the molecular diffusion is larger than the
dispersion due to flow, the former will dominate. The above
expressions indicate that radial dispersion will te very small
in comparison with the axial dispersion. Burkholder used this

to simplify the model for nuclide transport and spreading.
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In his treatment he only accounts for the axial dispersion.

This is probably a very good approximation for soils, sands,
gravel and otner similar unconsolidated materials. This may
be seen from the very simple expression showing how a point
source will spread with time into the three dimensions

2 2 2

R X, 2T, 0.693 4

4Dxt 4Dyt 4th T1/2

M
C = = €
w2 " g(ne) (0,00 00,) "

The point may be made to travel with the liquid by the follo-

wing transform.

X=x-utj;¥=y-utgj; z2=12-=- uzt

The effect cf varying dispersion coefficients may be visuali-
sed in the following way. I Dy is 100 times smaller than Dx’
the nuclide will spread the square root of 100 - which is a
10-times smaller distance in the y-direction as compared to

the x~direction.

No dispersion data have been found on consolidated rock with
fractures. The "particle sizesg" in rock are of meter dimen-
sions and porosities are in the range 10-4 to 10—5 or even
smaller. It is very doubtful if the same exprecsions are valid

for rock as for other porous bedso

10 2y

Allard (1977 b) measured a bved diffusivity DBeB = 0.5+10° "m /s

using Silver ions and a clay/guartz mixture.



4 Theoretical considerations

441 The effect of an ion exchange barrier

In the repository the capsule containing the radiocactive
material will be surrounded by some buffer material. The
repository is to be situated far below the surface of the
earth and alsc far below the ground water surface. The
repository is in rock and the site is chosen so as to mini-
mize water flow., The hydraulic gradient is small and the
permeability of the rock is low. According to AXA-utredningen
II (1976) the bulk velocity of the water may be expected to

be less than 10-3 m5/m2/yearo The water velocity in the fil-
ling material will depend on its permeability, the orienta~
tion of the repository in relation to the hydraulic gradient
and on the magnitude of the gradient. If the permeability of
the filling material is less than that of the rock, the water
velocity will be roughly proportional to the permeability of
the filling material. If it is the other way around, the water
vclocity will increase by a small amount only, if the gradient
is perpendicular to the hole. If it is parallel to the hole,

the velocity may increase considerably.

The water velocity in the filling material, has a large impor-
tance. It may determine the mechanism of nuclide transport.

This will be discussed in detail later.

When the water flows trough the filling material, the ions in
the water will interact with the solids. The interaction mecha-
nisms of interest here are ion exchange, adsorption, precipi-
tation and Zrreversible reaction. If the mechanism is irrever-
sible reaction, the reacting ions will be definitly caught,

provided there is enough reacting material. Ion exchange and
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adsorption are reversible and the ions will only be retarded
by this mechanism. They will travel slower than the bulk
velocity of the water by a factor ki, which is determined
by the equilibrium data of the system. If there is precipi-
tation in addition to ion exchange and adsorption this will

further decrease the ion velocity.

At present the mechanisms are not ¥nown for every ion of
interest in the type of surroundings whick may occur. The
conservative asgumption is therefore made that the mechanism
is ion exchange or adsorption. The retardation factor which
may bes determined by experiments is a mean value. Figure 4.1
below shows how the concentration of ion "i" varies with the

distance from the capsule wall in the direction of the flow.

> Owection of fow
and asion

4 Concertration
1007,

. /@ (eal plug Alows

3 fowano’ @
pure difision diiesion

g

- =,

capsule wai ~ Lstance from

0 \\\/ y 7774

pepetration 2epehs \

Fig. 4.1 Distance travelled for plug flow, pure diffusion and a combination of
flow and diffusion
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It is assumed that the leakage gives rise to a constant
concentration at the capsule wall. This assumption is only
made to simplify the description of the transport. Ideally
the front would be very steep-Curve 1- in the figure. In
practice the front will be elongated due to various effects.
This is shown in Curve 2., If flow in the bed is very slow
in comparison to diffusion the transport may be due to this
effect entirely - Curve 3. The elongation may also result
from diffusion resistance in the particles of the filling
material and due to dispersion effects in the bed. Disper-
sion results from the variation in flow velocities in diffe-

rent channels.

Pure dispersion effects will be very small in this case
compared to molecular diffusion in the bed. Diffusion resi-
stance in the particles will be of importance if the time
needed to saturate the particles is larger than the time it
takes the front tc pass the depth of the bed. For transport
by diffusion only, the following simple criterion may be

used to asses the importance of particle resistances

D e DBeB
If —%—2 > 100 2 then the particle resistance does not
r Z
o) o

have any influence on the transport. (Ruckenstein et al.
1971). The bed and particle diffusivities were determined

(see experimental section) to be Dgey = 10—10 and Dpei =

_ 241077 m2/s for Sr in Clinoptilolite. This means that

if the barrier is 1 m thick the particle diameter must be
less than 2.8 cm. Iongs with higher valences may diffuse
slower and‘then smaller particles will be needed. The same
kind of analysis can be used if flow is much faster than
assumed. The particles will have to be made smaller then,
but the margins are so large that there will be no difficul-

ty in making sufficiently small particles.
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To simplify the following analysis it is assumed that the
flow and the diffusion is one-dimensional, The errors intro-
duced by this assumpiion are small in comparison to other
inaccuracies. It is further assumed that the concentration
at the capsule wall is constant efter the occurrence of a
leak. This simplifies the description but has little other
influence as we deal with linear systems. It is further
assumed that the concentration of any nuclide is small in
comparison to the total concentration in the groundwater,

is case has been modelled and mathematically treated by
Lapidus and Amundsen (1952). The Lapidus and Amundsen model
describes a case where a fluid flows through a porous bed.
Some of the species originally in the fluid will be taken
up by the sol:ds. The species will thus be retarded in rela-
tion to the fluid velocity. The retardation will depend on
the ratio of the concentrations in the solids and in the fluid.
This may be expressed as a retardation factor ki’ ki is the
ratio of the fluid bulk velocity u, to the velocity of the
species, U, . On top of this transport is added an effect of
diffusion. The travelling front will spread out when it tra-
vels along the bed, With the aid of this model the time %o
travel 1 m and 3 m was computed. When there is no diffusion
the time ig given directly by the velocity of the species u; .
With diffusior there is a gradual increase in concentration.
In +his case the time was chosen when the concentration reaches
% of the inlet concentration. The results are showr in figure
2

5
4o
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Fig. 4.2 Time for a nuclide to travel 1 end 3 m respectively in an ion exchange

barrier with retardation factor k;, as a function of the bulk velocity u,,

S

Two different diffusivities were used. DBeB = 10_10 m2/
and 5-10_10 mz/sg The results show that diffusion will be
the dominating mechanism when the bulk velocity u, is less
than about 0.91 m/year. Flow will be the dominating mecha-
nism for trarsporting the ions through the barrier whn the
bulk velocity is larger than 0.1 m/year, With the lower
diffusivity it will teke 30 -« k. years to pass a one meter
barrier for an ion "i" which has a retardation factor

ki° If the barrier is increased in thickness, the retarda-
tion time will increase proportionally in the flow dominated
case. In the diffusion dominated case the retardation will

increase with the ssuare of the thicikness.
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The diagram in figure 4.2 may be considered as consisting
of three parts. In the left part the transport is only due
to diffusion. In the right part it is only due to flow. In
the middle part both mechanisms are of importance. For the
diffusion case a very simple expression may be used to deter-
mine the time for the concentration at the outside of the
barrier to reach 5 % of the leak concentration. (Carslaw and

Jaeger 1959). If the barrier is assumed to be flat

1

o N

Colez *k
B ¢
For a cylindrical barrier the constant 0.1 will be somewhat

larger and will depend on the ratio of the inner and outer

radius of the cylindrical barrier.

When the flow dominates, the time may be determined from

The above eguations may be used to approximately determine

the retention times of the nuclides.

In the table below the decay of a radioacitve nuclide is

given for different numbers of half lifes T1/2g

Number of
half lifes 0 10 20 30
Activity 1 1072 1070 1077

After 30 °‘T1/2 the activity will be gone for practical
/
purposes., Thus if the retention time is larger than thic the

nuclides will decay in the filling material.

As the retention time in a one meter barrier is 30 - k1

years in the diffusion case, vwe have a ver simple criterion
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for determining which nuclides will decay. This will happen

when

As there normally should be so low water velocities that
diffusion dominates, this simple criterion may be used to

sort out the clearcut cases.

A compilation of the most important nuclides is given in
table 4.1. The retention times are given for a one meter
barrier consisting of 10 % clay and 90 % quartz as proposed
by Jakobson and Pusch (1977): colunn 3. In celumn 4 the
retention in a one meter barrier of Clinoptilolite is shown.
Retardation factors for clay/quartz are computed from Allards
(1977) equilibrium data and for Clinoptilolite our own measu-

rements are used.

Table 4.1

Retention times in 1 m clay/gyartz and clinoptilolite barriers
for various nuclides

Nueclide Half life Retention times-years
T, years clay/quartz k, Clinoptilolite*

5070 28,1 30 600 - 1400

7c?7 2.1410° 1 1

1147 20107 1 1

0s 27 30 20-30 2200-5200

Ra 20 1600 40-50 600 -1400

2 7340 50-700 Unknown

Np2 T 2.1010° 10 Unkn own

Pyl 29 2.4:10% £0-80 Unknown

pu 40 6550 £0-80 Unknown

a4 45¢ 200-4000 1000°-30000

e 7370 200-400C 1000° ~30000

1 . .
From walue of Sr

2 )
From value of BEu

Underlined cases zre retarded
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Using the above criterion to determine which nuclides
will be retarded, it is seen that a one meter clay-quartz
barrier will retard Sr, Cs and probably Am241° If the
barrier thickness is reduced to 0,2 m no nuclides will be

appreciably retarded. A one meter thick barrier of Clinop-~

241 43

tilolite will retard Sr, Cs, Am and probably Ra and Am2 o
In the case of Ra the matter is not as straight-forward as
for the other nuclides. Radium is not originally present in
the spent fuel, it is a decay product of other wandering
nuclides. The above therefore only applies to those Radium

atoms which start their life inside the barrier.

4.2 Flow and adsorption in fractured rock

4o2,1 Flow in rock

Rock is not impervious to water. The stone substance itself
has a very low permeability, but as the rock is cracked,
water will flow in the fissures. Normally the flow of water
is proportional to the hydraulic gradient and may be descri-
bed by the following expression.

X i

R

0 P P €

KP ie the permeability of the rock, U is the bulk velocity,
up the water velocity in the pores, € is the porosity. This
very cimple description does not consider the size, frequency
or orientation of the fissures. More detailed models are
necessary to determine how the water flows in the fissures

in the rock. In a large fissure the water will flow very much
faster than in 2 small one. Due to this some water may travel
much faster than the mean velocity. From the point of view of
retarding radiocactive nuclides, it is more interesting to know

when the first nuclides reach the ground, than when the mean
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arrives., One model which gives a petter description of how
the water flows is the Snow model (1968). It is based on the
assumption that the rock consists of a number of parallel
slabs. Water flows in the channels between the slabs. Given
the channel spacing and width it is possible to determine

the permeability. Snow assumed that the channel width was
constant, or that a mean channel width can be used. This 1is
not a good assumption for the purposes of this investigation,
as the rlowrate in a channel 1is proportional to the width
raised to %he third power. An example of the consegquences

iz shown below, A frequency distribution of the channel widths

m

is assumed. In this example it is chosen to have a standard

deviation of 0.3 of the mean width. The distribution is shown
below in figure 4.3. This frequency distribution gives a very
good fit between computed and experimentally determined resi-
dence time distributions in actual rock in Studsvik. A detai-

led description is given in appendix 1.

frequency of
fissures

fy

7 ~ fissure widilh
10 v 2b-10%m

25-634-10°m

Fig. 4.3 Frequency of fissure widths in rock, determined from the Studsuvik
experiments
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Theoretical breakthrough curve im rock

Figure 4.4 shows how an even front spreads out when the
water travels in the rock with this distribution of channel
widths, Ideally the nuclide travelling at a given velocity
reaches & point at a certain time., Some mean time can be
computed if the channel widthe are known. The relative times
8 in Figure 4.4 are rclated to two such computed mean times,
8. is related to a time of travel in a fissure of width 2D.
eN,KU is related to a mean time of travel which can be deter-
mined from the permeability of the rock., The permeability may
be computed from the frequency distribution of the fissures.
The figure shows clearly that the first part of the front
reaches a given pecint very much faster than is predicted by
the permeability model. This must be taken in account when

the retardation of the nuclides is determined,

Lo242 Wuclide retardation ty the rock

Many of tne nuclides of interest interact with the rock by

ion exchange, adsorption or other mechanisms. Ion exchangs
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equilibria have been measured by various investigators.
Allard {1977a),Vandergraaf (1976, 1977), Rancon (1967)

and Fried (1975)° Usually the equilibrium was assumed to

be due to a surface reaction. Rancon (1967) showed that in
carbonate rock the surface concentration of Strontium on

the outer particle surface is independent of the particle
size down to particle diameters of 0.2 mm., A decrease below
0,2 mm decreased the surface concentration, Vandergraaf

used finely pelished slices of rock as a standard for deter-
mining the surface of crushed rock particles. He first deter-
mined how much was adsorbed on the slice with the known sur-
face., After determining how much a known amount of crushed
rock adsorbs, the area of the particles was determined. For
granite this area turned cut to be smaller by about a factor
5, than the area which may be calculated from the geometric
size of the particles. & possible explanation to these obser-
vations is that there is a combination of surface and volume
reaction. When the particles are large, the nuclide penetra-
tes to a depth smaller than the particle size, When the par-
ticles become smaller than the penetration depth, their whole
volume will be equilibrated and a further increase in the area

will not increase the uptake.

If this hypothesis can be proved to be correct the rock barrier
may prove to be much better than previously considered, Given
time, the penetration in the rock may become much dee,er than
in the laboratory experiments, where the time scale is weeks,
The time scale in the repository is at leact hundreds of years.
Other explanations are also possible, One explanation might

be that for large particles the outer surface consists of a
very coarse siructure of small grairs. It the surface area

of the graincs determines the effective area, then this will be

roughly proportional to, but larger than the area of the large
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particle. When the particles become as small as the grains,

the area will be equal to the geometric area.

Rancon’s investigation of Cesium and Strontium adsorption

on Calciumcarbonate rock shows some interesting results
regarding the rate of uptake, In a test with Cs and a block
of rock the uptake curve has a form which well can be inter-—
preted by diffusion intc the block. The very long time nee-
ded to reach equilitrium - more than 50 days - also indicates
that a volume reaction can have taken place. Rancon also made
colum experiments where the bed first was saturated with Cs
and Sr and then was eluated with pure water. In these experi-
ments only about 10 % of the adsorbed amount could be washed
out again. The tail of the Cs washing curve is very long
however. This indicates that given time more Cs will come out.
Sy seems to be fixed in & stronger way. These results may be
interpreted as irreversible reaction, but also partly as a
penetration and a volume reaction. When the washing starts
the ions will wander out towards the water but also further
into the particles in the direction of the unsaturated rock.
Hence it may take much longer time to wash out the rock than

to saturate it.

This should be further investigated as it can be of great

importance,

At present it is assumed that the reaction is a surface reac-
tion and that the equilibrium is reversible, These are both

conservative assumptions.

Table 4.2 a and b is a compilation of equilibrium constants
for various nuclides, rocks and water compositions from various

sources.



Table 4.2 a

Surface equilibrium constants K for Cs and different rocks

—r
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Investigation Kind of rock Water Ka-‘IO4 Particle Comments
composi- o diameter
tion d_ mm
mM P
Allard Granitic rock see table 21 ~ 0.1 Water 1
(9]
(1977a) 4.2 ¢ 43 3erer.s
=250 5
[cs™]= 10 7N
pH = 8
Landstrom Granitic Ca 0.9 190 ~ 0.1 pH = 8
(1977) eiss e ol
&n Na 2.0
X 0.14
Cl 0,31
SOA 0515
HCO% 3.8
8107 0.232
2
Vandergraaf White lake A* B*
P . 270 160 ~ 0.3 Room temp.
1976 a,b,c ranite Y
97 1 e g pH = 507
0 600 block
NaCl 12 200 18¢18¢3,8 pH ~ 7
NaCl 1.8 390 ~ T
NaCl 2.0 350 ~ 7
CaClp 1.9 330 ~ 5.5
CaCl2 0.9 350 ~ 55
0 800 490 ~ 0.3
NaCl 12 330 200 pH as atove
NaCl 1.8 800 490
NaCi 2.0 800 490
CaCl, 0.9 800 490
CaCl2 0.9 800 490
Microline 0 70 23 ~ 0.3
. NaCl 12 20 6.7 pH as above
Feldspar NeCl 1.8 45 15
NaCl 2.0 44 15
CaCly, 1.9 34 12
CaCl, 0.9 38 13
47 = K_ from Vandergraafl ‘s report

recomputed for geometric surface of particles



Table 4,2 a continued
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Investigation Kind of rock Water Ka-1O4 Particle Comments
composi=- diameter
tion d_ mm
m p
Vandergraaf Albite 0 A¥ B ~ 0.3 Room temp
1 200 46
976. ¢ Feldspar
NaCl 12 67 15
NaCl 1.8 110 25
NaCl 2.0 110 25
CaCl, 1.9 110 25
CaCly 0.9 125 29
Hornbleunde NaCl 12 51 15 pH as above
NaCl 1.8 53 16
NaCl 2.0 5% 16
CaClo 1.9 50 15
CaCl2 0.9 53 16
Rancon Calcium "Natural 7100 > 0.3 pH 7.5
1967 carbonate water"

rock




Table 4.2 b

Surface egquilibrium constants K for Sr and different rocks

Investigation

Kind of rock

Water Ka=104

composi-

tion
m

Particle

diameter

d mm
P

Comments

Allard
(19772)

Granitic

rock

See table 21
4.2.c 21

~ 0,1

Water 1
Water 2

8 = 25°C
pH= 8

[srl~ 107°M

Landstrom

(1977)

Granitic

gneiss

\n
o
—

© © © © o e o ©

e o

[92]
=]
OO0 OQOO0OOOOMNMOO

AN =000 =0~

AT AN AR N0 W N P

~ 0,1

pH = 8
[sr]= ~10 M

Vandergraaf

(1977)

White lake

granite

0 670
3 mM 240
8 500
0 450
9 90
9 140

block
18+18¢4

Rocm temp
PE = 5.5

Rancon

1967

Calcium
carbonate
rock

"Natural 50
water"

Unknown

#H o= Te5
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Table 4.2 ¢

Compositions of the two synthetic groundwaters proposed
by Allard (1977a)

lIon Water 1 Conc. Water 2

| ng/1 mM mg/1 mM
Na 288 12453 42 1.83
K 10 0.26 5 0,13
Mg 15 0.62 7.5 0.31
Ca 75 1.87 375 0.94
c1 500 14.10 93 2,62
F 1.5 0.08 0.75 0.04
SO 15 0.16 7.5 c.08
H063 207 3,28 100 1.64
Tot 1105 35,541 293 8,921
1)mekv/1

The surface equilibrium constants expressed as Ka-values
decrease with increasing salt concentration in the water.
It was attempted to make a comparison of the data from
the different sources. It is seen that for Cesium and
Strontium Ka's differ by about a factor 10 between the
different investigations, if the comparison is made at
about the same total salt concentration in the water.
This is not a large difference in view of the differences

in rock and other experimental differences.

Landstrom (1977) has made measurements of water and nuclide
transport in underground rock in Studsvik. He also made
laboratory measurements of nuclide interaction with - rushed
rock., From the in situ data on water transport between the
boreholes it was possible to determine a nominal channel
width. With this and the laboratory data on Ka’ a retention
time for the travel or Sr in the rock was calculated. From
this a retardation factor of about 3 was computed. This com-
pares well with the factor 6 from the in situ measurementc.

The details of these computations are given in aprpenaix 1.
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This compariscn is, however, based on some assumptions
which have to be validated. For this further tests on
underground rock should be made. Furthermore the adsorp-
tion mechanism - surface or volume reaction - should be

clearified.

If the assumption can be validated, an indication of possible
retardation effects have been computed and are given in

Table 4.3 below, Allards (1977a)mass equilibrium data - Kd—
values - were used., These were transformed to Ka—values by
use of the geometric surface of the crushed rcck in the

experiments,

Table 4.3

Retardation of various nuclides in rock.

-1

Nuclice mass- surface equi- ion retarda- time to time to -9
equili- librium velocity tion . travel decay to 10
brium constant factzr 1 km :itgiifinal
iantant K,= zi °Ps vy k1= E? l%%g 50 T4 /2
22_ mB/m2 m/years years /km yeare

sr70 8 0.27¢1077 1.1 27 910 520

1077 1 - 31 1 32 2.1:107

1147 1 - 31 : 3 2107

s 204100 0.7-2.4¢107° < 0.45 70-340 2220 900

226 100 3.40107° 0.09 340 11000 50000

m?%? 800 3041077 0.01 3000 100000 200000

g7 30 1.107° 0.31 100 3000  60¢10°

240 qoc 3.40177° 0.09 340 11000 200000

puco? 100 3.40107° 0,09 340 11000 750000

(=250 5000 1701077 0.0018 17000 55600C 13700

1257 5000 1706167 0,0018 17000 550000 870000

a——

o &
2 ~ 70 000 m2/m5 in crushed rock(from a = E_)
D
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From this it is seen that in rock with a mean fissure
width 2b of 241072 m and a hydraulic gradient i of
0,00% it takes about 30 years for the water to travel

1 km., The permeability of such a rock would be 10-8 m/s
if the fissure spacing is 0.7 m. Sr takes 910 years and

this is sufficient for Sr to decay totally. Cs and Am241

Am243 only decays to a

also have time to decay totally.
certain extent. The other nuclides of importance will go

through, but many of them will be considerably delayed.

The above analysis is based on a case Wwhere there is no
dispersion. ks the first part of the breakthrough front
90

arrives at about 20 % of the mean breakthrough time Sr

will not have time to decay in this first part.

Computed water and ion velocities in fissures in rock are
shown in figure 4.5 with the surface equilibrium constant

Ka as parameter. It is seen that when the fissure width
decreases, the ion velccity decreases more than the water
velocity. Figure 4.6 shows the relation of fissure width

and permeability for fissures of equal size with the fissure
spacing as parameter, The data in figures 4.5 and 4.6 have
been determined with the aid of extended Snow model. The

equations are given in appendix 1.
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Fig. 4.6 The relation berween permeability and fissure width for various fissure
spacings, s
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4.3 Ton exchange equilibria

4,3.1 Thecretical background

The ion exchange equilibrium is usually described by an
equilibrium constant based on the law of mass action,

In the reaction
A+ mRB = Rm A + mB

where m is the ratio of valences of the exchanging ions

A and B, an equilibrium constant Kg is defined by

A Y4 XBim @ y1-m
Ky =% ¢ (507 (3§ )
A B o}

Ty and %, are the mole fractions of the ion A in the ion
exchanger ard in the water respectively, CO is the total
concentration of cations in solution and Q is the total
concentration of cations in the ion exchanger. For the
exchange of an m-valent ion against a 1-valent, the ratio
of *the mole fractions in the exchanger and in the solution

is given by

J -
A . (XB>m (%)Iﬂ 1
B 0

Mo
- |-
[
o]

In a multicomponent system where the ion N (1-valent) is
abundan® in the ion exchanger as well as in the solution,
in comparison to the other ions of interest, the eguilibrium

for ion i may be written

i (ZIE "1 (‘3'«_)mi-1 i (9_)mi“-
x. KN X, C ~ KN C
i N o] o)
This is the low concentration case for the exchanging ioun.

It is avplicabie to most of the nuclides of interest excert
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in extreme and improbable cases with very fast solution

cf the fuel residue. The above exdression tells us that

Tor low concentrations of the incoming ions, these will

not compete with each other., The equilibrium will be

determined by the composition of the salt water and the

eanilibrium constant of each nuclide in the given surroun=-
P

ding, This expressicn also indicates that the total salt

cocr.centration Co is of great importance for multivalent

e il .
The eguilibrium constant KN ig influenced by many factors,
the mcst important of these are: ion exchange material,
temperature, concentration of the exchanging ion and

the concentration of c¢ther ions, posiiive as well as nega-

In principle it is possivle to determine the compositions
in an ion exchange system when data for all pairs of ions
are knovr. In practice this is very difficult as the influ-
172 of all thie mentioned factors on the binary equilibrium

a are nct suificiently known. One factor which further

o)
AN
+t

~cemplicates the use of literature data for computing eguili-
tvia in complex ground water systems, isg that many of the

2z of interest Torm complexes with the anions, The
comclexes will have different eguilibrium constants frox

11 o.e of the naxked ion, Very few data are available on Zon

ecuilibria for complexes.

<ie water compesition is known, it is rather sasy

sezure an overall egquilibrium constant which then inclu-
1

e
d cnly be maie at low conzantratic,

b
[N
41

)

]
«t+
o

M
s\
ot
ot
[
=
(0]
<
[
o
4]
[

~uc.ices, In most cascz: it will thus be better tc nm=
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measurements than to try to use literature data only.

When the equilibrium constant ie known the retardation

factor ki may be determined in a straightforward way.

q. . u
-2 (1. = (1-¢ C IR e ]
kl - Ci (1 €B> pp - (1 “B> pp (CO) K-N - u-;

€y i:rictez the porosity of the ion exchange bed and pI
ih- damsity of the ion exchange material proper. q; and

c¢. are the concentrationg in exchanger and in the water

1
resnentively, 1 is the bulk velocity of water and us is

“hwe velocity of the ion.

Jo3.2 Anzlysis of some data on ion exchange equilibria

urkholdar et a2l. (197C) give data on retardation factors
for most of the interesting nuclides in "Western U.S. desert
subscil", Amec (1950), tmrhlett (1956) and Mercer et al,

ive data on Cesium and Strontium equilibria with

M

\

)
meolites, Arnek (1977) in addition to Strontium and Cesium
has measurel equilibria for Europeum in come natural and

some oynth-tic zeolites. Ames and Mercer found that of the

¥ were the best for Strontium, Arneks data are

siven i1 the talle 4.4 below. The figures in the tabl = are

L oy letiv: measure of the equilibrium constant.
3¢ 311 the zeolitec investigated only Aralcime is really

{23 fyom the ion exchange point of view. 1t may be noted

2+ tho comthetic zoclite 13X is very much better tha:x the
+ .

carde Fu- . The same should also apply to the

in the spent fuel.



Table 4.4
Relative measures of equilibrium constant

Zon Cs® st YN

Zaplite

Zeolite L{KT) 5 10 -
Zeolite W(K') 50 10 1
Zcolite F 50 50 5
Morienite 50 5 1
Prillipsite 50 5 T
Chubasite 50 10 5
Clincptilclite 50 10 5
13X p) 50 50
Frionite 50 10 1
Analeims - < 0.1 < 0.1

N . . + ..
The ion evchangers were in the Na' form originally except

attenp® wzo madie to compute the mass equilibrium constant

in a grcundwater for some zeolites, using the available

i terature data. These and exverimentally determined K. -

a

vallcs are given in the table 4.5 below. The details of these

computetione and the literature data used, are given in

wvison of meracurss and comruted mass eguildibrium
b R
+ 24 R4
Cs Sr 7
mearu- Compu- measu— Compu—  measu- C
reo ted red 1ed rea 1
S ti- EPRRN 430 600- 19 1000- Z,
e 00 1400 20000
zite 80 - 220 350~ 150 1000~ -
[REEN 73700 8O0
LT PP 2390 €05- 200 Yr - T
o O 21000 STANG
lLlii- APSES 590 550- 220 EEes )
- 27000 2400 SRR




Thz computed Kd-values are much lower than those experi-
mentally found. For Cesium they differ by an order of magni-
tude, for Strontium the difference is not quite so large.
The values for Buropeum are so different that any compari-
ron sezms meaningless. These results emphasize the diffucul-
ty in using binery data at low total salt concentrations for

yrziicting equilibria at high salt concentrations.

B The influence of asnions on ion exchange

equilibria

v

Tt ic well known that many of the nuclideg of interest form
courlexes with the anions present in the water, Sr2+ may for
swemple form carbonate- and sulphate complexes. Uranium and
sZutonauin forms hydroxyl complexes which Americium also does.
e comrpioxed cpecies will be larger and will have a lower
‘tereos, This will lead to a lower eguilibrium constant., Ccmpu-
tations of th: relative amounts of the various species for

il e croundwater "1105" (see table 5.1) have been made by
Allava’ 17 7e, 2nd are given in his report. These results indi-
¢t trat about 1 % of the Sr2+ is complexed and that practi-
o101y oall Uraniur ie o be found as various complexes, Thisz

ite in ac-oriance with our experimental data on Uranium

H
[
1

wi.icky has very cmall equilibrium constantse.

corvlexes may vary congiderably with the compositior of

[

re sremdwator, Mary different investigators have feounc ratl.e
i-oh oegullibriun constants for Strontium and Cesium. for variius
srpesitions of groundwater, which indicates that these -~iecis
1 retain gcod eguilibrium constants., Uranium ana pretebly
tutorium may have very low egquilibrium constants when in th.

szosvelzsnt form, Americium may also be influenced by complexi.

izates 3 ne<d of further studies on the inflience
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5 Experimental work

Mzny natural and synthetic zeolites were considered. Due

3

¢ the provable costs of synthetic zeolites we have omitt:d

theze and concentrated on the natural zeolites. 07 the natu

ral zeolites there are more than 50 which can be used. Th:
choice of the natural zeoclites was made by looking at the
availabilities. If zeolites are to be used fcr the ion ex-
chiange barriers they will have to be availatle in the amouw.

~f 410=100 thousand tons. Furthermore they will have to be

chear., With these considerations we selected Clinoptilolite

inglzime, Phillipsite, Laumontite, Erionite, Mordenite anc

Chabasite. A further consideration in choocing zeolives is

tLat they must be stable at elevated temperatures. Of thenr.

4

yrotebly Clinoptilolite and Anslcime are the most statle ot
. o
tish temperatures. They can be dehydrated at upr to 700 C a:n

v2:1 asrain take up water reversibly, The cther zeolites biv

*

S

<

down at lcwer temperatures. The nuclides of interest are C¢

Ltrottium, Buropeum and Uranzum, Cesium and Strontium are

int~rrct in themselves, as they are the most dangerous of t.

~uclides. Buaropeum will simulate Americium and other thre.
siient icong., Uranium may also give som information i Thox’

utoniun. We have choosen to make the experiments in

U
simalated ground waters., The compesition of the ground wat: w:

nes treorn suggested by Allard (19773}.The compocition of th.

70wt vwaters 1s given in takle 5.1 telow.
s Louilibrium measurements
The eguilibrium measurements are made by contacting a krnow.

mowrd of the zeolite with a lmown amount of "ground" wate.
raking thiz for a suificiently long time and measuring

rerulsing equilibrium, The zeolite was first equilibratcd

rouni" water, The measuremente have been performed Y =-

o

s

b

=

1 Ul
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Table 5.1

Water compositions

Water 1 IT
ng/1 mg/L
Na 288 2
X 10 5 pE = 8.2-8,3
Mg 15 7.5
Ca 75 375
C1 500 93
i 1.5 Q.75
804 15 Te5
HCO5 200 100
Total 1105 293

absorption spectrophotometry for the ions Cesium and Stron-
tium. Burcpeum has been measured by radioactive methods and
Uranium has been measured by light spectrophotometry. Equili-
brium measurements have been performed at 20 and 7OOC. The
veolites have oeen ground to particle diameters less than 0.1
mm. Thece measurements have needed at least one week before
equilibrium was established. Even so it is doubtful if a real
ccuilibrium has peen reached. The results of these measure-

mints are given in table 5.2 below,

The eguilibrium data are given as Kd—valuesa The measl- :ament
neve been performed with varying ratios of the amount of zec-
lite to water. The ratio has been varied by a factor of 100,
The primary data of these measurements are given separately

ir appendix 3. From these data it may be seen that the equili-
“rium constarntc are higher for the ground water with a smallcer
~-tal salt concentration., These are guite expected effects.

m

™ ¢ values for Uranium are very low. This is probably cdue t5

2204 that in the experiments we have oxidizing condition: a .-



Takle 5.2

Measured mass egquilibrium constanss Kd g/e

at 20°c (70°C)

Cs

Sr

Water

I

II

I II

Jlinoptilolite

Cl.abacite

2200-5200
(1500-2400)
70°C

6800-11000
6200-14000
6900-11000

16000-40000

16000-40000
11000-22000
25000-44000

600-1400 2300~4000

(4600-6700)
70°¢C

350-3700

2500-5C000

600-21000 1500-50000

180-5600

520-15000

Pnillipsite 2200-21000 22000-34000 550-2400 3500-15000
T Eu U

eter I IT I 1T
Ciinoptilolite 1C00-30000 4000-60000 0 -
Lapasite 1000-80000 700-110000 6.4 70-86
scionite 960~43000 9500-110000 3-4 8-20
oriznite 960-28000 1200-72000 - 5=-20
1.liysite 930-94000 370-120000 2 2%-50

i the Uranium
itr. carbonates and cther negative ions.

2w the same 0r nearly the same

cvperimentse

ihicce experiments was not an ion

W mae L

R

L2¢1. measured.

18

From this it can be

hexa valent.

Diffusion in particles

It will then be strongly

exchange mechanism only.

complexed

The Buropeum measurements
concentration in the equilibrium

concluded that the mechanism in

The exper::

5 indicate that there is a precipitation and the solubility ha.

zasurement of the diffusivity ir the particles is made by a

tuiguns very similiar to that of the egquilibrium measurements.

Waa



and crushed zeolite are mixed and stirred vigorously-.

The zeolite has been sieved to a kaown particle sice.
Samples are taken at variocus times and the ion concentra-
tion in the water is determined, A concentration time
curve such as chown in figuare 5.1 below is made. By compa-
ring the experimentally obtained curve with theoretical
curves which describe the diffusion in particles as a func-
tion of time and particle size, it is possible to deter-
mine the diffusivity. Thecretical diffusivity curves are
given in Crank (1975). The diffusivity may be regarded as
either a diffucion in the water in the pores of the mate-
rial, or as & aiffusion in the solid material iteelf, The
former mechanism is called pore diffusion and the latter
colid diffusion., In this case where the equilibrium is

linear, pore diffusion and solid diffusion give the same

Chppabﬁé-(?*
Temp. -25°C

a, Qwmm
V= S0 m/water

L = 044 q Clngptilolite

L

| | i (oo .

T 0 5, 7

|

4o ko &0 /oo 2000 ¢ .
Iy Concentiation - 1“”U(YH?CfOVL”7CXPPV””FUTfbrﬁhvf”””L”H”]Uf[bp

particle diffusivity



shape of the concentration time curves, the difference
being that the diffusivities differ by a factor equal to
the equilibrium constant. In table 5.3 below the details
for the diffusion experiments are given, The evaluated
diffusivities are also given in the table, The diffusivi-
ties are so high, that the diffusion in the particles will

nct be a rate determining step under normal circumstances,

5.3 Diffusion in beds

The diffusion in a porous bed may be predicted with fair
accuracy provided the diffusivity of the species in water

is known, The mechanism of diffusion is a diffusion in the
water in the pores between the particles. For the zeclite
material which is ground to particles of about C.1 mm only
tortucsity effects and porosity are expected to influence

the apparent hed diffusivity. Fcr the clay/quartz material,
however, the clay particles are so small that it must be
considered if it is not possible that the ions are hindered

by the small geometric sizes of the pores. To check this we
performed a few experiments, first with zeolites to test the
method for determining the diffusivity in a bed and then

with the clay material which has been proposed by Pusch (19777,
As the clay material will expand with great pressurc when it
is wetted, the casing for containing the bed had to be made
strong. It consists of a teflorn block with a cavity., In this
cavity the bed is contained by a lid of a glass filt::i which
is screwed on tight. The block is then placed in a glass vecsel
with a stirrer. The technique for determining the diffusivity
in the bed ie¢ very similar to the technigue described previous-

d
ly for determining the diffusivity in the particles. The bed

'_l
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large one-sided particle. The details of the experi-
mente together with the resulting diffusivities are given iun

tekle 5.4 below, The diffusivity for the bed with zeolites 1



Table 5.3

Data for the pvarticle diffusivity experiments with Clinoptilolite

Byperiment ne 1 2 5 4 5 6

ion Sr Sr St Cs Cs Oa

¢, initial conc mg/1 4.7 4.7 4.7 9 9 9

¥ temperature °¢ 25 70 70 25 70 70

dp particle diameter mm 0,2 0.2 0,2 0,2 0,2 0,2

c, €quilibrivm cono mg/1 0.38 0,15 0,05 0,17 0.29 0.29
Ky "— constant cmB/g 2060 4600 6700 5260 2900 %280

t)/p half time s 7200 N 2220 i e 510 o 516 " 552 1
by diffusivity m /s 2,2°10 37410 3010 1.2+10 4,710 4,910
I, amount of material g 2.76 0,614 1,417 0.464 0,556 0,514
vt water g 500 500 500 500 500 500

1,2 ’7/ 5
~ o cm
pp &

,)(_
time to reach 70 % of equilibrium,

¢y



Table 5.

Data for the bed diffusivity experiments

Bperim nt nr i 2
Materinl Clinoptilolite Clay 10 %3 quartz 90 %
i 2+ L2+

ion Sr Sr
Ty initial concentration mg/l 5.0 5.13
¥ temperature °c 25 59
dp particle diamcter mm 0.04-0.07 -
¢, equilibrium concentration mg/l 0.091 0.63
K@ "- constant cmj/g 290 8.4
o, half time 5 2.,76+10° 6.10”

1/2 2 -10 -10
Doy diffusivity m”~ /s 1,110 1.310
Ve 5, 3
1 amount of water to material m /m 21,75 14,2
v
Zy bed depth mm 5 5

vy
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gquite what was expected. The diffusivity for the bed with
the clay is of the same magnitude and it can thus be con-
cluded that there are no spacial effects in the clay mate-
rial from the diffusion point of view, In both cases the

diffusion may be described as a pore diffusion.

In the above experiments the bed was chosen sc deep, that
the time determining mechanism is the diffusion in the bed
and not diffusion in the particles, The criterion for this

is given by Ruckenstein et al (1971).

D e D,e
D b'B

r Z
e} o}

The experimental bed ig shown in figure 5.2 below,

bed

wl Il

Fig. 5.2 Device for forming the bed in bed diffusivity experiments
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6 Discussior. and conclusions

The filling material has many duties, the main duty being

to protect the capsule. A secondary duty is to retard any
leaking radiornuclides in their transport towards the surroun-
ding rock and the flowing groundwater. The rock itself also
acts ac a safeguarding barrier., Besides the obvious positive
effect of having a large distance from human activities, the
rock protects the buried material mechanically and also by

retarding many of the radionuclides by chemical interaction,

6.7 The filling material as a barrier

The filling material must be mechanically, thermally and
chemically stable in the environment of the repository.

There seems to be no doubt that the proposed clay/quartz
mixture has sufficient mechanical and thermal stability. The
same can be said of the zeolites. The chemical stability of
these materials also seems to be very good, Many zeolites are
formed under conditions similar tc those to be expected in

the repository.

Mechanical protection of the capsules from movements in the
rock is discussed by Jakobson and Pusch (1977) in connection
with clay and guartz. The quartz particles make this material
very incompressible and rather strong stresses must be taken

up by the capsule. If the quartz was exchanged for scme porous,
brittle material, this would compress under the stresses and
the capsule would have to stand less stress, Many zeolites have
a rather brittle structure and this property could be chosen

to0 suit the needs of mechanical protection. The drawback of
using zeolites instead of quartz is that zeolites may cement

after a long time and thus not refill any crack which may heave
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formed in the filling material., Also zeolites have much
lower heat conductivity. On the plus side however, the
zeolites have a much higher ion exchange capability than
the clay/quartz mixture. The zeolites are from 10 to more
than 50 times better ion exchangers and thus will retard
many of the radionuclides by this much longer time after

a leak has occurred., The lower heat conductivity of the
zeolites may be compensated for by diluting the radiocactive
material, which probably is expensive, or by wetting the
zeolites with water, Zeolites as a filling material would
increase the permeability as compared to the clay/quartz
mixture and thus the water flow through the filling mate~
rial., The increase in water flow will be very small if the
holes of the repository can bte oriented perpendicular to
the hydraulic gradient. Due *to this effect a crack in a
cemented filling material will not give rise to a strong
increase in water flow, if the rock itself is not seriously
defaulted., For the short distance of a meter or less, which
is congidered for barrier thickness, the transport of matter
due to flow is much less than the transport due to diffusion,
A moderate increase in the water velocity will thus not in-
creace the transport of nuclides or other reacting species.

See 4.7,

The effects discussed above give no way of making a clearcut
choice between the filling materials. At present mors emphasis
has been put on the clay/quartz partly due to the fact that
more is kncewn of this material and how to handle it. There

are however some diffuculties in handling the clay mixture
which will not be present if zeolites are used. If no clay is
mixed with the zeclites, these may be handled wet or dry and
the silicose risk is totally eliminated as there is no quartz

present. If clay is mixed with the zeolite, the mixture cannot
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be wetted very much during handling, but it will have a

lower permeability than zeolites only,

The main gain by using zeolites is that they have a very
strong nuclide retarding effect., Using the clay/quartz
mixture the barrier must be at least 3 times as thick as

a zeolite barrier, to have same nuclide retarding effect,
see 4.1, The zeolite bvarrier may be further improved by
using mixturec of natural zeolites or even using some very
selective synthetic zeolites. In the table below the thick-
ness necessary to retard some nuclides 30 halflives is given

for the clay and the Clinoptilolite alternmatives,

It is evident that a 0.2 m clay barrier has practically no
nuclide retarding effect, whereas a zeolite barrier this
thick will stop Sr and Cg totally and probably also Am241o

1 should be stressed that a doubling of the barrier depth
will increase its efficiency by a factor four. The retarding
effects is proportional to the square of depth in this diffu-~
sion controlled case., The data for Radium applies only to

that Radium which starts its travel at the beginning of the

Table 6,1

Barricr depth in meters to retard some radionuclides
AC halflives,
1
Nuclide 10 % clay + clinoptilolite
90 % quartz

5y 20 1 0.2
os 07 1 0.1
Ra226 40

ant 4 1 0.1-C.7
Am243 5 0.5-2.5




barrier and not that which is produced by decay in the

barrier.

The barrier also has to protect the capsule from oxidi-
zing agents, excess acidity or basicity and other agents
which may seriously degrade the capsule materials, Of
these species probably only metallic ions and scome other
cations will be retarded more bty zeolites than by clay.
The diffusion of noninteracting species has the same velo-

city in both barriers.

Costs of the natural zeolites are probably somewhat higher
than for the clay-quartz mixture, but don’t seem to be

prohibvitive,

Zeolites as filling material form a good barrier for many

of the important nuclides by their high ion retarding capa-
bility. They would form an additional independent barrier.
The clay/quartz mixture has a lower permeability on the other
hand. Flow does not seem to be important for the transport
trough the barrier however, as diffusion is the rate deter-
mining step,at the water velocities to be expected, see figu-
re 4,2, This applies toc ions as well as such oxiding agents

as oxygen,

With the present knowledge there is no clearcut choice between
the clay/quartz mixture and the zeolites as a filling mate-
rial, A risk analysis may give a better indication on the need

for an ion exchange barrier,

6.2 The rock as a barrier for nuclide transport

The rock retards the transport of the nuclides in two ways,

Due to the very low permeability of the rock, the water trans-

port is very slow and it will take a very long time for the

*In 10 000 ton lots the £ o b price is about § 100/ton, in
100 00C %on lots it is $ 75/ton when ground to less than
100 mesh (< 0.1 mm). If bougat in the form it is mined, the
price is $§ $0/ton.
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water to reach the ground level. The second effect is due
to the interaction of many of the nuclides with the rock

substance,

6.2,1 Water flow

Very little is published on the flow of water in rock at

great depths., There are some data avajlable for depths

down to a few hundred meters, With these data it is possible
to get only a very rough idea of how frequent the fissures
are. Also a rough determination of the fissure widths may

be made from the variation of the permeability. Nothing in
these data is in direct contradiction to what could be extrac-
ted from the itracer runs in Studsvik. This however does not
prove that the model used in describing the fissured rock

is generally applicable, Much more data on actual water flow
in rock must be collected and analysed before any firm conclu-
sions may be drawn. The moliel used here may be a good starting

point.

With this warning in mind, we may speculate scmewhat on the
consequences if the model and the data were applicablie, The
fissure width distribution obtained from the Studsvik runs
indicate that the residence time distribution of the water

is very wide, The first water will arrive at roughly one third
or less of the time it takes for the mean to arrive, This mey
be also expressed in another way. If the permeability of the
rock is measured and a mean velocity computed, some 5 % of

the water will travel nearly three times as fast.

An attempt was made to determine the dispersion from the
correlations velid for porous media of sand type. These

expressions give dispersion values which are lower by more
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than an order of magnitude. Moreover "normal" dispersion
will not give so long a tail as was observed .in the
Studsvik runs. This also indicates that radial dispersion
probably is not the same as in other porous media. If
radial dispersion is as large as is indicated in the
Studsvik runs, this may lead to a considerable dilution
of the radionuclides. This may in some cases be advanta-

geous.

£.2.2 Retardation of radionuclides in rock

Many of the nuclides interact with the rock. The mechanisms
of interaction are unknown to a large extent. They include
adsorption, ior exchange, precipitation, "irreversible"
reaction and probably other mechanisms also., All these effects
have been lumped into one¢ oversall parameter - the equilibrium
"eonstant". It has been acsumed that the wetted surface of
the rock determines the amount of interaction. The equili-
brium constant therefore is expressed as a surface equili-
brium constant., Many experimental results reported in the
literature support this, but there are come indications that
at least some reactions may occur below the surface also,
This is a point of importance, because 1f the volume of the
rock may be utilized for ths retarding reactions, very high
retardation factors may be achieved if penetration time:z are
sufficiently long. There should be plenty of time available
for the nuclides to penetrate deep into the interior oi the

reck proper in the real repository.

Due to the surface reaction assumption, the dispersion of the
retarded nuclides should be ever larger than for water. Fren
the analysis of the Studsvik runs it was seen that the firct
5 % of the nuclide arrives at about one fifth of the mean

arrival of the nuclide, This means that the retardation fac-

tor ig not fully utilized. Orn the other hand, fcr a surface
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reaction mechanism, the retardation factor is inversly
proportional to the fissure width, It may be expected
that the fissures will become smaller the deeper the
repository is. The ruclide velocity thus may become very

small at large depths.

The rock may be an effective barrier for 05157 and Am241.

90

Many other nuclides including Sr will also be conside-

rably delayed.

6C

Sugzestions for further investigations

AN

If zeolites are to be used as filling material, a detailed
study should be macde on Clinoptilolite, which at present
seems to be tlie best choice, Detailed studies on the equili-
bria of Cs, Sr, Am, Ra, Pu, U and Th should be made, Special
emphasis should be put on the complex formation in various
probatle water compositions. The reaction mechanisms should

also be invesiigated more thoroughly.

Tre same kind of investigation could be of interest for the
clay/quartz filling. This is interesting only if the barrier

thickness of about one meter or more is considered,

The same tyre of investigation should be made on rock, In
addition to thig the vossibility of reaction in depth should

be cleared,

L good description of the fissures in rock should be made.
Thie must be coupled to rather extencsive experimental work,
to confirm the model for ion reterdation. In situ or simula-

ted in citu runs are of great impcrtance for such confirmation.



Notation

In some cases, other units have been used in the text

than those indicated here,

clearly indicated.

a

{e}

0
td

specific surface

half width of channel

total concentration of ions in liquid
concentratiorn in liquid

feed concentration

equilibrium concentration
diffusivity in 'bed

pore diffusivity in particle

radiel aispersion coefficient in bed
axial dispersion coefficient in bed
gravitational constant

hydravliic gradient

volume equilibrium constant
surface egquilibrium constant

mass equilibrium constant
permeability

mass action equilibrium constant
u
retardation factor Eg
i
u
retardation factor EE

mass of so0lid phacse
volume of bed LB = L/(T—eB)/pp

total concentration of ions in ion
exchanger

concentration in solid phase

"~ bed g = g2 (T-¢

In such cases this has been

m2 particle
m3 particle
m

mol/m5

kg/m5 liguid
"

"_

n/s

m3 liquid

m” particles

liquid

m particle
ligquid
kg particles

m” bed

mol/m3

O

et

/4 ..
ke /ve paril

kg/m3 hed



radius of particles
fissure spacing
half 1ife of nuclide
time

mean retention time

retention time in a fissure of width 2b

retention time computed from permea-
bility measurements

time to reach halfway to equilibrium

"nin
1

velccity of ion
bulk velocity
velocity in pores up = uo/eB
mass of ligquid-

mole fraction in liguid

mole fraction in ion exchangexr
depth in bed

" of ped

particle density

temperature

bed porosity

particle porosity

vigcosity

standard deviation of fissure widths

relative retention time of water t/tzﬁ

relative retention time of water t/tK

relative retention time of nuclide
t

2b

relative retention time of nuclide

w

n/s
m/s
m/s

kg

5.4
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1 (9)

Flow and adsorption in fractured rock - Analysis of the

Studsvik experiments

An attemt has been made to interpret the in situ measure-
ments made by Landstrdm et al., at Studgvilz 1977. A& model
based on the concept that the rock is fractured anc that

nuclides adsorb on the surfaces was made,

Water velocity

A very often used method for determining the water velo-

city in a porous medium is by use of the Darcy egquation

Kp ig cz2lled the permeability, up is the mean velocity in
the pcres and €3 ig the porosity of the medium, This is a
lumped parameter expression of the simplest kind., It gives
no information on the velocity distribution or the reten-
tion time distribution., It thus will not be able to tell

when the nuclide first arrives at a spot.

The very zimple model which we have made is an extension

of the Smow mcdel. Snow (1968) assunmed that the rock is divi-
Zed into parallel slabs, leaving small flat channels L:ztween
these. The velocity in such a channel may be determined from
laminar flow theory.

up = %53 . (Qb)éi

ic the gravitational constant, v is the kinematic viscosit),

™

5% ie the channel width and i is the hydraulic gracient, Gives

spacing of the channels the porosity may be determined and

&)

m

I
%Y

also the permeability KDQ "rhe equations are given in a ser

tztle below,
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Table A 1.1

Equations relating various factors for flow of a fluid

in fractured rock.

General relations

u_e
Kp = —%— permeability

£ bulk velocity

v
P
;U
k., = =2 =1 +
u

. = K (1_¢.) retardation factor based on pore
i €B B
velocity
a Ka
il - _ N\
l&i =1 + e (1 GB/
D

o (e
k. =1 + — 1=¢

i eB B

u, .,

k., = — =k, ¢« e retardation factor based on

i ou. i B

L

bulk velocity

Special relations for a rock with parallel fractures of

egqual widath,

Kp = T%: eé 52

¢g = %E poerosity

a = % specific area

up = T%C (2b)2i fluid velocity in fracture

F”
:

ion velocity when Ka >> b

o
[

i
—
N
<
N
=

%] 02
<



Apperdix 1
3

TIf the channels don’t have the same widths, the velccities
will be different in the various channels. As the flow rate’
in a channel is proportional to the cube of its width, the
large channels will be very important for the transport of
the nucliides. 1f the freguency of the channel widths is
known,the residence time distribution may be computed., Con-
versely if the model really gives a good description of the
fissured rock, the freguency of different fissures could be
determined from residence time data. This would then give
valuable information for determining the adsorption on the

fissure walls,

The velocity of the nuclides

Those nuclidez which interact with the wall will move slower
than the water. The retarcation factor klj may be determined
from the equilibrium constant and the channel width, IT eB<< 1

which may be assumed for the rock

1 2Kai u_ .
k.. =1 + = = =l
1] 2D, w. .
J i3

is the surface equilibrium constant for nuclide "iv

NN

al
bj is the channel width of channel "J". up and u, are the
water and nuclide velocities respectively. For readily adsor-

bing cpeciss or when Ka > b, the nuclide velocity can be

v

written
(2b.)5
u S - SS) RO
id 12v 2Ka

The nuclide velocity is proportional to the cube of ths
chzrmel width. If the freguency of the width of the fissures
is ¥mown, the recidencetime distribution of the nuclides can

he determined.
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Analysis of the experiments in Studsvik

The Studsvik experiments were performed by giving a tracer
pulse in one borehole and observing when and how the tracer
arrived downstream in two cther boreholes., The measurements
were made at about 3C m below the water surface, The distan-
ces between the holes were 22 and 51 m regpectively. The
recidence time distribution of the water was measured by
using a tracer pulse of raaioactive Br82c Sr85 and gsome other
nuclides were used to study the adsorption and retardation,
Only the Sr data will be used here. Sr was retarded by about

a Tfactor 6 ir Dboth the 22 m and the 51 m paths,

In the recieving borchole in the 51 m path, there was a pump
which kept the hole empty., This makes it difficult to inter~
pret the dets as the hydrzulic gradient is not known with

certainty°

Using the mndel described above, a normal distribution was
assumed for the channel width., The mean width and the stan-
dard deviation were determined by fitting the experimental
and the computed residence time distributions. The tracer
responce curves from the Studsvik runs are shown in figure
A 1.1 below. The circles are experimental values and the curv.

ig computed by uce of the model.

for the exreriments and the evaluated mean channel

widths and their standard deviation are given in table A 1,2,

racle A 1,2

rethlength 22 m
Mear: recsidence tinme 35 h
rere velocity 1.75-10-1 m/c
Fyiraulic gradient 0.1% m/m
hean pore width 2,063 mm
Stzndard deviation 0,027 mm
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Fig. A.1.1 Comparison of theoretical and experimental retention time distributions
for water

With these data the tracer response Curve for a nuclide

with a large retardation factor was computed. The results
are shown irn figure A 1.2. The computed and experimental
results compare well as far as the shape of the curves 1is
concerned. The measured and computed concentrations have
veen normalized at the peak. The measured concentration was
somewhat lower than the computed. A more detailed comparison
would be meaningless asc the radial dispersion was conside-
rable in the experiments. The model does not take this in

account.

The relative times 9 K and ew ; in the figures are related

to the time it would taﬁe if all gharnels had the same width,
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This width is chosen such that it would give the permeability
which could be measured, This fracture width is somewhat
(~ 10 %) larger than the nean width in the normal distributicn.
The relative times GN and ew are related to the time of travel
in the channel of mean width in the normal distribution. The
figure A 1.2 chows the breakthrough of a step input. 5 % of
+he step concentiration is reached already after 20 % ot the
mean time expressed as eN,K . At the mean time the concentra-

C %

tion has reached about 8C 'pof the input level,

The retardation factor of 6 which was determined from the
comparison of Br and Sr tracer tests in the rock, also com-
pares well wiih what can be determined from laboratory deter-
mirations on equilibrium constants, With the relation between
the retardation factor and surface eguilibrium constant, retav-
dation factors of € and 3 were determined from the Allard

(1977) and Landstrom data wespectively. The specific surface

concentration
C 4
1 N

o

P

.
f?‘.‘h

|

I

|

Le I 4 . v ) v
4

oo
s
n

il
LT

Fig. A 1.2 Comparison of theoretical and experimental etention time distributions
for Strontium
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of the crushed rock particles used for determining the Ka_
values were computed by assuming that the particles are
spheres and that the outer surface is the only active sur-

face. The relation betveen Kd-and Ka-values is given below

c _ B,
Ka a Kd
and
6 . L,
a =3 for spherical particles
D

The laboratory and in situ results compare well. The very
limited in situ data available are not sufficient to con-
firm the validity of the model used in these comparisons,
nor are the data sufficient to validate the use the geomet-

ric surface to describe the active adsorption surface,

relative
concentration

e,
7

o /)

/ 4,

1 b, el e
14 v L ™ —— Zro 2 LA

.8 . oY
g o8 0%

Fig. A.1.3  Breaktbrough curve in rock fora nuclide with large retardation factor.
Times are related to mean breakthrough times
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The results indicate that it might be possible to use very
simple laboratory measurements for determining equilibrium
data for the rock., They also indicate that the model used
for descriting the fissures in the rock might be useful for
predicting not only the mean breakthrough time but also the

first arrivel of the nuclides.

Due to the importance of this barrier and the fact that the
carly part of the breakthrough may arrive at about one fifth

of the time of the mean, it is proposed that a further study

i¢ made., This should include the in situ or simulated in situ
experiments of more nuclides and an attempt to correlate actual
fissures in the rock to the breakthrough curve. It may alzo
be worthwhile to make & more thorough study of the modelling
of rock fissures. The above model indicates that there is no
radial dispersion, whick is not true. Radial dispersion may
pe much more imposriant in rock than in other porous media of
the sand tvre. A& very simple calculation assuming a cube type
tructure o7 the rock indicated that if the cubes are orien-
ted diagonally in relation to the hydraulic gradient, the
radial ancd the axial dispersions are of the same magnitudc.

This would give & very strong and beneficial diluting effect,
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1 Definitions of basic eqguatiocns

The ion exchange process may be represented by the following
equation:

+ + + +

z z Z z

=

B A L B A
QA B(Z)+ ZB A(S) ZA B(S) +ZB A(Z)

charge of cation A

N
]

charge of caticn B

N
"

Subscripts z and s refer to the zeolite and solution.

The selectivity coefficient is defined by the following rela-

tionship: (1)

(a,/c,) s

A a7/ Yo %8 ,*B.%A ,Q ZpT%p

kp = ___7__2_ = .}.{..) (y_) (_C._)
(qB_cB) A A B o

where

Q = total capacity of the ion exchanger

co= total concentration in the solution

The therrmcdynamic eguilibrium constant ka is defined by: (2)

p, sz
L B A (z)
k =k .
a B Z b4
B A
Ya '3
: (z)
YA’ YB = ionic activity coefficients of the ions in the
solution
v, T = ivi coefficie: T i h
fA (2)° B(z) activity coefficients of A and B in the

zeolite

The free energy of exchange 8c° is given by: (2)
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The most commonly used selectivity coefficient in ion-

exchange theory is however defined as:

A
(kg

)I

g/,

)*B

(v4/7g) A

c

A

v o= e
c

o

o
e
!

= 1,/

total concentration in the solution (meq/l)
concentration of A in the solution (meg/1)
total capacity of the ion exchanger (meq/g zeolite)

amount of A in the ion exchanger (meq/g zeolite)
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2 Method of calculation

a) ka is estimated from Breck’s data (2) if experimental

data is not available

b) ké-values for Strontium, Cesium, Europeum for different
types of zeolites are obtained from the Department of

Inorganic chemistry (3)

c) The method of calculation of multicomponent ion exchange
is too lengthy to describe here and the reader is refer-

red to rererences (4), (5) and author’s quarterly reportis.
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3 Assumptions
3.1 Ccmposition of ground-water

It is assumed that the ground water has the following compo-

sition: (7)

N; 288 mg/l F~ 1.5 mg/1
¥kt 10 mg/1 ¢1” 500 mg/l
Me"t 15 ome/l soi' 200 mg/l
ca’t 75 mg/1 Hcog 200 mg/l
Total 1105 mg/l

pH = 8.2

3,2 BEquilibrium data

I+ is assumed that all equilibrium data obtained from the
Department of Inorganic chemistry are correct and the follo-

wing egquations

y X, 2 Z, -2
A A By B B A
e O R

A “B c

B
or
C Z_.-2Z
AT A oy B A
(x5)" =y ()

~are used to calculate (kg)l.
Furthermore k% is also assumed to be constant.

These assumptions have been tested using the equilibrium
data obtained from literature (8) and the data from the
Department of Inorganic chenmistry (5). The agreements
between these equations and the experimental data are

found to be good.
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Another relationship is also used:
A\%C . B\"h . C\"B
(x5) = (kg) = (xg) 7 =1

for all zeolites,
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4 Results of the calculation

The results of the calculation are shown on the following

pages of this section.

Composition of ground-water and the selectivity coefficients

of the different ions are given on pages 9 and 10,

4.1 Clinoptilolite (QO = 2 meq/g)

Equilibrium data for Cesium, Strontium and Europeum., Equi-
1ibrium constants are obtained from the Department of Inor-

ganic chemistry (3) and Breck (2) ("Zeolite liolecular Sieves").

a) Cesium:

(meg/g)
(me

1

= ‘452-8

/g solution

el
0

b) Strontium:

a(meq/e)

c{meq/g solution)

= 18.9

c) Europeum:

a(meq/g)

c(meg/g sclution)

= 3-5

4,2 Chabazite

Q - 2.6 ™V

Capacity: o

Ecuilibrium data:
2) Cesium:

a(meq/g ion exchanger)
c(meq/g solution)




b) Strontium:

q(meq/g zeolite)

c(meq/g solution) = 153.05
¢) Europeum:
a(meq/g zeolite)
61.85

c(meq/g soiution)

4.3 Erionite

Capacity Q, = 2.2 meq/g zeolite
Equilibrium data:
a) Cesium:

a(mea/g zeolite)
294.6

c(mea/g soiution)
b) Strontium:

a(mea/g zeolite)

c(meq/g solution) 196.0

c) Eurorsum:

q(meq/s zeolite) A
c(meg/g solution) 0.0044

4.4 Phillipsite

Estimated capecity = 3 meq/g
Bouilibrium data:

a) Cesium:

q (meq/g zeolite) _ g
c (mecg/z solution) ~

Appendix 2
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Strontium:

q(meg/z zeolite)

c(meqg/g solution)

Europeum:

o{meg/g zeolite)

c(mea/g sclution)

224 .3

= 0.014
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uilibrium data used

n
EJ

It should be mentioned here that experimental data for Ca2+
and Mg2+ at the total concentration of 18 meq/l are usually
not available. However these can be estimated from Breck ‘s

data at another level of concentration and the order of

affinityo

a) Cliniptilolite Q = 2 meq/g

Ton X, Selectivity Source of
. . coeffts data
* i 1
x* )
g
cs” 0.01 150 Breck (2)
k' 0.0144 £6.67 Koon & XKaufman (9)
Nat 0.6854 16,67 (estimated)
sp?t 0.01 2.7 Inorganic chemistry (3)
cat  0.21073 1.38 (estimated)
)
Ng“T 0.06948 1.0
also
3+
Eu
(Kypoe )T = 0.0144 Inorganic chemistry (3)

. 3+
(kl )I s and (kEu )I are calculated
+ +

Mg Na
at CO = 18 mec/1
b) Chabazite Q = 2.6 meq/g
Ton X, (kl )I Source of data
i L+
Na
Kt 0.0144 14.85 Breck (2)
cs” J.C 3.3 Inorganic chemistry (32)
2
ca“t 0.21073 1.9 Ebtimated
Sr2+ 0.01 1.865 Inorganic chemistry (3)
gt * 0.0£948 1.500 Ectimated
Ne™ 0.68540 1.0
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also
3+
(kEu+ )I = 0,035 Inorganic chemistry(3)
Na
(x* +)I s are calculated at C_ = 18 meq/g
Na
¢) Erionite:
Q = 2.2 neqg/g
Ion X, (ki )I Source of data
i +
Na
K" 0.,0144 10.6 Breck’s data (2)
Ca2+ 0.21073 4.5 Estimated
spot 0,01 4,406 Inorganic chemistry(3)
Mg”t  0.06948 4.30 Estimated
Cs 0,01 4.0 Inorganic chemistry(3)
Na 0.6854 1.0
also
(,Eu3+ I -4 . . ( )
K )T = 1.63 « 10 Inorganic chemistry(3
Na
d) Phillipeite
Estimated ccpacity = 3 meg/g
i I - P
Ion X, (k 2+) Source oi data
i Mg
Kt 0.0144 237.7 Breck (2)
cs” 0.01 22 .85 Inorg. chemnm (5)
5y°* 0.01 6.17 Inorg. chem (3)
cal™ 0.21073 1.653 Estimated
Na 0.6853%9 1.43 Estimated
Mg® 0.6948 1.0
also
3+
P )T 2 4.2 w1078 Inore. chem (3)



5)

6)

7)
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Bouilibrium measurements with various zeolites
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Bouilibrium measurements with various zeolites

These experiments were performed at the department of
inorganic chemistry by Erik Lindgren and Bodil Steby
during the summer 1977. The results are given in the
attached tables. A condensed table of results is given

in teble 5.2 in the main report.

The zeolites Clinoptilolite, Chabasite, Mordenite, Erionite,
Phillipsite were uced. The zeolites were first equili-
brated with the sinthetic groundwaters. The necessary
amount of water was determined by analysing the effluent
from a fixed ped., The groundwaters I and II with total
salt concentrations 1105 and 293 mg/l were used, see table
5.7 in the main report. Five different amounts of zeolite
were used for each ion and water. (1.00,.30,.10,.0% and
.01 g). The water volume used was 30 ml. riginal concen-—
trations of the ions were: Cs-14.7 mg/l, Sr-5.00 ng/1

and U about 10 mz/l. The water-zeolite mixture was shaken
for 7-8 days in a thermostated room. The temperature was
kept at 2OOC. The water was filtered and the solution was

analyeed in arn atomic abscrption spectrophotometer.
Urarium was aralysed by a light spectrophotometric method.

eum could not be measured by atomic absorptiorn spz2ciro-
protometry as the solubility was much lower than expected.

Radioactive measurements were used.

L1 the start of the experiments the Eu solution probably

was supersaturated, but no precipitation could be otserved,
More than a week later a precipitation had formed. Because
of this two different equilibrium cconstants have been calcu-
lated, One-Ka was determined using the orisinal concentra-
tion 22090 counts/minute and 16709 counts/minute respective-

v. The second—Kb is based on the activiiy of the filterec
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solution: 59830 counts/10 minutes and 85744 counts/10

minutes respectively.

A fast test with Clinoptilolite and filtered solution for
two hours gave values which are similar to the Kb—values.
This indicates that the carbonate is formed rather fast

and that the Kb-values are the more correct.

To investigate the time necessary to reach equilibrium a
test was run cn the concentration in the solution after

different times. The result of this test is shown in the

figure below,.

concentration

P < vt

C
clngptiloite O 100 mg
sl Srét g Smyt
2 o
f S
: : time
*lr | | N — > 14 dOjIS

/ <Z 3 4 5 £ 7 4 9

Fig. A.3.1 Concentration versus time in one equilibrium experiment



Results for Cesium

Experimental conditions

+
Cq Cs
Water
Temp 20°C
Tirme 8 days

14,7 mg/l
I
II H_

it
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total salt content 1105 mg/l

293 -

I 0.9999
0.30273
0.1008
0.0215
C.0093

IT 1.0004
0.5017
C.1008
0.03509
0.0104

Zliroptilolite

Final concent-
ration

(rg/1)

X
mekv/g zeolite
mekv/g solution

2.2410°
4.8410°
5.2010°
4.07+10°
5.09¢10°

3
4
4

> 4+10
> 110
> 410
2.8°10
1.64¢10

4
4
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csT- Cnabasite
Amount Final ccncent- K
(g) ration mekv/g zeolite
(mg/1) mekv/g soluticn
T 1.0010 < 0.2 > 2.2010°
0.2597 0.2 7.2010°
0.1022 0.4 1.1010%
A
0.0296 1.2 1.14+10"
0.0103 4.4 6.82410°
> 3
II  0.9995 < 0.1 4410
0.2997 < 0.1 > 14104
0.1017 < 0.1 > s.10%
0.0319 0.5 2.7.10%
0.0096 2.3 1.65:10%
Cs+ - Ericgnite
Amount Final concent- K
(g) ration mekv/g,zeolite
(r2/1) mekv/g sclutior
T 6.9987 < 0.2 > 2.,2.10°
0.300%8 < 0.2 > 7.2010°
0.1014 0.3 1. 40107
0.0320 1.3 9.66¢7U"
0.009¢ 4.9 6.25+10°
I 0.9997 < 0.1 > 44107
0.500% < 0.1 > 1.10%
0.0008 0.2 0.2e10%
Y
0.0297 0.8 1.8:107
0.0098 2,3 1.06+1G"
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Cs- Mordenite
Amount Final concent- K
(&) ration mekv/g zeolite
g (mg/l) mekv/gsoluticn
I 1.001€ < 0.2 >2.2:10°
0.2994 0.2 7.5‘105
0.0997 0.4 1.1.10%
0.0290 1.3 1.07-10%
0.0092 4.7 6.94'105
II  1.0009 0.1 > 44107
0.3008 0.1 > 1.10%
0.100% 0.1 4.4“104
0.0317 0.5 2.7+10"
0.0098 1.6 2.51.10%
Ce= Phillim=site
Amount Final concent- K
ration mekv/g zeolite
(e) (mg/1) mekv/g solution
z e 9] 5
I 1.0003 0.2 2¢L.10_
0.299% 0.2 7.3410°
0.103%1 0.2 2.1'104
€.0298 0.8 1.7~1O4
0.010¢ 3.0 1.079104
II 1.0002 < 0.1 > 44107
0.299% < 0.1 > 12107
A
0.1007 0.2 2.270°
0.0313 C.4 5.4'104
4
0.0092 1.3 2,36:10°
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Results for Strontium

Co Sr2+: 500 mg/1

Water 1
II = "- 293 -

total salt concentration 1105 mg/1

Temp: 20°¢
Ti-~t: T days

Velune: 30 ml

Ton exchanger: Clinoptilolite

Final concentra-

A~ount . K
(&) vion / mekv/g ze?liﬁe
(mg/1) rekv/g solution
1 1.0000 0.23 6.22‘102
0.3045 0.3% 1.40‘103
0.1028 0.77 1.60'105
0.0311 2.00 1.447+10°
0.0127 2.30 1.128'103
II 0.29¢1%8 0.12 4.07“105
0.,1014 0.28 4.99‘103
0.0%27 1.02 5.58'103

0.0116 2.6z 2 .254410°



Sr- Chabazite

II

1.0014
0.2992
0.099¢&
0.0301
0.0174

-

1T
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final concent- '€
ration mekv/g zeolite
(mg/1) mekv/g et on

0.04 3.7010°
0.37 1.25°103
1.22 9.16°102
3,22 5.58°102
4.49 5.55:10°

< 0.0 > 1.5.10%

< 0,01 > 5.0'104
C.14 1,04+10"
1.06 3.99+10°
257 2.488'103

FPirnal concenira- K
tion mekv/g zeolite

(re/1) mekv/g soluticn
C.C7 2.1410°
0,40 1.15'103
1.48 7.C7+10°
2,83 7.06‘102
4,23 6.OO°102

< C.C > 1.5°1O4

< 0,07 = 5.0‘104
0.31 4.4910°
1.69 1.96'105

N
.
no
P~
—
.

o
N

AN

[ ]

_

(»
AN



Appendix 3

8
Sr- Mordenite
Amount Final concent- K
( ) ration mekv/g zeolite
g (mg/l) mekv/g solution
I 1.0018 0.08 1.8410°
0.3025 0.75 5062°103
0.1020 2.35 3.32'102
0.C300 3,86 2.95'102
0.0109 4.69 1.82'102
I 0.,9995 0.01 1°5°104
0.3021 C.09 5.4'103
0.0929 1.06 1.13°103
0.0293 3.15 6.01:10°
0.0104 4.24 5.17¢10°
Sr— Phillirszsite
Arount Final concentra- K
(¢) tion mekv/g zeolite
© (mg/l) ‘ mekv/g sclution
I 1.00C3 .10 1.5:107
0.3011 0.20 2.2410°
£.0999 1,02 1 .47410°
0.0%17 2.67 2,260
2
0.0111 4.15 E. 4910
- 4
I 1.0000 < 0.01 2 1.5:10
0.3033 0.08 6.1410°
pal
0.,1013 C.1C 1.470°
0.0%35 0.€0 6.570105
3

0.0128 .00 3.52+10
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Results for EKurcpeum 2

Bxperimental cinditions:

Activity at start I a) 30/€,not filtered , 22090/min
Ib) 13/7, ilteo. ,  59830/1C min

Ia) 30/é,rcy it ed , 16709/min
IIb) 13/7,.ilterea 85744/10 min

Water I total salt concentration 1105 mg/1

11 "_ 295 "_

o}
Temp: 20°C
Time: 8 dav:

Voluma @ 30 ml

Eu- Clinoptilolite

Arount Activity in solution K K
(&) { aoramt / : e b
g) Lcownt: /10 min counts /min
- ~ H
5 ml) (£ zeolite -
counts Jmin, -
g solution
I 1.0007 16873 3.9o1o5 1.0010°
C.3021 25€5 §.4010° 2.2010°
0.100% 2572 2.5¢10% 6.6410°
C.0%33 292¢ ¢.7+10% 1.8010%
0.0111 5107 1.1410° 2.9.10%
N loEs Yoty 3 zZ - 3
IT 0.3017 2202 7.4+10 3,610
. A
0.1022 2947 1.6010" 5.2410°
C.0240 cEEs 5.0e10% 254105
T,
0,002 3287 1.29107 5.9e1o4



Eu- Chabazite

Amcunt

(g)

I 1.0000
0.3079
0.1008
0.0294
0.0099

II

o O =
. L] .

- N O

O

-

(G2 RN ) N |

o O
e

0.0302
0.0101

Lmourt

(g)

I 1.0027
0.3031
0.1001
0.0320
0.0105

IT 1.0030
0.2995
0.1021
0.0303
0,0102

Activity in solution X

(counts /10 min,

1666
1922
2089
2172
2173

3417
2393
2300
1880
2183

3 ml)

M

3.9+107
T.17¢10
3.110
1.010
£
32,0107

LI AN

1442107
£.8+10
2.1+10
€.7°10
2.2¢10”

N

N

"Lotivity in solution K
counts/10 min

ry =
<
o O
[ )N

A

N
N QO
O .
S

JEN
‘N

AN
-
o~

(@)Y

2624
181€
1805
2510
2246

3 ml)

3,610
1.1+10
544+10
94310
1.6¢10

s bW

1.9+10
9.1+10
2.7+10
6.5+10
2.2+10

[ B S S S R
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1.010
3,010
8.2°10
24710
8.0¢10

IS W W W

7.2+10
34510
1,110
4,410
1.1010

A0 T N L AN AR AV ]

9.610

2.,9.10°
9.1210
2,410
4,310

W

9.5410°
4.6410°
1.4.10"
3.3410

1.1+10°



Eu- Mordenite

Amount

(g)

I 1.0016
0.2996
0.1021
0.0294
0.01%5

II 1.0009
0.302¢
0.1021
0.0294
0.0115

Activity in solution K

I 0.999€
0.2997
0.0995
0.0325
0.0096

IT 1.0020
0.3016
0.1020
c.0z20C

0.0093

( copnts _) .
10 min,3 ml
1805 3.6010°
2008 1.1.10%
1919 35.4+10%
0163 1.0010°
5066 1.110°
2153 2.3410°
5001 3.2:10°
2025 2.4+10%
2256 7.4+10%
2979 1.4010°
Activity in szolution Ka
( ’“OL;’J]:S )
Tomi .5 ml
1862 3.5~103
2365 9.2410
2075 3.2.10%
201% 1.0010°
1931 3.5410°
6483 7.4010°
2260 7.2410°
2624 1.8010%
2366 6.5+10%
2298 2.3+10°
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9.6+10
2.910
8.9:10
2,710
2.8¢10

DA W W N

1.2°10
1,610
1.2+10
3.8¢10
7.2210

E A - R IR

9.3+10°
2.4410°
8.6+10°
2,610

}.4'104

™~ AW

3.7°1O2
3.6:10°
9.3¢10
3,300
1.2+10

W
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Recults from a fast test with a filtered solution

The Eu-solution was 14 days old. After filtration it had

the activity 37186 counts/10 min, 3% ml

Ion exchanger: Clinoptiiolite

Water : T - total salt concentration 1105 mg/1

Time 2 h

Temy ¢ 20°C

Volume: 30 ml

Amount Activity\in solution K [zgiizzfﬁii: i ziiiigin
(e) 6 2in, 771

0.9985 2866 2,610

0.1002 4955 1.9107

0.0090 12199 6.0:10°
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Results for Uranium
Experimental conditions:
C T s 10 mg/l
iater I = total salt content 1105 mg/l
II = total salt content 293 mg/1
Temp: ZOOC, Time: 8 days, Volume: 30 ml
Amount Final concentration K
(g) [mg/l] mekv/g zeolite
mekv/g $O0L ~1in
Clinoptilolite I 1.0000 9.7 0
0.3008 10.0 -
0.1017 9.4 94 Within ana-
0.0300 9.7 o  lytical
’ erTors
0.0092 9.7
II 1.0008 9.6 0.2
0.3002 9.6 1.0
0.1004 9.6 5.1 Witrni. ana-
0.0295 9.6 11 lyticsal
errors
0.0098 3.5 64
Chabazite I 1.0001 8.0 6.4
0.3001 9.7 o)
z Wit-in ana-
0,1015 . .2
7 922 ° lyticzal
0.0292 9.7 0 errors
0.0098 9.7 0]
11 1.0002 2.5 86.4
0.3008 5.7 70.0
0.1011 7.8 72,3
0.0507 9.1 64.4

0.0109 9.5 57.9




Erionite

Mordenite

I

-
[

I

I

I

Appendix 3
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Amount Final concentration X
() lmg/1] mekv/g zeolite
mekv/g solusion

1.0011 8.8 3,1
0.3004 9.3 4.3
0.0996 9.7 0
0.02938 9.7 0
0.0097 9.8 -
1.0000 75 8.8
0.3007 7.7 26
0.099€ 9.7 0
0.0299 9.1 66
0.0098 9.7 °
1.0011 9.6 0.3
0.2995 9.5 2.1
C.0998 9.7 0
0.0302 9.4 32
0.0097 9.7 0
1.0003 8.2 5.5
0.30017 7.8
0.0997 23
€.03503 o3 43
0.0102 .3 123
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Amount Pinal concentration X

(g) [mg/l] mekv zeolite
mekv/g S© ution

Phillipsite I 0.9994 9.1 2.0
0.3001 9.4 3,2
0.1001 9.6 3.1
0.0309 9.7 0
0.0104 10 -
II 1.00117 9.9%
0.2996 7.9 253
0.1007 8.3 50
0.0307 9.3 42
0.0109 9.3 120
Blank I C 9.7
II 0 9.7
orig.solu- I - 9.7
?ié?o mg/1) II - 9.7

*
The original solution was yellow and as the analysis is made on.a

yellow complex this iay have inlluenced the results.



FORTECKNING OVER KBS TEKNISKA RAPPORTER

01

02

03

04

05

06

07

08

Kdllstyrkor i urbridnt bridnsle och hégaktivt avfall frén en
PWR berdknad=z med ORIGEN

Nils Kjellbert

AB Atomenergi 77-04-05

PM angdende virmeledningstal hos jordmaterial
Sven Knutsson

Roland Pusch

Hogskolan 1 Luled 77-04-15

Deponering av hégaktivt avfall i borrhdl med buffertsubstans
Arvid Jacobsson

Roland Pusch

Hogskolan i Luled 77-05-27

Deponering av hdgaktivt avfall i tunnlar med buffertsubstans
Arvid Jacobsson

Roland Pusch

Hogskolan 1 Luled 77-06-01

Orienterande temperaturberidkningar for slutférvaring i berg
av radioaktivi avfall, Rapport 1

Roland Blomqvist

AB Atomenergi 77-03-17

Groundwater movements around a repository, Phase 1, State of
the art and detailed study plan

Ulf Lindblom

Hagconsult AB 77-02-28

Resteffekt studier for KBS
Del 1 Litteraturgenomgang
Del 2 Berdkningar

Kim Ekberg

Nils Kjellbert

Gdran Olsson

AB Atomenergil 77-04-19

Utlakning av franskt, engelskt och kanadensiskt glas med
hogaktivt avfall

Goran Bleomgvist

AB Atomenergi 77-05-20



09

10

11

12

13

14

15

16

17

18

19

Diffusion of soluble materials in a fluid filling a porous
medium

Hans Hdggblom

AB Atomenergi 77-03-24

Translation and develcpment of the BNWL-Geosphere Model
Bertil Grundfelt
Kemakta Konsult AB 77-02-05

Utredning rdrande titans ldmplighet som korrosionshirdig
kapsling f8r kdrnbridnsleavfall

Sture Henriksson

AB Atomenergi 77-04-18

Bedomning av egenskaper och funktion hos betong i samband
med slutlig f8rvaring av kdrnbridnsleavfall i berg

Sven G Bergstrom

Gdran Fagerlund

Lars Rombén

Cement- och Betonginstitutet 77-06-22

Urlakning av anvint kdrnbridnsle (bestr&lad uranoxid) vid
direktdepcnering

Ragnar Gelin

AB Atomenergi 77-06-08

Influence of cementation on the deformation properties of
bentonite/quartz buffer substance

Roland Pusch

Hogskolan 1 Luled 77-06-20

Orienterande temperaturberdkningar fdr slutfdrvaring i berg
av radioaktivt avfall

Rapport 2

Roland Blomquist

AB Atomenergi 77-05-17

Oversikt av utlindska riskanalyser samt planer och projekt
rorande slutfdrvaring

Rke Hultgren

AB Atomenergi augusti 1977

The gravity field in Fennoscandia and postglacial crusta:
movements

Arne Bjerhammar

Stockholm augusti 1977

Rorelser och instabilitet i den svenska berggrunden
Nils~Axel Mdrner
Stockholms Universitet augusti 1977

Studier av neotektonisk aktivitet 1 mellersta och norra
Sverige, flygbildsgenomgdng och geofysisk tolkning av recen-
ta forkastningar

Rebert Lagerback

Herbert Henkel

Sveriges Geologiska Understkning september 1977



20

21

22

23

24

25

26

27

28

29

30

31

Tektonisk analys av sddra Sverige, Vittern - Norra Skéne
Kennert ROshoff

Erik Lagerlund

Lunds Universitet och Hdégskolan Luled september 1977

Earthquakes of Sweden 1891 - 1957, 1963 - 1972
Ota Kulhanek

Rutger Wahlstrom

Uppsala Universitet september 1977

The influence of rock movement on the stress/strain
situation in tunnels or bore holes with radioactive con-
sisters embedded in a bentonite/quartz buffer mass
Roland Pusch

H3gskolan i Luled 1977-08-22

Water uptake in a bentonite buffer mass
A model study

Roland Pusch

Hogskolan 1 Luled 1977-08-22

Berdkning av utlakning av vissa fissionsprodukter och akti-
nider fran en cylinder av franskt glas

Goéran Blomgvist

AB Atomenergi 1977-07-27

Blekinge kustgnejs, Geologi och hydrogeologi

Ingemar Larsson KTH
Tom Lundgren SGI
Ulf Wiklander SGU

Stockholm, augusti 1977

Beddmning av risken f8r fdrdrdjt brott i titan
Kjell Pettersson
AB Atomenergi 1977-08-25

A short review of the formation, stability and cementing
properties of natural zeolites

Arvid Jacobsson

Hogskolan 1 Luled 1977-10-03

Virmeledningsfdrsok pd buffertsubstans av bentonit/pitesilt

Sven Knutsson
Hogskolan 1 Luled 1977-09-20

Deformationer i sprickigt berg
Ove Stephansson
Hogskolan 1 Luled 1977-09-28

Retardation of escaping nuclides from a final depository

Ivars Neretnieks
Kungliga Tekniska Hogskolan Stockholm 1977-09-14

Bedbmning av korrosionsbestindigheten hos material avsedda
for kapsling av kdrnbridnsleavfall. Lidgesrapport 1977-09-27
samt kompletterande yttranden.

Korrosicnsinstitutet och dess referensgrupp



32

33

34

35

36

37

38

39

40

41

Long term mineralogical properties of bentonite/quartz
buffer substance

Preliminidr rapport november 1977

Slutrapport februari 1978

Roland Pusch

Arvid Jacobsson

Hogskolan i Lulead

Required physical and mechanical properties of buffer masses
Roland Pusch
Hégskolan Lulea 1977-10-19

Tillverkning av bly-titan kapsel
Folke Sandelin AB

VBB

ASEA-Kabel

Institutet for metalliorskning
Stockholm november 1977

Project for the handling and storage of vitrified high-level

waste
Saint Gobain Techniques Nouvelles October, 1977

Sammansittning av grundvatten pd stdrre djup i granitisk
berggrund

Jan Rennerfelt

Orrje & Co, Stockholm 1977-11-07

Hantering av buffertmaterial av bentonit och kvarts
Hans Fagerstrom, VBB

Bjdrn Lundahl, Stabilator

Stockholm oktober 1977

Utformning av bergrumsanldggningar
Vattenfall

VBB

GAK

Stockholm

Konstruktionsstudier, direktdeponering
ASEA-ATOM

VBB

Vdsteras

Ekologisk transport och straldoser fran grundvattenburna
radioaktiva Hmnen

Ronny Bergman

Ulla Bergstrom

Sverker Evans

AB Atomenergi

Sikerhet och strdlskydd inom kdrnkraftomradet.
Lagar, normer och beddmningsgrunder

Christina Gyllander

Siegfried ¥ Johnson

Stig Rolandson

AR Atomenergi och ASEA-ATOM



42

43

44

45

46

47

48

49

50

51

52

Sikerhet vid hantering, lagring och transport av anvidnt
kirnbrinsle och forglasat hdgaktivt avfall

Ann Margret Ericsson

Kemakta november 1977

Transport av radioaktiva dmnen med grundvatten frén ett
bergforvar

Bertil Grundfelt

Kemakta november 1977

Bestindighet hos borsilikatglas
Tibor Lakatos
Glasteknisk Utveckling AB

Berdkning av temperaturer i ett envanings slutfdrvar i berg
for forglasat radioaktivt avfall Rapport 3

Roland Blomquist

AR Atomenergi 1977-10-19

Temperaturberdkningar for anvdnt brédnsle
Taivo Tahrandi
VBB

Teoretiska studier av grundvattenrdrelser
Prelimindr rapport oktober 1977
Slutrapport februari 1978

Lars Y Nilsson

John Stokes

Roger Thunvik

Inst for kulturteknik KTH

The mechanical properties of Stripa granite

Graham Swan
Hogskolan 1 Luleda 1977-09-14

Bergspanningsmitningar i Stripa gruva
Hans Carlsson
Hogskolan i Lulea 1977-08-29

Lakningsfoérsok med hégaktivt franskt glas i Studsvik
Goran Blomgvist
AR Atomenergi november 1977

Seismotechtonic risk modelling for nuclear waste disposal
in the Swedish bedrock

F Ringdal

H Gjoystdal

E S Husebye

Royal Norwegian Council for scientific and industrial
research

Calculations of nuclide migration in rock and porous media,
penetrated by water

H Higgblom

AB Atomenergi 1977-09-14



53

54

55

56

Mitning av diffusicnshastighet f6r silver i lera~sand-bland-

ning

Bert Allard

Heino Kipatsi

Chalmers tekniska h&gskola 1977-10-15

Groundwater mcvements around a repository

54:01 Geological and geotechnical conditions
Hakan Stille
Anthony Burgess
Ulf E Lindblom
Hagconsult AB september 1977

54:02 Thermal analyses
Part 1 Conduction heat transfer
Part 2 Advective heat transfer
Joe L Ratigan
Hagconsult AB september 1977

54:03 Regional groundwater flow analyses
Part 1 Initial conditions
Part 2 Long term residual conditions
Anthony Burgess
Hagconsult AB oktober 1977

54:04 Rock mechanics analyses
Joe L Ratigan
Hagconsult AB september 1977

54:05 Repository domain groundwater flow analyses
Part 1 Permeability perturbations
Part 2 Inflow to repository
Part 3 Thermally induced flow
Joe L Ratigan
Anthony S Burgess
Edward L Skiba
Robin Charlwood

54:06 Final report
Ulf Lindblom et al
Hagconsult AB oktober 1977

Sorption av ldnglivade radionuklider 1 lera och berg
Del 1 Bestdmning av férdelningskoefficienter

Del 2 Litteraturgenomgdng

Bert Allard

Heino Kipatsi

Jan Rydberg

Chalmers tekniska hdgskola 1977-10-10

Radiolys av utfyllnadsmaterial

Bert Allard

Heino Kipatsi

Jan Rydberg

Chalmers tkniska hogskola 1977-10-15



57 Strildoser vid haveri under sjotransport av kdrnbrédnmsle

Anders Appelgren
Ulla Bergstrom
Lennart Devell
AB Atomenergi

58 Str&lrisker och hogsta tilldtliga strdldoser for midnniskan

Gunnar Walinder
AB Atomenergi

Ytterligare ett antal rapporter &r under bearbetning.





