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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 repositoryc A literature survey has shown that 

except for Cs anJ Sr very little is known on ion exchange 

eq_uili bria in ground water surroundingso Measurements 

were made to determine eq_uili bri um data for Cs, Sr, Eu 

and U in five ~atural zeolites, which could be used as 

filling ;;1ateri aL Diffusi v.i. ties in zeoli te particles and 

beds as we~l as clay beds were also determined. 

The measured equilibrium data could not be predicted by 

usi~g published data on binary eq_uilibria. Bed diffusivi­

ties were ·'.):£' e. l:!agni tu.de that Was ex;iectec.. 

With the aici of these data the function of the ion exchange 

barrier was investi~ated. The barrier is so short that the 

nuclide tran~0port is by diffusion. An 0.2 m barrier of a 

zeolite will delay Cs and Sr so long that they will decay 
2/, 1 

totally. Am· will al20 be considerably delayed. An 0,2 m 

clay-~uartz ba~rier will have very little effect on these 

nuclides. A 1 ~ clay-quartz barrier will have about the 

saI:Je effect as aJ1 0.2 m zeolite barrier. Most other nucli­

des have so long lives that they will only be delayed, but 

not sufficiently long to decay. 

TLe rock itself interac"ts with ma.viy of the radionuclides. 

A simple model has been made to describe the nuclide retar­

dation and riispersion in fissured rock, With the aid of this, 

tracer exp•.ccrirrents in actus.l underground rock have been ana­

lyseJ.. ?or Sr at least, J.a:Jo:r·atory measured eq_uili brium 

or. rock, predicted the i:n-si tu rW1s fairly welL A retarc.a­

tion factor 3-6 was :prec.:.ctEod and a value of 6 was measu:r'c'..:., 
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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 th8 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 Am243 are considerably delayed. 

The above must te confirmed by further experiments. 
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2 BackgT'OUJlQ 

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 arou.'1d 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 wa..'1der.ing ion:.o. The ion exchange material must be 

stable for long times.Ion exchange materials which can be 

considerP.d are natural zeolites, clays and synthetic zeo-

li tes. T'ne ..:.ons which will be primarily retarded are the 

metal ions with positive charges. The negative ions will 

probably no:, be retarded. Even if the ions haYe passed the 

ion exchange barrier they will be further retarded in the 

rock by ion sxchange, adsorption and precipitation mecha­

nisms. Ideally the ions will be retarded by a factor depen­

ding only on the equiJ.i brlum constants. When, however, water 

flows in ~oyous media we will have to consider the mecha­

nisms of diffusion in the bed, as well as diffusion effects 

into the particles themselves. In addition to this there 

will be di2persion effects. The dispersion effects arise 

frorn the fact that wate~ flows with different velocities in 

different channels. This will lead to a spreading of the 

break-through front. The same mechanisms will app2..y to the 

flew in a rock. The fissures in the rock are probably of 

different sizes, directions a.rid spa<Jings. Very little is 

known of the exchange mechanisms in the rock. 

The object of this investigations has been a) to make a lite­

rature survey of what is knc,wn on ion exchange eq_uil.i.bria 

in soils, c:i.ays and. zec,li tes with regard to the nuclides of 

in.terest, b) by experiments to determine the influence of 
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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 

assess 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. 
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3 Literature survey 

Most importru1t 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 ho~ a radionuclide will enter the body, how 

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

rise to. The most dangerous of the nuclides are sr90 a.nd 

Cs137 f 'l d b A 241 d A 243 P 239 p 240 1129 
0.L OWG y .t~ an m O u ' u ' ' 

0 9 226 237 
Tc/ , Ra and Np must also be considered as very dange-

rous. The relative da.~ger of different nuclides at various 

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

from Cohen (1~76). They apply to reprocessed fu~l. 

108 

~ 106 
g' 
"' "C 

t ·.: 
"' a.i 
a: 

102 103 104 105 106 107 

Years after reprocessing 

Fig. 3.1 Relative danger of various nu elides as a function of tbe time after 

reprocessing. From Cohen ( 1976) 
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Migration of radionuclides in the ground 

Much work has been done regarding the migration of radio­

nuclides in the ground. At the Yienna 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 rock. 

Levi ( 1 967) found -chat Cesiu.m 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 isotopes, Strontium was not fixed 

all and could be read::.ly 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 e~ui­

librium constGnts for Strontium and Cesium in sand. He found 

values corres~onding 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 respec­

tively in the sedimentary ground beneath the Hanford reserva­

tion. Rane on (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 nr,ye mea­

sured equilibria for various nuclides in granitic rock and 

other materials. 

Landstrom (1977) has made in situ measur2ments of Strontium 

and Cesium retardation in granitic rock in Studsvik., The water 

is transported in fissures and it is thought that the nuclicies 

are adsorbed on the surface of the roe~ by some mechanism. 

Strontium was retardeC:. by a factor 6 and Cesium did not appear 
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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 moveme!l.t in the ground as well as the data needed for 

such computations. They conclude that it may be possible to 

predict radi.onuclide movement in homogenuous porous ground 

with the present methods, but that they are not suited for 

prediction of water and nuclide movement in fractured rock. 

This is ma.inly due to the difficulty in describing the size 

and structure of the fissures. 

Burkholder et al (1976) have made computaticns of nuclide 

movement in Western U.S. iesert 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 eq_uilibrium data for Western U.S. 

desert subsoil are given in table 3.1. 

Accorjing to Burkholder the Geosphere model can be a?plied 

to "faulted :monolitic media" also, 

Haggblom (1977) used a si:milar technique to study the migra­

Li.on of radionuclides. In his study the only transport mecha­

nism is assumed to be diffusion, whereas the Burkholder treat­

ment incl1.1Jes convection and diffusion. F'rom 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 T.112 and retardation factors k. in "Western 
U.S. desert suosoil". 1. 

Nuclide 

~-I-3 
C-14 
:H-59 
JH-63 
Se-79 
Rb-87 
Sr-90 
Zr-93 
Mo-93 
Tc-99 
Pd-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-23·1 
U -236 
U -233 
U -238 
U -234 
U -235 
Np-237 
Pu-240 
Pu-244 
Pu-2-t 1 
Pu-242 
Pu-238 
Pu-239 
Am-241 
Am-242 
Am-243 
Cm-248 
Cm-245 
Cm-246 
Cm-242 
Cm-247 
Cm-243 

T1/ 2 years 

12:26 
57304 
8• 10 
92 
6.5-104 
5-1011 
2 8 .1 6 
1.5•10 

> ~00 
2 .1 • 1 o5 
7 • 106 
14t; 
1 o--
2 • 10~ 
3 • 1 O 
30 
93 
13,16 3 
1.2•10 
1600 
73404 
8• 10 
3.3.101 
2.4•106 
1.6°100 
<1 5•1C,; 
2:5.10~ 
7.1•10,,-
2.1010( 
65307 
8• 10 
13.2 5 
3.8•10 
86 4 
2.4•10 
458 
152 
7370 .:; 
4-7•10~ 
9-3•10~ 
6.'5•1)) 
0.4 7 
1.6°10 
32 

Data from Burkholder (1976) 

ki 

1 
10 

330 
330 
100 
500 
1004 

10 
25 

1 
1100 4 

10 
1100 

1 
1000 
1000 
2500 
2500 
2500 

5004 
5•10 
5 • 1 o4 
1.&3•10! 
1.3°10 
"­
" 
"­
II 

100 
1 o4 
II 

" 
" 
II 

II 

II 

3300 
II 

" 
II 

II 

II 

8 
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Ion exchange materials and equilibria 

Many inorganic materials found in nature have ion exchange 

propertieso 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 zeoliteso Zeo­

lites may also be synthesized from clayso There are many 

different kinds of zeoliteso They are often selective ion 

exchange:r·s due to the size of the cavities formed by the 

crystal structureo A very thorough compilation of the natu-

ral zeoli tes can b'? folL"ld in Breck' s book ( ·1 973). Theoreti-

cal treatment of ion exchange, as well as equilibrium and 

diffusivity data may be found in Helfferich (:962) and 

Amphlett (1964). Ames (1960) has studied one of the most 

common zeoli tes in com~,,,ction 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 zeoli tes in connectior:. ,,i th Strontium and Cesium" Arnek 

(1977) has made an investigation using Strontium, Cesium and 

Europeum and 10 different zeolites. Allard (1977a) has made 

a series of measure~ents using montmorillonite clay and granite 

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

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

Water trwsport in rock 

Water transport in consolidated. rock is usually dese.1·i bed in 

the same way as for porous materials. Darcy's eq_uati on simply 

relates the flow of water to the hydraulic gradient i. The 

propor~ionality factor is called the permeability K p 

u is the bulk velocity. The velocity in the pores u is 
0 p 

u 0 /eB' where eB is the porcsj_ty of the rriedium. Kp is a lumped. 
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parameter and depends on the pore size, temperature, poro­

sity and even velocity if this is largeo 

The other frequently used way for describing flow in porous 

media is given be the Kozeny-Karman equationo Bird (1960)0 

u 
0 

• i 

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-
o 

ved by considering flow in 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. 

Aberg (1975) gives some data on the frequency of fissures, 

measured down to a few hundred meters. He also indi::!'.'Gctly 

gives information on the size of the fissures by givi~g the 

variation of the permeability at different levels in the bore­

hole. Similar data are given in Landstroms 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 conch tions near 



the borehole, the data may not be applicable over a larger 

distanceo The only measurements available at present where 

water and nuclides were transported over a large distance 

in rock are those of Landstrom. 

Dispersion and diffusion 

Dispersion has been much studied in the literature on chemi-

cal reaction engineeringo Levenspiel (1962) gives a comprehen­

sive chapter on these effects in his booko Bischoff (1962 a,b) 

has given very thorough treatment of dispersion, experimentally 

as well as theoreticallyo For very small velocities in porous 

media the axial and radial dispersion coefficients may be deter­

mined from 

log (D) 
X 

D 
log (.2:) 

\) 

Baetsle (1967) gives very similar expressions 

log (D) = log (u) - 3 
p 

log (D) = 0o47 log (u) - 6.1 
r P 

axial 

radial 

axial 

radial 

Burkholder in his computations used an axial dispersion coef­

fj cient D = .008 cm2 /mino This compares very wel:'.. '.•'i th the 
X 

values predicted by the aoove expressionso 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 dominateo The above 

expressions indicate that radial dispersion will be 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 other similar unconsolidated materiais. This may 

be see~ from the very simple expression showing how a point 

source will spread with time into the three dimensions 

C 
xyz 

The point may be made to travel with the liQuid by the follo­

wing transfor:r::. 

X = X - u t ; y = y - u t 
X y 

z = z - u t z 

The effect cf varying dispersion coefficients may be visuali­

sed in the following way. If D is 100 times smaller than D , 
y X 

the nuclide will spread tbA sQuare root of 100 - which is a 

10-times smaller distance in they-direction as compared to 

the x-directiono 

No dispersion data have been found on consolidated rock with 

fractures. The "particle sizes" 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 expressions are valid 

for rock as for other porous bedso 

Allard (1977 b) meas~red a bed diffusivity DBeE 

using Silver ions and a clay/q~artz mixture. 
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4 Theoretical considerations 

'l'he effect of an ion exchange barrier 

In the repository the capsule containing the radioactive 

material will be surrounded by some buffer materialo The 

repository is to be situated far below the surface of the 

earth and also far below the ground water surface. The 

repository is in rock and the site is chosen so as to mini­

mize water flowo The hydraulic gradient is small and the 

permeability of the rock is lowo According to AKA-utredningen 

II (1976) the bulk velocity of the water may be expected to 

be less than 10-3 m3/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 gradiento 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 materialo If it is the other way around, the water 

velocity will increase by a small amount only, if the gradient 

is perpen~icular to the hole. If it is parallel to the hole, 

the velocity may increase considerablyo 

'rhe water velocity in the fillir1g material, has a large impor­

tanceo It may determine the mechanism of nuclide transporto 

This will be discussed in detail later, 

When the water flows troi..:.gh the filling material, the ions in 

the water will interact with the solids. The interaction mecha­

nisms of interest he:::.·e are ion exchange, adsorption, precipi­

tation a.vi.d .::..rreversi ble reaction, If the mechanism is irrever­

sible reaction, the reacting ions will be definitly caught, 

provided there is enough reacting materialo 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 k., which is determined 
l. 

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. lmown for every ion of 

interest in the type of surrou..."ldings whic}:; may occur. The 

conservativE: 1ssumption is tnerefore made that the mechanism 

is ion exchange or adsorption. The retardation factor which 

may be determined by experiments is a mean value. Figure 4o1 

below shows bow the concentration of ion "i" varies with the 

distance from the capsule wall in the direction of the flowo 

arution of #ow 
--••~ and dli0s/on 

C oncedrobon 

5"/. -

0 CO,JJSI.I 'e 111a1l 

0 

\ 

Fig. 4.1 Distance trai,e!led for plug flov:, pure diffusion and a combination of 

jlo"'JJ and di;fusion 

from 
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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 shovm in Curve 2. If flow in the bed is very slow 

in comparison to diffusion the transport may be due to this 

effect entirel~· - 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 to pass the depth of the bed. For transport 

by diffusion only, the following simple criterion may be 

used to asses the importance of particle resistance. 

D e 
If -E....J2. > 

2 r 
0 

then the particle resistance does not 

have any influence on the transport. (Ruckenstein et al. 

1971 ). The bed and particle diffusivities were determined 

(see experimental section) to be DBeB = 10-10 and Dpe: -

= 2•10-12 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. Ions 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-di:rr.ensionaL The errors intro­

duced by this assumptj_on 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 

leako This simplifies the description but has little other 

influence as we deal with linear systems. It is further 

assumed that tLe concentration of any nuclide is small in 

comparis'Jn to the total concentration in the groundwatero 

This case has been ::nodelled and mathematically treated by 

LapiQUS and Am-JY1dsen (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~dso The species will thus be retarded in rela­

tion to the fluid veloclty. The retardation will depend on 

the rati'.:l of the concentrations in the solids and in the fluid. 

This may be expressed as a retardation factor k .• k. is the 
l l 

ratio of the fluid bulk velocity u to the velocity of the 
0 

species, u. o On top of this transport is added an effect of 
l 

diffusionc Tl1e travelling front will spread out when it tra-

vels a1 ong the bee.. With the aid of this model the time to 

travel : m and 3 m was computed. When there is no diffusion 

the time is given directly by the velocity of the species u .• 
l 

Wit~ diffusior. there is a gradual increase in concentrationo 

In this case the time was chosen when the concentration reaches 

5 % of the inlet concentrationo The :!'.'esults are she,,;:;, in fi 6rure 
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Fig. 4.2 Timr for a nuclide to travel 1 ,nzd 3 m respectively in an ion exchange 

barrier wit b rct ardation factor k i• as a function of the bulk velocity u 0 

Two different~diffusivities were used. DBeB = 10-10 m2/s 

and 3•10-10 ~~/s. The results show that diffusion will be 

the dominating mechanism when the bulk velocity u is less 
0 

than about 0.·01 m/year. Flow will be the dominating mecha-

nism for trarcsi:;orting the ions through the barrier ';Jh n the 

bulk velocity is larger th&n 0.1 m/year. With the lower 

diffusivity it will take 30 • k: years to pass a one meter 
.L 

barrier for a.ri ion "i 11 which r,as a retardation factor 

k .• If the ~arrier is increasej in thickness, the retarda-
l 

tion time will increase proportionally in the flow dominated 

case, In the diffusion dominated case the retardation will 

increase wi tt the sJ_uare of the thickness. 
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The diagram in figure 4o2 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 importanceo 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 anQ 

Jaeger 1959)0 If the barrier is assumed to be flat 

? 
0 1•z-•k 

0 0 1 
t 

For a cylindrical barrier the constant 0o1 will be somewhat 

larger and wil1 depend on the ratio of the inner and outer 

radius of the cylindrical barriero 

When the flew dominates, the time may be determined from 

t = 
z • k 

o 1 
u 

0 

The abo7e eq_u8.tions may be used to approximately determine 

the retention times of the nuclideso 

In the table below the decay of a radioacitve nuclide is 

given for different numbers of half lifes T1 ; 2 o 

Number of 

half lifes 

Activity 

0 

1 

After 30 ° · T1 1,., the activity will be gone for practical 
I c 

purposeso Thus if the retention time is larger than this the 

nuclides will decay in the filling material. 

As the retention time in a one meter barrier is 30 • k 1 

years in the diffusion case, we have a very 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 d,Jminates, this simple criterion may be used to 

sort out tr.e clearcut cases. 

A compilation of the most important nuclides is given in 

table 4.1. 'l'he retention times are given for s. one meter 

barrier consisting of 10 % clay and 90 % quartz as proposed 

by Jakobson a.~d Pusch (1977): colULm 3. In column 4 the 

retention in a one meter barrier of Clinoptiloli te is showno 

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 tiffies in 1 m clay/quartz and clinoptilolite barriers 
for various nuclides 

1-:ucli de Ealf life 

T1/2 years 

sr90 2 Bo 1 

Tc99 2. 1 ° 1 o5 

1123 
,., 

2 • 1 OJ 

Cs137 30 

Ra 226 1600 
')) u Tl/_.__ .1 73 

N}37 2.1°106 

23° 
, 

Pu ;; 2.4c10Lf 
?4'\ Pu~~ 6550 

Ar;i2 41 458 
Ai243 m 7370 

2 From v2lue of Eu 

Retention times-years 
clay/quartz k 1 Clinoptilolite* 

l.Q 600 - 1400 

1 1 

1 1 

20-30 2200-2200 

40-50 6001 -1400 

50- :,00 Unknown 

10 Unknown 

60-80 Unknown 

G0-80 Unknown 

2 00-Lf000 10002 - ~ocoo 
20C-4CJO .1_0.Q0~-}0£0£ 

Underlined cases 2.re retardec:. 
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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 o If the 

barrier thickness is reduced to Oo2 m no nuclides will be 

appreciably retarded. A one meter thick barrier of Clinop­

tilolite will retard Sr, Cs, Am241 and probably Ra and Am243 • 

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. 

Flow and adsorption in fractured rock 

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. 

u 
0 

or u 
p 

K i 
= _P___ 

e: 

K is the permeability of the rock. u is the bulk velocity, 
p 0 

u the ¥ater velocity in the pores, e: is the porosity. This 
p 

very simple descriptio:r._ does not consider the size, frequer.cy 

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 a small one. Due to this some water may travel 

mucl:. faster than the mean velocity. From the point of view of 

retarding radioactive nuclides, it is more interesting to know 

whe::1 the first nuclides reach the gr01.111d, than when the mea_YJ. 
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arriveso One model which gives a better 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 a.~d width it is possible to determine 

the permeability. Snow assumed that the channel width was 

constant, or that a meru1 channel width can be used. This is 

not a good assumption for the purposes of this investigation, 

as the flowrate in a channel is proportional to the width 

raised to the third power. An example of the consequences 

is shown below. A fre~uency distribution of the channel widths 

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

aeviation 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. 

fre9uenc-y of 
fissures 

f 

I 

/ 

(' 
I 
I 

\ 

\ 
fissure w1d/h 

'-----"""------5-~,-----~,o...:,._ ______ • 2b · !0 5 m 

2b=6,34 ·I0-5m 

Fig. 4.3 Frequency of fissure widtbs in rock, determined .from the Studsvik 

experiments 
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c/co ,,----================= 

O, 

I 

I &. 
0 

N,l<p re/ofwe 
-+-<-------~--------'--~---------~----,-------__._. 0N time q, /,J I,~-

0 
1.o 

Fig, 4,4 Theoretical breakthrough curve in rock 

Figure 4o4 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 a point at a certain timeo Some mean time can be 

computed if the channel widths are known. The relative times 

0 in Figure 4o4 are related to two such computed mean timeso 

eN is 

9N,K:p 
mined 

related to a time of travel in a fissure of width 2b. 

is related to a mean time of travel which can be deter­

from the permeability of the rock. The permeability may 

be cocputed from the frequency distribution of the fissures. 

The figure shows clearly that the first part of the front 

reaches a given point very n,uch faster than is predicted by 

the permeability modeL This must be taken in account when 

the retardation of the nuclides is determined. 

Nuclide retardation ty the rock 

Mariy of the nuclides of interest inte:::-act with the rock by 

ion exchange, adsorption or other rnechani sms. I on exchang0 
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eQuilibria have been measured by various investigatorso 

Allard ("1977a), Vandergraaf (1976, 1977), Rancon (1967) 

and Fried (1975). Usually the eQuilibrium was assumed to 

be due to a s..rrface reaction. Ra.neon (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 Oo2 mm. A decrease below 

0.2 mm decreased the surface concentrationo Vandergraaf 

used finely polished slices of rock as a standard for deter­

mining the s~rface ol crushed rock particleso He first deter­

mined l,.ow much was adsorbed on the slice with the known sur­

faceo After determining how much a known amount of crushed 

rock adsorbs, the area of the particles was determinedo For 

granite this area turned out to be smaller by about a factor 

5, than the area which may be calculated from the geometric 

size of the particles. A 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 sizeo When the par­

ticles become smaller tha.Yc the penetration depth, their whole 

volume will 1,e eQuili brated and a further increase in the area 

will not increase the uptakec 

If this hypothesis Ca.I'- be proved to be correct the rock barrier 

may pi·ove to be much better tha..YJ. 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 lea.et hundreds of years" 

Ot:ter explanatio::-1s are also possi bleo One explanation might 

be that for large particles the outer surface consists of a 

very coarse structure of small grai~s. It the surface area 

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

roughly proportional to, but larger tha....YJ. the area of the large 
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particle. When the particles become as small as the ~ains, 

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 eq_uili·crium - more than 50 days - also indicates 

that a volu.~e reaction can have taken place. Rancon also made 

column 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. 

Sr seems to be fixed in e. stronger way. These results may be 

interpreted a~ irreversible reaction, but also partly as a 

penetration and a volume reaction. When the washing starts 

the ions ,1ill wa,.vider 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 wa3h out the rock than 

to saturate it. 

This should he 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 e~uilibrium is reversible. These are both 

conservative assumptions. 

Table 4.2 a and bis a compilation of eq_uilibrium constants 

for various nuclides, rocks and water compositions from vario1..1.s 

sources. 



Table 4.2 a 

Surface eg ui li bri um constan.ts K for Cs and different rocks 
B. 

Investigation Kind of rock 

Allard Granitic rock 

(1977a) 

Landstrom Granitic 

(1977) gnei SS 

Vandergraaf White lake 

1976 a,b,c granite 

Microline 

Feldspar 

A~= K from Vandergraaf's report 
a 

Water 
composi-
tion 

mM 

see table 

4.2 C 

Ca 0.9 
Mg 0.4 
Na 2.0 
X o. 14 
Cl o. 31 
SOL 0.1 5 
HCO'\ 3.0 
SiO" 0.23 2 

0 

0 
NaCl 12 
NaCl 1.8 
NaCl 2.0 
CaCl2 1.9 
CaC1 2 0.9 

0 
NaCl 12 
NaCl 1.8 
NaCl 2.0 
CaC1 2 0.9 
CaC1 2 0.9 

0 
NaCl 12 
NaCl 1 • 8 
NaCl 2.0 
CaC1 2 1.9 
CaC1 2 0.9 

K 0 1 o4 
a 

ID 

21 

43 

190 

A* * B 
270 160 

600 
200 
390 
350 
330 
350 

800 490 
330 200 
800 490 
800 490 
800 490 
800 4 90 

70 23 
20 
45 
44 
34 
38 

3 = K recomputed for ge0m2tric surface of particles 
a 

Particle 
diameter 
d mm p 

~ 0.1 

~ 0.1 

~ 0.3 

block 
18•18•3.8 

~ 0.3 

0.3 
6.7 

1 5 
1 5 
12 
1 3 

25 

Comments 

Water 1 
Water 2 
~ =+25oC -5 
[Cs ]= 10 M 
pH = 8 

pH = 8 

Room temp. 
pH= 5.7 

pH~ 7 
~ 7 
~ 7 
~ 5.5 
~ 5.5 

pH as a1ove 

pH as above 
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Table 4o2 a continued 

Investigation Kind of rock Water K •1 o4 Particle Comments 
composi- a diameter 
tion d mm 

mM m p 

Vandergraaf Al bite 0 A* B ~ 0.3 Room temp 

1976 C Feldspar 
200 46 

NaCl 12 67 1 5 
NaCl LB 110 25 
NaCl 2.0 110 25 
CaC1 2 1 0 9 110 25 
CaC1 2 0o9 125 29 

Hornblende NaCl 12 51 1 5 pE as above 

NaCl 1 • 8 53 16 
NaCl 2o0 53 16 
CaCl2 1.9 50 1 5 
CaC1 2 0o9 53 16 

Rancon Calcium "Natural 7100 > 0o3 pH 7.5 

1 967 carbonate water" 

rock 



Table 4.2 b 

Surface equilibrium constants K for Sr and different rocks 
e: 

Investigation 

Allard 

(1977a) 

Landstrom 

( 1 977) 

Va.ndergraaf 

( 1 977) 

Rancon 

Kind of rock 

Granitic 

rock 

Granitic 

gnei SS 

White lake 

granite 

Calcium 
car.bona te 
rock 

Water 
composi­
tion 

mM 

See table 

Ca 0.9 
Mg 0.4 
Na 2. 0 
K 0.14 
Sr 0.02 
Sn 0.03 
Se 0.09 
Nd 0.14 
NH4 0.25 
Cl 0.53 
S0.1 0.15 
HCO 3.8 
Si0~0.25 
N0 3 0.42 
Br 0.25 

0 
NaCl 1 3 wJ-.1: 
NaCl 1.8 
NaCl 2.0 
CaC1 21.9 
CaC1 20.9 

"Natural 
water" 

rn 

21 
27 

670 
240 
500 
450 

90 
140 

50 

Particle 
diameter 
d mm 

p 

~ 0.1 

~ 0.1 

block 
18•18•4 

Unlmow-n 

27 

Comments 

Water 1 
Water 2 
~ = 25°c 
pH= 8 
[Sr]~ 10-5M 

pH= 8 
[Sr]= ~10 M 

Room temp 
pE = 5.5 
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Table 4.2 c 

Com ositions of the two s;:mthetic ei:roundwaters :12ro:eosed 
b Allard 1 a 

Ion Water 1 Cone. Water 2 
mg/1 mM mg/1 mM 

Na 288 12.53 42 1o83 
K 10 0.26 5 0,13 
Mg 15 0.62 7.5 o. 31 
Ca 75 1.87 37.5 0.94 
Cl 500 14 .10 93 2.62 
F 1.5 o.os 0.75 0.04 
so 15 0.16 7.5 0.08 
HC~3 207 3.28 100 1.64 

Tot 1105 35 .54 n 293 8. 92 1 ) 

1)mekv/l 

The surface equilibrium constants expressed as K -values 
a 

decrease with increasing salt concentration in the water. 

It was attempted to make a comparison of the data from 

the different sources. It ~s seen that for Cesium and 

Strontium K 's differ by about a factor 10 between the 
a 

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 a..YJ.d tr..e la,boratory data on K , a retention 
a 

time for the travel or Sr in the rock was calculated. From 

this a retardation factor of about 3 was computed. This coTu-· 

pares well with the factor 6 from the in situ measurements, 

The details of these computations are given in arpena.ix 1, 
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This comparison is, however, based on some assumptions 

which have to be validatedo For this further tests on 

underground rock should be madeo Furthermore the adsorp­

tion mechanism - surface or volume reaction - should be 

clearified. 

If the assumption can be validated, a.r.. indication of possible 

retardation effects have been computed and are given in 

Table 4o3 belowo Allards (1977a)mass equilibrium data - Kd­

values - were used. These were transformed to K -values by 
a 

use of the geometric surface of the crushed rock in the 

experimentso 

Table Ll..) 

Retardation of various nuclides in rock. 

Dass­
eq_uili­
r:,rium 
constant 

Kd 

cm 
g 

1 

1 

3 

100 

800 

30 

100 

1 oc 
5000 

5000 

surface equi­
libriUlll 
constant 

Kd 
K •P 

a a p 

m3/m2 

0.7-3.4•10-3 

3.4.10-3 

30,10-3 

1°10- 3 

304•1)-3 

3.4•10-3 

170-10-3 

170•10-3 

ion 
velocity 

u. 
J. 

m/years 

1.1 

31 

31 

< 0.45 

0.09 

0.01 

0 .31 

0.09 

0.09 

0.0018 

0.0018 

retarda­
tion 
factor 

u 
k~= ..J2. 

J. u. 
J. 

27 

1 

1 

70-340 

340 

3000 

100 

340 

340 

17000 

17000 

time to 
travel 
1 km 

1000 
u. 

J. 

years/km 

910 

32 

32 

2220 

11000 

100000 

3000 

11000 

11000 

55000c 

550000 

time to 
decay to 1 o-9 
of original 
activity 

30 T1 / 2 

ye arc 

<JJO 

2.1°10 5 

2 • 1 0 7 

900 

50000 

200000 
I' 

60° 10° 

200000 

750000 

13700 

8COOOO 

- ---·-- - ------------------------------------
2 3 ( d6 ) 

a~ 70 000 m-;~ in crushed rock from a= 
p 
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From this it is seen that in rock with a mean fissure 

width 2b of 2•10-5 m and a hydraulic gradient i of 

00003 it takes about 30 years for the water to travel 

1 km0 The permeability of such a rock would be 10-S m/s 

if the fissure spacing is 0.7 ID0 Sr takes 910 years and 

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

also have time to decay totally0 Am243 only decays to a 

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 where there is no 

dispersion0 ~s the first part of the breakthrough front 

arrives at about 20 % of the mean breakthrough time sr90 

will not have time to decay in this first part. 

Computed water and ion velocities in fissures in rock are 

shown in figure 405 with the surface equilibrium constant 

K as para~eter. It is seen that when the fissure width 
a 

decreases, the ion velocity decreases more than the water 

velocity. Figure 4.6 shows the relation of fissure width 

and permeability for fissures of equal size with the f~ssuTe 

spacing as parameter0 The data in figures 4.5 and 4.6 have 

been determined with the aid of extended Snow model0 The 

equations are given in appendix 1. 
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velocdy m/yeor 

/°1 fJP (IL;) 
10---------------------+--__,,,_ ___ _ 

-6----+------4------------+------+--------

-8 r-----~-------+-----+-

-I o 4Y 2b 

Fig. 4.5 Water and ion velocities in fissures as a function of the fissure width. 

Surface equilibrium constant as parameter. Based on i = 0,003 mhr. 
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Fig. 4. 6 The relation between penneability and fissure width for various fissure 

spacings, s 
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Ion exchange esuilibria 

Theoretical background 

The ion exchange eq~ilibrium is usually described by an 

equilibrium constant based on the law of mass action. 

In the reaction 

A+ m RB ~ R A+ mB 
ID 

where m is the ratio of valences of the exchanging ions 

A and B, an eqc1ili brium constant K! is defined by 

YA ar,d xA are the mole fractions of the ion A in the ion 

exchanger ar..d in the water respectively. C is the total 
0 

concentration of catior.s 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 

In a multicomponent system where the ion N (1-val~nt) is 

abundant in the ion exchanger as well as in the solutior., 

in comparison to the other ions of interest, the e~uilibrium 

for ion i may be written 

This is the low concentration case for the exchanging ion. 

It is applicable to most of the r.uclides of interest exce~t 



ir, e:xtreme and improbable cases with very fast solu1~i.on 

cf the fuel resid·..ie, The above ex]ression tells us that 

2.~Cl' low cor1centrations of the incoming ions, these will 

not com1.ete with each othero The equilibrium will be 

determined by the composition of the salt water and the 

E'(l uj li brl ur:-1 constant of each nuclide in the given sarrorm­

Ji Hg. This ex:;,ression also indicates that tLe total salt 

cm.,_;er1t.ratio:?.1 1] is of great imr,ortance for multivalent 
0 

'?t: 0 eq_uilic,rim: constr:.nt ~ is influenced by many factors, 

ti1,2 mcst i;n1,orta.nt of these are: ion exchange material, 

:i:1~, tc::-:1perature, concentration of the exchanging ion and. 

ttc concEntration of other ions, positive as well as nega-

In princlple it is possi~le to determine the compositions 

ir, 3.Y, ion ex,:::i;.3.Yif'>= syster;, whe:r:.. data for all pairs of ions 

:1 1'"- l:n,YI-T,. I11 :;-1rs.ctice this is ·-1ery difficult as the infJu­

,1 ""- of ?.U tLe montionecl factors on th.=: binary eriuililrium 

:lE,.ta ar8 net sufficiently known. One factor which furth,:::r 

cmplicates the use of literature data for computing equili­

t.:i: iii in complex gTound. water systems, is that many of the 

1.c.1r::J::..c:.2.:::: of .:.ntere2t fcrrr, complexes with the anionso The 

,;,::;. J.~xes v-1 ::...:.l have diffe::'.'er.t eq_uiL:.b:::-ium constru· ... ts fro;~; 

11 a_e of the na~ed ion. Very few data are availatle o~ ~on 

· ,.•~.,:'.c:1c_""'- equi~j bri£, for complexes. 

1· .::~le~ ".-cl': v1 :;.i..er compcsition is lr..now11, it is :::-ather ea;;y 

: .. i.os,2..ire an 8Ver2.ll equilibrium constant whicb then in2lu­

t~e effe~~2 of com~lexing, ~easure~ents are simrlified 



measc:..rements than to try to use literature data onl;v" 

Whe:n the eq_u:i li briurn constant is known the retardation 

factor k. may be determinPd in a straightforward wayo 
l 

k. 
:i. 

u 
0 

u. 
l 

sb -i?r.ctE:3 the porosity of the ion excl:i.ange bed an'.i pp 

th- ceY1sity of the ion exchange material proper. q_. an:i 
l 

c nrP tte concentrations in 
l 

exchanger and in the water 

r2s· 1 c':-tivel:y, :1 is 
- L 0 

ih~ v~locity of the 

the bulk velocity of water and u. 
l 

ion. 

is 

Analysis of some data on ion exchange equili brj a 

::'c,:d:tcJ d-::.r- t:t 2.l o ( 1 97C) give data on retardation factors 

for m:::,:::·t c,f the interesting nuclides in "Western U.S. desert 

::utscil", hme::: (1960), J.rn~hlett (1956) and Mercer et aL 

(151€,~) 6ive iata on C~sium and Strontium eq_uilibria witr: 

zeolite:c" Arnet (1977) in ad.dition to Strontium and Cesiur., 

haec: r;1(cos·J.rei equilibria for Europeum in some natural and 

so;r,e <tnth-:.'~ic zeolites. Ames and Mercer found that of thE 

i:ivc.· tig-a-s · :l zeoli tes the natural zeoli te Clinoptiloli te 

wa.2 :::-;ost 3•::lf?ctive for Cesium, while the synthetic zeoli to.s 

11:.x·v: 8..!.': 1 ~x 't!EYf; thE' test for Strontiumo Arneks data ar1;:; 

;ivcr1 :i. 1, th-? tat.:.e 4.; below., The figure;:; in the tabJ •c an, 

:: ·r·, ~c~.~_\,-:; rr.ea2ure of the equilibrium constant. 

Y alJ the c:eoli te::: i,1vestigated only Ar:alci1H: is re&:.2.:: 

tE..5 ::·ro'TI t:,c:: io.ri exchaq;e point of Yie: .• It mny be notE- 01. 

-c•.2" t}J:• :::J~·,tl°lCt.ic zr:oli te 13x is very much better tha:i :JH--­

c:~·.0rs a2 rC::card.s Eu 3+" The same should also apply to th•, 

i c. s sach as 
o:+ 

Am) in the spent fuel, 



Table 4.4 
:z; .-__,o 

Relative measures of e9.u:. li bri um constant 

Cs + S:r 
2+ 'i+ 

~ o·,1 Ell,, 

.3-::>oli -'::e 

Zeoli te ~ f K+) 
.L \ ' 5 10 

Zeoli te "N(K4 ) 50 10 1 

Zc o:.i te :F 50 50 5 
'.V:::.i-•'Jeni tf' 50 5 1 

PLi llips i te 50 5 1 

Ch,.J.ba::i te 50 10 5 

Cli:n optil cli te 50 10 5 

13X 5 50 50 

Ed u,1:.:. te 50 10 ~ 
I 

i-~ri --il (~ i me- < 0 .1 < 0 .1 

The j on e:-:changers were in the Na+ for:-n originally except 

the Z'ccoli'!;s::: L and W. 

P.::.. atten;;": we.~ maiec to compute the mass equilibrium constant 

r. in & i;:ccc:J1iwater for some zeolites, using the available 

data. These and experimentally determined K.­a. 

giv8n in the table 4.5 below. The details of these 

.. J~,p·c1t2tions and the literature data used, are given in 

'-- ; -:r·i 20n cf r.:~SS"c,;,r2c: and cor,-;i::uted mass ec1.·.ili briu.,Ti 

-y, . •l 
....._::: V 

:2; \, -)­
~ ~:;"1;~ 

2 "- J­
:2 , i: -:. _-

+ Cs 
C ornpu­

+ ed 

430 

3-Eo 

29G 

h O -, 
_,),,/\.. 

m1::;asu­
re,1 

600-
14(<::, 

350-
3700 

to:·;-
~): oc.~c 

55J-
240( 

C' ::,mr u.- measu-
~- eci rea 

19 

150 

200 

1 JIJG-
2000C) 

10C> 
800\1( 

' . 
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The computed Kd-values are much lower than those experi­

rr.en0c:=,ll;y fo:md" For Cesium t:hey differ by an order of magni­

tude, fcir Strontium the difference is not quite so large. 

The va.1 ues for :E.'uropeu.i,1 are so different that any compari­

.c-on 2e:oms rr,e2.ningJ.ess. These results emphasize the diffucul­

ty in using bin~ry data at low total salt concentrations for 

~r,:di~ting eq--..u.li bria at high salt concentrations. 

Th2 ~.nfluence of anions on ion exchangP 

equilibria 

::t i, well known that many of the nuclides of interest form 
2+ co·,rnl exPs with tbE aJ1ions present in the water. Sr may for 

, ·,:: 'T.rJ r form c:2:-bonate- anj sulphate complexes. Uranium and 

.::-: utcm .... uin for;ris hydroxyl complexes which Americiwr: also does. 

LH: co:n:;:::. .::xed r:_pecies will be larger and will have a lower 

·J.,.r~c::. Tn::.s will lead to a :;.ower equilibrium constant, Compu­

ta.'.:_o;~. rf th~ relative amow1~s of the various spec;ies for 

Uc er ·1.1,d.,.'2..-ter-· "7105" (see table 5.1) have been made by 

.:-.~_Lt:1 ·-/72; ::,r,d are given in his report. These resu:ts in:h--

c.,·0 +rat ab~ut 1 % of the Sr2+ is co:nple:<ed and that p::-acti­

Ur-ar,:~-~G i2 to be found as various complexes. ·::'his 

1,1.: t•? in ac':o·,,,.lan.ce with our experimental data on Uranium 

. 1; ::· has ver~- c:,-::.all equilibrium constar.ts. 

·,r.pc,;i-:.:..ons of' fTO'rr"dwat2r, which indicates that these ::,E:'c::; 

.:~1 :c·Ft,kin gc0i eq_"t1ilitriurn constantso Uranium anri prclst:::,· 

,Jt,_riu]"} may have very low eq_uilibriurn constants when i11 tL_ 

:::. &\--.13,,+, for:n . .Am8r.iciurr. ::nay also be influenced by :o'~,-:-:le::-:~ 



5 Exferimental work 

M2..n,y natural e.nd synthetic zeoli tes were considered., Due 

-cc the probable costs of synthetic zeoli tes we have OI:"J tt.,-,~ 

the2e and concentrateci on the natural zeoli teso 0:;-· the na1,,­

ral zeoli tes there are more tha.YJ. 50 which can be used. Th, 

choice of the natural zeolites was made by looking at the 

availatilitiPe. If zeolites are to be used fer the ion ex­

change barriers they will have to be availatle in the amoR­

rf' ~1-,-100 tlccusand tons. Further:nore they wil:i have to be 

c.hcaro With t!1ese considerations we selected Clinoptiloli t,:,, 

Lyicl;i:ne, Fhil:;_ipsite, Laumontite, Erionite, Moi·denitt' anr• 

Chabasite. A further consideration in choosing zeolites is 

tLEti. the,y mc12t be stable at elevatP-d temr,erature,s. Of the,,._ 

; C!l «tly Clir,opti.loli te and A.nalcimr.? ars the r,,ost sta1:,le 
0 

li::·L te:!:lperatures. They ca.n be dehydrated at ur, to 700 C 

i ~:l ~~qin take up water reversibly. The other zeolites b~'[K 

, trc,::tium, b\.i1.•opeu:n and Uranium, Cesium 2.nd Strcmtium are 

int~rr·2t ir. t:hemselves, as they are tlJe most cangerot1s of t __ 

"uclides, furopeurn will simulate Americium and oth8r thre, 

>',.-! -:>nt ions. Uranium rr:ay also give som information l n Thor' t, 1 

-:1.n :i. T ~ utoniurn" We have choosen to make the experiments in 

similate:i. p-:-rou.nd waterso 'I'r.:.e composition of the grour1i wat =··r 

'1E-2 1-E.0L .:uzgested by Allard (1977 8 ).The compositiJn cf th 

-.-ate:::::J is given in tatle 5a1 telow. 

Ecuilibrium measure~cnts 

The ec!_u::.lib:'::'i 1.11T! measuremer:ts are ::i.ade by contacting a kno.-r, 

s.:~:::,J_ -1... of tl~Ec z9oli te wi.th a Lnown amount of "ground" wat, __ 

s:_a~:ing thi: for a suffi ci en tly 1 ong tiIT'e and rneasuriLc: -:-!1 

,·E. ,'J.l :;::Lg e 1,u.ili brium, The ZE7oli te ·,1as first equi::Ci tn,tc J 
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Table 5 . 1 

Water COffi!;OSi tions 

Water I II 

mg/1 mg/1 

Na 288 42 

K 10 5 pE = 8.2-8.3 

Mg 15 7.5 

Ca 75 37.5 

Cl 500 93 

F 1.5 0.75 

so4 15 7.5 

Hco3 200 100 

Total 1105 293 

absorrtion spectrophotometry for the ions Cesium and Stron­

tiumc Buropeum has been measured by radioactive methods and 

Uranium has been measured by light spectrophotometry. Equili-· 
0 

brium measurements have been perforrr,.ed at 20 and 70 C. The 

zeoli tes have ::ieen ground to particle diameters less than 0, 1 

mm. T"nece ~easurements have needed at least one week before 

eq_uili bri um ',as established c Even so it is doubtful if a rPaJ 

c,~uili brium has been reachedc The results of these measure­

Eit.:nts are given in table 5.2 belowc 

T•18 eq_uilibri1.:.1L data are given as Kd-valueso The measi..':cmen~ 

i,"'v"' bee:1 pe:;::fo:r:·,nec. v.'i th varying ratios of the amount of ze::­

lite to water. The ratio has been varied by a factor of 100. 

'.i.'}Je primary :la-1_:.a of these measurements are given separ-atel~, 

in appendix 3. From these data it may be seen that the equiJl­

;::rium constar.tc are higher for the ground water with a smal.2_;:;, 

c:;:tal salt coc:ce::-itrationo These are quite expected effects, 

T1.c valu,.?s for Urani·um are very low. T".r.is is probabJy c.uc: t-:, 

':s ·t t~:at in the expeYiments we have oxidizing con:ii. tior>~ 2... 
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Tatle 5o2 

Meas,,red mass equilibrium constants Kd g/g at 20°c (70°c)_ 

J 'Jn Cs Sr 

'.fa-'-. .=,r I II T II .l 

::!_inoptiloli te 2200-5200 16000-40000 600-1.100 2300-4000 
(1500-2~00) (4600-6700) 

70°c 70°c 

::;.abasi te 6800-11000 16000-40000 350-3700 2500-50000 

~ri oni te 6200-14000 11000-22000 600-21000 1 500-50000 

Mc,::'d eni te 6900-11000 25000-44000 180-5600 520-15000 

L:: llipsi te 2200-21000 22000-34000 550-2400 3500-15000 

T - 1u u 

\ 't· tier I II I II 

(-:.inoptiloli te 1000-30000 400,1-60000 0 

.:::.~ 02-si te 1000-80000 700-110000 6.4 70-86 

-L'ionite 960-43000 9500-110000 3-4 8-20 

,::,1·:'.'cr.lte 960-28000 1200-72000 5-20 

T; l _l.l.I-•Si te 930-94000 370-120000 2 23-50 

~-;•,:- the Uranium is hexa valent. It will then be strongly complex<2:l 

:it:_ carbonates and other negative ionso The Europeum rr,easurcments 

· _",· the same or nearly the same concentration in the eq_uilibrium 

~~Tt'rime!ltso Fro:n this it caYJ. be concluded. that the mechanism i::-i 

,hc::c experiments was not an ion exchange mechanism only. The en:,eL 

·. c--~~3 indicate th2wt ttiere is a precipitation and the solubility ha.: 

'.. :: , Y. measured o 

Diffusion in particles 

-:'-asure:nent of the diffusivity in the particles is made by a 

,-_:1icu•, very similar to that of the equilibrium measurements •. ✓ a ~.1 
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and crushed zeolite are mixed and stirred vigorouslyo 

The zeolite has been sieved to a k~own particle sizeo 

Samples are taken at various times and the ion concentra­

tion in the water is determinedo A concentration time 

curve such as shown in figure 5o 1 below is madeo By cor::pa­

ring the experimentally obtained curve with theoretical 

curves which describe the diffusion in particles as a func­

tion of time and p&rticle size, it is possible to deter­

mine the diffusivity. Theoretical diffusivity curves are 

givsn in Cr~1k (1975)0 The diffusivity may be regarded as 

either a diffusion in the water in the pores of the mate­

rial, or as a aiffu.sion in the solid material itself o The 

former mechanj_sm is called pore diffusioc1 and the latter 

solid diff'u2i:m. In this case where tb<=? equilibr.:!_um is 

linear, porF diffusion and. solid. diffl;sion give the same 

Ono;tiloHt - {s + 

femt •Ht 
Op • 0, LO 111m 

tl • f t,0 /l'J/ wcder 

~'-----+-------+----- L , o +-,f i Clti'KJp-/1/o/;le, 

++t---0--.,.....: ------,1~1___,--+---------+----I -
o,z-.,.._. _______ - -----i o -+l'-_ -_cJ_ -=-=-===i:::::::::c;,z;t:::-==;:1,J=......i.-~..i-..---=0--:1 Coe, = o 17 

I . 4' i Co 

Fig 5. 

I 

Cmzccm;·,1;ion - ,imc c11r:1c for an expcrim('nf for dct('m1i11,1111 1 11 of the 

p,m ic/c d1fj11sh.:i1y 



42 

shape of the concentration time curves, the difference 

being that the diffusivities differ by a factor equal to 

the equilibrium constantc In table 5o3 below the details 

for the diff1:sion experiments are given. The evaluated 

diffusivities are also given in the tatleo The diffusi•ri­

ties are so high, that tt.e diffusion in the particles will 

net be a rate determining step under normal circumstanceso 

Diff~sion in beds 

TJ1e diffusior. in a porous bed. may be predicted with fair 

accuracy provided the diffusivity of the species in water 

is knowno The mechanism of diffusion is a diffusion in the 

water in the pores between the particles. For the zeolite 

material which is groL.:..."'1.d to particles of about Oc 1 mm only 

tortuosi ty effects and rJorosi ty are expected to influence 

the apparent bed diffusivity. Fer the clay/quartz material, 

however, tr"e r;lay particlE'S are so small that it must be 

considered if it is not possible tha~ the ions ire hindered 

by the small geometric sizes of the pores. To check this we 

performed a few experime~ts, first with zeolites to test the 

methocl for determining the diffusivity in a bed and then 

with the clay material whic~ has been proposed by Pusch (1977)0 

As the clay material will expand with great pressure when it 

is wetted, ~he casing for containing the bed had to bE made 

strongo It consists of a teflor" block with a cavi t:,-, Jn this 

cavity the bed is contai~ed by a lid of a glass filtj~ which 

is scrAweci on tig~to The block is theL pla;;ed in a glass ve'::::d 

with a stirrer. The technique for determining the diff-u.sivity 

in the be:l is very similar to the techniq_ul? described preyi c,,, ;o­

ly for determining the diffu.::ivity in. the particles. The beJ 

is now a large one-sideJ particle. The details of the experi­

ments togetter- with the resu:. ting diffusi vi ties are given ii_ 

t2,lcl e 5. 4 bE'l 01,-. The diffusivity for t:1e bed with z eoli t e s i.; 



Table 5u 3 

Data for the narticlf' diffusivity experiments with Clinoptiloli te 

K1-11cr:i_ men L nr. 

ion 

c.: initial cone mg/1 
0 

,{} temperature oc 

d particle diametc:r:- mm 
p 

C cqui.1i bri lllll cone mg/1 
a, 

Kd 
II - constant 

half t,;2 time s 
2 

1J e diffusivity m /s 
p p 

J, amount of material 

V " water 

z 
p ~ I , 2 c/ cmJ 

p 

7, 
cm//g 

g 

g 

1 

Sr 

4.7 

25 

0.2 

0.38 

2060 

7200 

2.2°10-12 

2.76 

500 

* time to reach 70 % of equilibrium. 

2 3 4 

Sr Sr Cs 

4.7 4.7 9 

70 70 25 

0.2 0.2 0.2 

o. 1 5 0.05 0.-17 

4600 6700 526•) 

2220 522 ~.10 

37-10- 12 32 • 10 
-12 1 .. 2°10-10 

o., 614 1 .417 0.464 

500 500 500 

5 6 

Cs Cs 

9 9 

70 70 

0.2 0.2 

0.29 0.29 

2200 3280 

516* 
* 

552 

4.7.10- 10 4.9.·10-10 

0.556 o. 514 

500 500 



E·-·p•' r·i m nt nr 

iVlateri:l.l 

ion 

,' initial 
0 

concentration 

~ tPmpe ra tu1·e 

d particle diameter 
p 

'l· :-1 b l ,:,. 1) •• ; 

Data for thn bed liffusivity experiments 

mg/1 
oC 

mm 

"j 

Clinoptiloli tn 

Sr2 + 

5.0 

25 

0.04-0.07 

(~ equilibriun1 concentration rng/1 0 .091 
. co 

K " uonotant cm3/g 290 
,] 

2.76-105 
~ half time s 
,; 1 /? 2 1.1-10-10 
DBeB diffusivity m /s 

V p 
m3/m3 __p_ amount of water to material ? ,1. 7 tj 

L Pv 
7: bed depth mm ") 

0 

2 

Clay 10 ~~; quartz 90 % 
Sr2 + 

5.13 

22 

0.63 

8.4 
6 .1 OJ 

1.3°10-10 

14.2 

5 



quite what was expectedo The diffusivity for the bed with 

the clay is of the same magnitude and it can thus te con­

cluded that the~e are no spacial effects in the clay mate­

rial from the diffusion point of viewo In both cases the 

diffusion may be describeu as a p~re diffusiono 

In the above experiments the bed was chosen so deep: that 

the time dete~mining mect-anisrr. is the diffusion in the bed 

and not diffusion in the particl eso The criterion for this 

is given by Ruckenstein et al (1971)0 

D e 
~> 

2 
r 

0 

The experimental bed is shown in figure 5o2 belowo 

</)Jomm 
I Gloss filter 

Smm 

Fig. 5.2 Device for fanning the bed in hed diffusivity experiments 
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6 Discussion and conclusions 

The filling mate:rial has many duties, the main duty being 

to protect the capsule. A secondary duty is to retard any 

leaking radionuclides in their transport towards the surroun­

ding rock and the flowing groundwater. The rock itself also 

acts as 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. 

The filling material as a barrier 

The filling m2.terial must he 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 zcolites. The chemical stability of 

these materials also seems to be very good. Many zeolites are 

formed unde:r conditions similar to those to be expected ir... 

the repository. 

Mechanical protection of the ca:rsules from movements in the 

rock is discussed by Jakobson and Pusch (1977) in connection 

with clay and. quartz. 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 scr,:2 porous, 

brittle material, this would compress under the stresses and 

the capsule would have to stand less stress. Ma.."rly zeoli tes have 

a rather brittle structure and this property could be choseri 

to suit the needs of mecha...~ical protection. The drawback of 

using zeolites instead of 1uartz is that zeolites may cement 

afte:r a long t~me and thus not refill any crack which may have 



47 

formed in the filling material. Also zeoli tes have much 

lower heat conductivityo On the plus side however, the 

zeolites have a much higher ion exchange capability than 

the clay/q_uartz mixtureo 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 radioactive 

material, wh1.ch probably is expensive, or by wetting the 

zeolites with watero Zeolites as a filling material would 

increase the permeability as com:pared to the clay/q_uartz 

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 reposi to}'Y can be 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, j_f the rock itself is not seriously 

defaultedo For the short d~stance of a meter or less, which 

is considered for barrier thickness, the transport of matter 

due to flow is much less than the transport due to diffusion 0 

A moderate increase in the water velocity will thus not in­

crease the trhll.sport of nuclides or other reacting specieso 

See 4o1. 

The effects d.::..scussed above give ".l.O way of making a clearcut 

choice between the filling materialso At present mors emphasis 

has been put on the clay/quartz partly due to the fact that 

more is knc,m of this material and how to handle it. There 

are however some d.iffuculties in handling the clay mixture 

which will not be present if zeolites are usedo 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 zeoli te, 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 nucJide 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 barrier may be further improved by 

using mixt1<.re;.: of natural zeolites or even using some very 

selective syinlletic zeoli tes. In the table below the thick­

ness necessary to retard some nuclides 30 halflives is given 

for the clay and the Clinoptilolite alternatives. 

It is evident that a 0.2 ~ clay barrier has practically no 

nuclide retarJing effect, whereas a zeolite barrier this 

thick will stop Sr and Cs totally a.~d probably also Am241 • 

It should be stressed that a doubling of the barrier depth 

wj.11 increase its efficienc;y 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.: 

Barrier depth in meters to retard some radionuclides 
3C halfli ves. 

Nuclide 10 % clay + clin optil oli te 
90 % quartz 

Sr90 1 0.2 

Cs137 1 0 .1 

Ra.226 40 L5 

Am 
241 1 0.1-0.7 

A-:r:243 5 0.5-2,5 
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barrier and not that which is produced by decay in the 

barriero 

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 some other 

cationa will be retarded more cy zeolites than by clayo 

The diffusion of noninteracting species has the same velo­

city in both barr~ers. 

Costs of the natural zeolites are probably somewhat higher 

than for the clay-quartz mixture, but don't seem to be 

* prohi bi ti veo 

Zeolites as filling material form a good barrier for many 

of the iir.portant nuclides by their high ion retarding capa­

bility c They would form an additional independent barrier. 

The clay/quartz mixture has a lower permeability on the other 

hru1do 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 to ions as ~ell as such oxiding agents 

as oxygeno 

With the present knowledge there is no clearcut choic0 between 

the clay/quartz mixture and t~e zeolites as a filling mate­

riaL A risk a.Dalysis may give a better indication on the need 

for an ion exchange barriero 

'I'he rock a.s a barrier for nuclide transport 

The rock retards thE transport of the nuclides in two wayso 

Due to thc: 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 fob price is about$ 100/ton, in 
100 OOC t01: lots it is $ 75/ton when ground. to less than 
100 mesh(< 0.1 mm). If boug~t in the form it is mined, the 
price is$ oO/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. 

Water flow 

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

great depths. There are some data available 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 dire'ct contradiction to what could be extrac­

ted from the t::'acer 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 collectecJ. and analysed before any firm conclu­

sions may be drawn. ThE: motlel used here may be a good startir.g 

point. 

With thi;:: warning in mind, we may speculate somewhat on the 

consequences if the model and the data were applicable. 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 mc·:I 

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 ',ms made to determine the dispersion from the 

correlations valid for porous mec..ia of sand type. These 

expressions give dispersion values which are lower -oy !!lore 
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than 8-YJ. order of magnitude. Moreover "normal" dispersion 

will not give so long a tail as was observed in the 

Studsvik runso 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 rad.ionuclides. This may in some cases be advanta­

geousc 

Retardation of radionuclides in rock 

Many of the nuclides interact with the rock, The mechanisms 

of interaction are unknown to a large extento They include 

adsorption, j_or.. exchange, precipitation, "irreversible" 

reaction and probably other mechanisms alsoo All these effects 

have been lumpGd into 0110 overall parameter - the eq_uilibrium 

"constant". It has been a::.'sumed that the wetted surface of 

the rock determines the amount of interactiono The eq_uili­

briui;; constant therefore is expressed as a surface eq_uili-

bri lli'll constant, Many ex;,erimental results reported in the 

literature support this, but there are some indications that 

at least soTe reactio~s may occur below the surface also. 

This is a poi1:.t of in:portance, because if the volume of the 

rock Qay be ~tilized for the retarding reactions, very high 

retardation factors may be achieved if penetration ti~es ar2 

sufficiently long. There should be plenty of time available 

for the nuclides to penetrate deep into the interior ~i the 

rock proper in the real repository. 

Due to the surface reaction assumpti~n, the dispersion of the 

re-l.;ard.ed nuclides should be ever, larger than for water. Frei 

the analysis rJf the Studs\'ik runs j_t was seen that the fir,:t 

of the nuclide arrives at about one fifth of the mean 

ar2.·ival of the nuclide. Th.is mean.s that the retardation fac­

tor is r.ct fully utilizec:. Or: the other 1:iand., fer a surface-
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reaction mechan~sm, 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 nuclide velocity thus may become very 

small at large depths. 

The rock ma;y be a.'1 effective barrier for Cs1 37 and Am241 • 

Many other nuclides including sr90 will also be conside­

rably delayed" 

Su6~estions for further investigations 

If zeolites are to be ~sed as filling material, a detailed 

st~dy should be made on Clinoptilolite, which at present 

seems to be the best choice. Detailed studies on the equili­

bria of Cs, Sr, A:m, Ra, Pu, U and Th should be made. Special 

emphasis should be put on the complex formation in various 

probable water compositions. The reaction mechanisms should 

also be investigated more thoroughly. 

The same kind of investigation could be of interest for the 

cla~r/q_uartz filling. This is interesting only if the barrier 

thickness o: about one meter or more is considered. 

The same ty:i:: 2 of j_nvestigation should be made on rock. In 

addition to this the possibility of reaction in depth should 

be clea:ced. 

b goo1 description of the fissures in rock should be made. 

This must be coupls,d to ratber extensivE: experimental work, 

to confirm t~e model for ion retardation. In situ or simula­

ted in <::itu runs are of great impcrtance for such confirma-+:,ion. 
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7 Notation 

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

than those indicated here. In such cases this has been 

clearly indicated. 

a 

b 

C 
0 

C 

C 
0 

Cc:c 

DB 
D p 
D r 
D 

X 

g 

specific surface 

half width of channel 

total concentration of ions in liquid 

concentration in liquid 

feed concentration 

equilibrium concentration 

diffusivity in ·bed 

pore diffusivity in particle 

radi2l aispersion coefficient in bed 

axial dispersion coefficient in bed 

gravitational constant 

i hydraulic gradient 

K volume equilibrium constant 

K surface equilibrium constant 
a 

' "1 K. 
l 

q 

mass equilibrium constant 

permeability 

mass action equilibrium constant 
u 

retardation factor 
0 

u. 
l 

u 
retardation factor ..J2. 

u. 
l 

mass of solid phase 

volume of bed LB= 1/(1-eB)/pp 

total concentration of ions in ion 
exchanger 

conce~tration in solid phase 
II 

m2 particle 

m3 particle 

m 

mol/rr.3 

kg/m 3 liquid 
II 

" 
2 

ID /s 

" 
"-

2 
m/s 

m/m 
m3 ligui d. 

m3 particles 
,:: m..., li9.uid 
2 p2.rticle ID 

m3 liguid 
kg partic1es 

m/s 

kg 

m3 b d e 

,: 
mol/rn_,, 

k[/;.:_[ payt~ cl, 

kg/m 3 bed 



r 
0 

s 

T1/2 
t 

t 

t2'5 

tK 
p 

t1/2 

u. 
l 

u 
0 

u 
p 

V 

radius of particles 

fissure spacing 

half l~fe 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 

velocity of ion "i" 

buJ.k v 0~:::..oci ty 

velocity in pores up= u 0 /eB 

mass of lir,_uid 

xA mole fraction in liquid 

yA mole fraction in ion exchanger 

z depth in bed 

of oed 

particle density 

temperature 

eB bed porosity 

€ p 

a 

particle porosity 

viscosit:i 

standard deviation of fissure widths 

ew relative retention time of water t/t2b 

e w K 
' p 

relat~ve retention time of water t/t 

t relative rete~tion time of nuclide 

K p 

relativa retention time of nuclide 
1 

tK k. • l 
p 

m 

m 

s 

s 

s 

s 

s 

s 

m/s 

m/s 

m/s 

kg 

m 

m 

kg/m3 
oc 

2 m /s 
m 

5 ,, i. ~ 
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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 Landstrom et aL at Studsvil: 1977. A model 

based on the concept that the rock is fractured and 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 eQuation 

u 
p 

Kp is called the permeability, up is the mean velocity in 

the pcres and E:B is the porosity of t:be mediumo '.!.'his is a 

lumped parameter expression of the simplest kind. It gives 

no information on the velocity distribution or the reten­

tion ti~e distribution. It thus will not be able to tell 

when the nuclide first arrives at a spot. 

r.10d.el which "e have made is an extension 

of the Snow ~8del. Snow (1968) assumed that the rock is divi­

~:ei in~-o parallel slabs, leavinc small flat channels :_,2tween 

these. The ,·eloci ty i~1 such a channel may be dete:c-m.:.ned from 

laminar flo~ theory. 

u 
p 

g__ • (20) 2 · 
12v ' l 

f' is the gra~Titational constant, vis the kinematic viscositJ, 

2b is the cr,2..rmel widt:b an:l. i is the hydraulic grac.ient. Giv,:·, 

a spa::::ing of the chanr:els the porosity may be deteYmined and. 

also trie yermeaoility Ko '.I'r,e equations are given i::1 a se,,2.:".'3~-:: 
p - -
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Tabie A 1c1 

EQuations relating various factors for flow of a f:uij 

in fracture~ rock. 

General relations 

K p 

u 
0 

k: 
l. 

. 1 
li:. 

l. 

k: 
l. 

k. 
l. 

= 

= 

u € 
-E._ 

i 

u E: 
p 

1 + 

1 + 

u 
0 

= u. 
l 

a K 
a 

pK 
d 

1 

k.' 
l. 

permeability 

uulk 

• £~ 
.D 

velocity 

retardation factor based on pore 

velacity 

retardation factor based on 

bulk velocity 

Special relations for a rock with parallel fractures of 

equal width, 

K 
p 

eB 

a 

u 
p 

u. 
l 

u. 
l. 

--

= 

2b porosi t;y 
s 

2 specific area 
s 

fluiQ velocity in fracture 

( 
7, 

...JL 0 2b) ✓ 
12v 2K 

...JL 
1 2v 

a 

• i ion velocity when K >> b 
a 
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If the channels don't have the same widths, the velocities 

will be different in the ·rarious 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 nuc:;.ides. lf tr.e freq_uency 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 freq_uency of different fissures could be 

determined from residence time data. 'I'hi s would theYl give 

valuable infori:,ation for :lE-termining the adsorption on the 

fissur0 wallso 

The velocity of the nuclides 

Those nuclide,'3 which inte:...0 act with the wall will move slower 
1 

than the wateL The reta::i:(:ation factor k .. may be determined 
lJ 

from the eq_uilibrium con star~ -t and the channel width. If eB<< 1 

which may be as SUIDE;C1. for the :cock 

k: 2K 
ai 

u 
~ ..Li 
I + 

lj 2b. U. 
J l j 

K . is the 2·u.rface eq_uili bI·i wn constant for nuclide "i" 
O.l 

2b. is the chanriel width of channel "j ". u and u. are the 
J p l 

water &"ld nuclide velocities respectively" For readily adsor-

bing species or when K > b~ the nuclide velocity can be 
a 

writ tE:n 

u .. 
lJ 

( 2b.) 3 
_£_ 
12v 2K 

a 

• i 

The :rnclide velocity is r;roportional to the cube of th':' 

chs.r~nel widt~,. If the f:::-e:iuency of t!le width of the fis:::urc2 

i2 }::::10wn, the re2ide:1cetime dist1°ibution of the nuclide.:: car. 
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The Studsvik exrerimeYJts were performed by giving a tracer 

pulse in one borehole and observing when and how the tracer 

arrived dowrc.stream in two ether boreholes. The measurements 

were made at about 30 m below the water surface. The distan­

ces between the holes were 22 and 51 m respectiv-ely. The 

residence time dis~ribution of the water was measured by 

t 7 f - . +. B 82 .., 85 d th using a racer :1;u_._se o raaioacvive r • ~r an some o er 

nuclides were used to study the adsorption a..YJ.d retardation. 

Only the Sr data will be 11sed here. Sr was retarded by about 

a factor 6 in both the 22 m a.YJ.d the 51 m paths. 

In the recieving borehole in the 51 m path, there was a pump 

which kept th2 hole empty. This makes it difficult to inter­

pre-:: the de.Ta as the hydraulic gradient is not known with 

certainty. 

Using the model described above, a normal distribution was 

assumed for the c::1am~el v:idth. The mean width and the stan­

dard deviation were determined by fitting the experimental 

and the coi:1}:>1.:tul resiierice ti.me distributions. The tracer 

res1rnnce curues from the Stu.dsvik runs are shown in figure 

1,. 1,"I l.Jelow, The: circl':?s are experimental values and the Ci.lrv 

is comruted by uce of the model. 

Iata fo:c0 thcc e:q.eriments ard the evaluated mean channel 

-,;i:: '0hs ar..d. t."leii0 standard deviation are given in table A 1.?. 

Ey~raulic gradient 

Iv.ear, :pore ·,:id th 

22 m 

35 h 

m/s 
0, 1 ~ m/ :n 
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'~ 

--.rr---~9 
.....__-48----~-,-----__._z_~---~J----,---__,_¥ ____ ,--__,_• __ ...,"I' rt!lot,ve 

z e.., t,me 

Fig. A. I. I Comparison of theoretical and experimental retention time distributions 

for water 

With these dat~ the tracer response curve for a nuclide 

with a large retardation factor was computed. The results 

are sl:own ir.. figure A 1 .2. The computed and experimental 

results compare well as far as the shape of the curves is 

concerned. The measured and computed cor1centrations have 

been normalized at the peak. The measured concentrs:ti:-in was 

somewhat lower than the computed. Arr.ore detailed cor.1parison 

would be meaningless as the radial dispersion was conside­

rable in th~ experiments. The model does not take this in 

ar,count. 

The relati-,.te times eN ,K a:·id 8W K in the figures an;' relateC:. 

p ' p 
to the time it would take if all che..nnel s had the sa:-2:e width, 



.Appeniix 1 

6 

This width is chosen such that it would give the permeability 

which could be measured. This fracture width is so~ewhat 

(~ 10 %) larger than the TI!ean width in the normal distributi::,n_ 

The relative times eN ar..d ew are related. to the time of tra"12l 

in the chan;1el of mean width in the normal di stri but ion o The 

figure A i.3 shows the breakthrough of a step input. 5 % of 

the step concentration is reached already after 20 % ot the 

mean time expressed as eN,K • At the mean time the concentra-
.,:p 

tion has reach9d about BC~ of the input levelo 

The retardation factor of 6 which was determined from the 

comparison of B:r and Sr tracer tests in the rock, also com­

pares well with what can be determined. from laboratory deter­

minations on equili bri,.i_m constants. With the relation between 

the retardation facto:: !U'Jd surface equilibrium constant, re-:.a:._'­

dation factors of 6 anu 3 were determined from the Allard 

(1977) and Landstrom datu ::_~espectively. The specific surface 

::oncentrol,on 

( ~ 

+ 

I 

i 
~ 

:_ ------- f 

i 3 

Fig. A.1.2 Comparison of theoretical and experimental retention time distribution, 

for Strontium 
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of the crushed rock particles used for determining the K -
a 

values were computed by assuming that the particles are 

spheres and that the outer surface is the only active sur­

faceo The relation between Kd- and Ka-values is given belo,: 

K £. ° K 
a a d 

and 

a = 
6 
d p 

for spherical particles 

The laboratory and in si tu results compare well. The very 

limited in situ data available are not sufficient to con­

firm the validity of the ~odel used in these comparisons, 

nor are the data sufficient to validate the use the geomet­

ric surface to describe the active adsorption surface. 

re/olive 
concenlrol,on 

c/co 

I r-------================ 

Fig. A.1.3 Bre,1kthrougb curve in rock for a nuclide with large retardation fictor. 

Times are related to mean breakthrough time:: 
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The results indicate that it might be possible to use ver;; 

simple laboratory measurements for determining equilibrium 

data for the r-ocko They also indicate that the model used 

for describing the fissures in the rock might be useful for 

predicting not only the mean breakthrough time but also the 

first arrival of the nuclides. 

Due to the importance of this barrier and the fact that tLc: 

e:arly ;:,a:rt of the breakthrougb may arrive at about one fifth 

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

is made. This should include the in situ or simulated in situ 

ex1)er.i.ments of more nuclides anc. an attempt to rorrelate actual 

fissures in the rock to the b:roakthrough curve. It may al:::o 

be \,o:rthwhile to make a more thorough etudy of the modellinc 

of rock fissures. The above model indicates that there is no 

radial di2:;:;ersion, whic!. is not true. Radial dispersioci may 

De much core im:;:·ortant in rock than in other porous media of 

Th::- 2a::~d t:,~::. A veTy sim_ple calculation assuming a cube t~.rpe 

stTucture of the rock indicated that if the cubes are orien­

tei iiagonally in relation to the hydraulic gradient, the 

radial and axial dispersions are of the same magr,i t ucl c·. 

This would give a very strong and b81eficial diluting eff~ct. 
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1 Definitions of basic equations 
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1 ( 11 ) 

The ion exchange process may be represented by the following 

equation: 

zA = charge of cation A 

zB = charge of cation B 

Subscripts z and s refer to the zeolite and solution. 

The selectivity coefficient is defined by the following rela­

tionship: (1) 

where 

'.;;B 

(qA/cA) 

Q = total capacity of the ion exchanger 

c = total concentration in the solution 
0 

The thenwdynamic equilibrium constant k is defined by: (2) 
a 

YA' YB = ionic activity coefficients of the ions in the 

solution 

fA (z)' fB(z) = activity coefficients of A and Bin the 

zeolite 

The free energy of exchanf'e 

RT ln k • 
a 

AGO • . 
w is given by: (2) 
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The most conunonly used selectivity coefficient in ion­
exchange theory is however defined as: 

ZB 
A I (yA/xA) 

(k) = ---
13 ZA 

(yB/xB) 

where: 
CA 

XA = C 
0 

Y.4.. = qA/Q, 

c = total concentration in the solution (meq/1) 0 

cA = concentration of A in the solution (rneq/1) 

Q = total capacity of the ion exchanger (rneq/g zeo2.ite) 

qA = amount o: A in the ion exchanger (rneq/g zeolite) 



2 

a) 

b) 

Method of calculation 

Appem .. ix 2 

3 

k is estimated from Breck's data (2) if experimental a 
data is not available 

k!-values for Strontium, Cesium, Europeum for differ,mt 
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 refarences (4), (5) and author's quarterly reports. 
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It is assumed that the gruund water has the following compo­

sition: (7) 

N+ 288 mg/1 F 1.5 mg/1 
a 

l{+ 10 mg/1 Cl 500 mg/1 

big2+ 15 mg/1 S02 -
4 

200 mg/1 

Ca2+ 75 mg/1 Hco3 200 mg/1 

Total 1105 mg/1 

pH ~ 8.2 

3.2 Equilibrium data 

It is assumed that all equilibrium data obtained from the 

Department of Inorganic che~istry are correct and the follo­

wing equations 

or 

are used to calculate (k~) 1• 

Further::,ore k! is also assumed to be constant. 

These assumptions have beer. tested using the equilibri1.1I'.": 

data obtained from literature (8) and the data from the 

Department of Inorganic :::hemistry (3). The agreements 

betwee~ these equations and the experimental data are 

found to be good. 



Another relationship is a~so used: 

for all zeolites. 
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The results of th:, 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 Clinoptiloli te ( Q, = 2 me q/ g) 
0 

Equilibrium d2ta for Cesium, Strontiu...~ and Europeum. Equi­

librium co:nst3.nts are obtai!'led from the Department of Inor­

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

a) 
,., . vesiu..r:1: 

q_ ( me q_/ g) 
- (meq_/ g = 432.8 

s oJ.ution C. 

b) StrontiUTI: 

a_(meq_/ g) 

c (me q_/ g solution) = 1 8. 9 

C) EuropPum: 

q(meq/ g) 

c (me q_/ g s cl ution) = 3.5 

4.2 Chabazi te 

Capacity: 
me q_/ g 

Q, = 2.6 
0 

Equilibrium uata: 

3,) Cesium: 

q(rneq_/g jo:n exchanger) 

c(meq_/g solution) 359.2 



b) Strontium: 

q (meq_/ g zeoli te) 

c (meq/ g solution) = 15 3. 05 

c) Europe um: 

q (me q/ g zeolite) 

c (meq/ g solution) = 61 • 85 

Eri oni te 

Capacity Q = 2.2 meq/g zeolite 
0 

E q ui 1 i b r i Uill d at a : 

a) Ce s i U:'T!: 

a (me q_/ g ze olite) 

c (me q_/ g solution) = 294.6 

b) Stronti uJn: 

a (me q_/ g zeolite) 

c (meq_/ g solution) = 196.0 

c) EuroFswn: 

"'.' zeolite 
solution) 

0.0044 

4.4 Phillinsite 

Estimated capacity= 3 meq_/g 

Equilibrium data: 

a) Cesiu"'.!l: 

ze oli te 
= J 86. 5 

2oll1.tion) 
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b) Strontium: 

'Y ze oli te 
solution) 

c) Europ8um: 

zeolite 
solution) 

= 

= 

22403 

0.014 
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It should be mentioned here that experimental data for Ca2+ 
2+ / and Mg at thf"' total concentration of 18 meq_ 1 are usually 

not available. However these can be estimated from Breck's 
data at another level of concentration and the order of 
affinity. 

a) Cliniptilolite 

Ion X. 
l 

i 

Cs + 
0 .01 

K+ 0 .o: ~4 

Na + 
0.6254 

Q = 2 me q_/ g 

Selectivity 
coeffts 

(ki I 
2+) 

lVlg 

150 

66.67 

16.6'7 

Source of 
data 

Breck (2) 

Koon & Kaufman (9) 

(esti:rnated) 

Sr 2+ 

Ca 2+ 

0. 01 

002·1 073 

2.7 

1 • 3 8 

Inorganic ahemistry (3) 

(estimated) 

Mg 2+ 
0006948 

also 

at C = 18 me~/1 
0 

b) Chabazite 

Ion X. 
l 

K+ 0.0144 

Cs + 
J. C1 

Ca 2+ 
0.21073 

Sr 2+ 
0. 01 

Ivig 
2+ 

0.06948 

Ne. + 
o.68540 

1 • 0 

Inorganic c:hemistry ( 3) 

Q = 2.6 me q_/ g 

(ki )1 Source of data 
Na + 

14. 85 Breck (2) 

3.3 Inorganic cher.,is try ( 3) 

1.9 EGtin:ated 

1 • 865 Inorgc-.'1ic cte:ni:=: try ( 3) 

1 • 500 E2ti1Lated 

1 • 0 



also 

0.035 
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Inorganic chemistry(3) 

. I, 
(k1 ) s are c~lculated at C = 18 meq/g 

Na+ o 

c) Erioni te: 

Q, = 2 • 2 Y.Je q/ g 

Ion X. 
l 

(ki )I Source of data 
Na+ 

K+ 000144 10.6 :Breck's data (2) 

Ca2+ 0.21073 4.5 Estimated 

sr2+ 0. 01 4.406 Inorganic chemistry(3) 

M/+ 0.06948 4.30 Estimated 

Cs+ 0. 01 4.0 Inorganic chemistry(3) 

Na+ 0. 6 85 ,-1_ 1 • 0 

also 

Inorganic chemistry(3) 

d) Phillipsite 

Estimated cc.pacity = 3 meq/g 

Ion 

K+ 

Cs+ 
2+ 

Sr 

ca2+ 
Na+ 

M/-t-

x. 
l 

0. 01 44 

0. 01 

0.01 

0.21073 

o.68539 

0.694s 

also 
3+ 

(kEu )I= 1.2 •10-4 
Na+ 

237.7 

22. 85 

6. 17 

1 • 65 3 

1.43 

1 • 0 

Sou~ce oi' data 

:Breck (2) 

Inorg. chem (3) 

Inorg o chem ( 3) 

Estimated 

Estimated 

Inorg. chem (3) 
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Eguilibrium measurements with various zeolites 

Contents 

Eq_uilibriu.m rr:easurements with various zeolites 

Tables 

Cs+ and the zeolites Clinoptilolite, Chabasite, Erionite, 

Mordenite, Phillipsite 

Sr2+ and the zeolites Clincptilolite, Chabasite, Erionite, 

Mordenite, Phillipsite 

Eu 3+ and the zcolites Clinoptilolite, Chabasite, Erionite, 

Mordenite, Phillipsite 

U and the ::eoli tes Clincptiloli te, Chabasi te, Erioni te, 

Mordenit 0 , ?hillipsi~~ 



Equilibrium measurements with various zeolites 
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These experiments were performed at the department of 

inorganic chemistry by Erik Lindgren and Bodil Steby 

during the swnmer 1977. The results are given in the 

attached tables. A condensed table of results is given 

in table 5c2 in the main report. 

The zeolites Clinoptilolite, Chabasite, Mordenite, Erionite, 

Phillipsite were used. The zeolites were first eq_uili­

brated. with the synthetic groundwaters. The necessary 

amonnt of water was determined by analysing the effluent 

from a fixed -oedo The groundwaters I and II with total 

salt concentrations '1105 and 293 mg/1 were used, see table 

5.1 in the main report. Five different amounts of zeolite 

were used for each ion and water. (1.00,.30,.10,.03 and 

.01 g). The water volume used was 30 ml. Original concen­

trations of the ions were: Cs-14.7 mg/1, Sr-5.00 mg/1 

mid T.J about 1 C1 mg/1. The water-zeoli te mixture was shaken 

for 7-8 days in a thermostated room. The temperature was 

kept at 20°c. The water was filtered and the solution was 

analyse::1 in ar. atomic absorption spectrophotometer. 

Uraniur:-, was ar,alysed by a light spectrophotometric met:hod. 

Ec_;_ropeum co-c1ld not be r.1easured by atomic absorptior, '°J"-2c-'cro­

pr:otometry as tlle solubility was much lower thar. expected. 

Radioactive measurements were used. 

At the start of the experirner.ts the Eu solution proba:_-,ly 

was supersaturated, ~ut no precipitation could be observed. 

More than a week later a })recipi tation had formed. Because 

of this two different equilibrium constants have been calcu­

lated. One-K was determined using the ori,)"inal cor:ce::itra-
a -

tion 22090 counts/minute ans. 16709 counts/minutE, res_i:ecti-.-2-

ly. The second-Kb is based on the activi-'cy of the filtered 
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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 ru.~ on the concentration in the solution after 

different timeso The result of this test is shown in the 

figure below,, 

concenfrot t'on 

C ~jt 

c/mcpt1lo!tte 0, too 17!f 

.3 Srlr c0 , s "'J/1 

1 

, t-
I 

l time 
j I I ► t days 

I l,, .3 ?' 5 6 ; ,! 'I 

Fig. A.3.1 Conce;ztration versus time in one equilibrium experiment 



Results for Cesium 

Experimental conditions 

C 
0 

Cs+: 14, 7 mg/1 
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Water : I= total salt content 1105 mg/1 

Temp : 20°c 

'I'i.~< 8 days 

Vol um.e: 30 ml 

Arr,01.mt g 

I 0.9999 

0. 302 3 

0.1008 

0.0313 

0.0093 

II 1 • 000~ 

o. 3 on 
C. 1 008 

0.0309 

000104 

II = " 

Final concent­
ration 

(rr:g/1) 

0.3 

0.8 

2.8 

5.7 

< 0 .1 

< 0 .1 

< 0 .1 

Oo5 

2.2 

2 93 " 

K 
mekv ze oli te 
mekv g sol uti 0:,1 

2.2°103 

4. 8 • 1 o3 

5.2-103 

4. 07 • 1 o3 

5.09°103 

> 4 • 1 o3 

> 1°104 

> 4•104 

2.s 0 104 

1 • 64 • 1 o4 



4 

Cs+- Chabasite 

A:riou..YJ t Final ccncent- K 

(g) -ration mekv zeoli te 

(mg/1) mekv g solution 

I 1 • 001 0 < 0.2 > 2.2°103 

O .2 997 0.2 7.2°103 

0 .1022 0.4 1.1°104 

0.0296 1 • 2 
L1 

1.14•10' 

0.0103 4.4 6. 82 • 1 o 3 

II 0.9995 < 0. 1 > 4• 1 o 3 

O .2 997 < 0. 1 > 1 °1 o 4 

o. 1 on < 0. 1 > 4• 1 o 4 

0.0319 o.s 2.7°104 

0.009s 2.3 1.65°104 

-:s + ~-.,--.; r-," . .: + -- ...:.,_ ---- • __ _,, __ _!_ vc 

A:::-,o;_u1 t Final ccncent- K 

(g) 
1:ation rnekv ' ze oli te 

( ,;_z;/1) rnekv g .3 C 1 ~1 t i o:r 

~ 0.9987 < 0.2 > 2.2°103 
,; 

0.300s < 0.2 > 7.2°10 ✓ 

0.1 OH 0.3 1.4°104 

0. 032 0 1.3 9.66•'iU 
7, 

0.0096 4.9 6.25-10 3 

Il 
,, 

.9997 < 0. 1 > 4-103 

0. 3C;C5 < 0. 1 > 1 • 1 o4 

0.0998 0 '.) ·- 2.2°104 
I, 

0. 02 97 0.8 1.s,10...,. 
,, 

0. 0()98 3.3 1 • 06 • 1 G '-c 



Cs- Mordenite 

Amomit Final concent-

(g) ration 
(mg/1) 

I 1 • 001 6 < 0.2 

0.2994 0.2 

0.0997 0.4 

0 .02 90 1.3 

0.0092 4.7 

II 1 • 0009 < 0. 1 

0.3008 < 0. 1 

0.1006 0. 1 

0. 0317 0,) 

0.0098 1 • 6 

C"' - PhilliT,::c-i tc 

A;-::ou.nt Final concent-
ration 

(g) (mg/1) 

I 1 • 0003 0.2 

0.2996 0.2 

0.1031 0.2 

C. 02 98 o.s 
0.0109 3,0 

II 1 • 0002 < 0. 1 

0.2999 < 0. 1 

0. 1 007 0.2 

0.0313 0.4 

0.0092 ~ ~ 
I • ,) 

K 
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mekv a: ze oli te 
mekv gsolutiori 

> 2.2°103 

7.3.103 

1. 1 • 1 o4 

1 • 07 • 1 o4 

6.94-103 

> 4 • 1 o3 

> 1 • 1 o4 

4.4.104 

2. 7 • 1 o4 

2.51-104 

K 
mekv . zeolite 
mekv gsolution 

2.2-103 

7-3•1'J 3 

2 .1 • 1,} 

1.7°104 

1 • 07 • 1 0 4 

7 

> 4 • 1 C' 
·' > 1.1 o--+ 

2.2-104 

3.4-104 

3.36-10 
L1 



Results for StrontiuLJ 

C 
0 

s/+: 5.00 mg/1 
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Water I = total salt concentration 1105 mg/1 

II =" 
T 2o oc emp: 

Tj_~" : 7 days 

Vclnne: 30 ml 

Ion exchan~er: Clinoptilolite 

(g) 

I 1 • 0000 

0.3043 

0 .1028 

0.0311 

0 .0137 

II 0.299s 

0 .101 4 

0.0327 

0. 011 9 

Final co11centra­
tion 

0 .2 3 

0.33 

2.00 

0 .12 

0 .2 8 

1 • 02 

2.tt 

2 93 " 

K 
mekv zeolite 
rr.ekv g solut:_on 

6.22•102 

1.40-103 

1 .60-103 

1.447-103 

1.128•103 

4.07°103 
7 

4,99•10) 
7 

3,58•10_) 

2.254-103 



Sr- Chabazite 

Amount 

(g) 

I 1 • 0016 

C .2 95'8 

0 .1015 

0.0297 

G.0896 

II 1 • 0014 

o.299L'.. 

0.0992. 

0. 0 31~-1 

0.01-.2 

I 1 .002~ 

0. )QC,1!~ 

0.1·J09 

0.032c 

0. oosr1 

II "1 .0011 

0.2993 

0. 1 01 0 

'J.C:300 

~ l'c•i 07 

Fir;al concent-· 
ration 

(mg/1) 

0.04 

0.37 

1 .22 

4.49 

< 0 .01 

< 0.01 

C. 14 

7 • oc 

Final conce~tra-
tion 

< o .c~ 
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K 
mekv zeolit8 
mekv gr,." ,,c, on 

7 

3. 7 ° 1 0.) 

1 • 2 5 ° 1 o3 

9 • 16 °1 02 

5,56°102 

3 -5 5 ° 1 o2 

> 1 • 5 -1 o4 

>5.0-104 

1.04-104 

3.99-103 

2.488°103 

K 
mekv zeolite 
mekv c soluti01~ 

2 0 1 • 1 o3 
,; 

1.15-10-

7 • 07, 1 c/ 

7. 06 • 1 a2 

7 
4.49,,0-' 

1 • 9t • 103 

1 c;·~a:,1n3 
• .., i::::: ../ _, 



Sr- lVlorc~en i te 

Amount Final con cent-

(g) ration 
(□g/1) 

I 1 • 001 8 0.08 

0. 302 5 0.75 

0 .1020 2.35 

0.0300 3.86 

0.0109 4,69 

II 009995 0 .01 

0.3021 0.09 

0.0929 1 • 06 

0. 02 93 3.15 

0.0104 4 .2 Ii-

3-,._ P!li ~ l ·7 ...- .s 7 te 

Ac.aOllil t Final ccmcentra-

(g) tion 
(mg/1) 

1. 1 • ooc 3 0 .1 0 

0.30'11 0 .20 

C.0;!99 1 • 02 

0.0317 2.67 

Oa0-i11 4,15 

11 -1 • 00'.JO < 0.81 

0.3033 0.08 

0 .1013 0. 1 C 

0.0335 0. 60 

0 .012 8 2.co 
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K 
mekv~g zeolite 

solution mekv g 

1 • 8 • 1 o3 

5 0 62 • 1 o3 

3.32-1a2 

2.95-102 

1 • 82 • 1 a2 

1 o5•104 

5.4-103 

1 • 1 3 ° 1 o3 

6. 01 ° 1 o2 

5017. 1 o2 

K 
mekv ze oli te 
mekv g solution 

7 

1 • 5 • 1 o.J 
2.4-103 

'1 • 1 7 • 1 o3 
r-, 

3 • 2 6 • ·; 1,~ L 

~ 
2 

./. - 4 ° 1 0 

> 1.5,104 

6 • 1 • 1 o3 

1.4•:04 

6.57,103 

3.52-103 



Results for Europeurr, 

Experi~ental cinditions: 
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Activity at start I ) 7 0/' .c,•;.1. d 22090/. a ) t ,not _l.1. vere , min 

Water 

Te:-:-1p: 20°c 

Tin£: 8 day~ 

'J ol u.:T,:" 3 0 ml 

Tb' - ) 

IIa) 

IIb) 

I 

II 

Eu- Clino~tilolite 

Ar:-: o-Llri t 
(g) 

I 1 .0007 

C. 3 02 -1 

0.: 00: 

c.03_~3 

0.0111 

II 0.3017 

C .1 02.:: 

c.03'-io 

0. 0-1:? ~ 

Ac:tivi tY 
( C Ol~~ t :--

1 C: 83 

2sr:s 
2572 
2926 

5103 

2202 

2 94~ 

2 et s 

3382 

13/7, ilt:.:_ 

3 0 / 6 , r, C -v i u - .,, r' 

59830/10 min 

16709/min 

85744/10 min 1 3 /7, Li l te re Cl 

tota} salt concentration 1105 mg/l 

2 93 " 

/1 0 min 
3 ml) 

K 
a 

:: o u.n t s / min , 
[g zeolite , 

counts /min,J 
g sol utio:1 

3.9-103 

8.4•103 

2.5 .. 104 

6.7.104 

1 • 1 • 1 o5 

7.4-103 
·I 

1 • 6 • 1 0 <-

5.0•104 
r: 

1.2•10) 

1.0°103 

2.2°103 

6 .6•1 o3 

1.8•104 

2.9.104 

4 2.5•10 

5 .9.1 o4 



Eu- Chabazi te 

Amcu.,_-.,t 

(g) 

I 1 • 0000 

0. 3019 

0.1008 

0. 02 94 

0.0099 

II 1 • 0015 

0.3015 

0. 1 01 5 

l 1.0302 

0. 01 01 

-~- T."---..! r- - -i --

A-;,:, o ·X'.-. t 

(g) 

I 1 • 002 7 

0.3031 

0. 1 001 

u.0320 

0.0105 

II 1 • 00 3 0 

0. 2 99:~ 

0. 1 021 

0.03J3 

0.0102 

Activity in solution K 
(countf /10 rr;in , a 

3 ml) 

~ 

1666 3-9•10.J 

1922 .. 1 , .. o4 
I • I 

2089 3.1-104 

2172 1.0-105 
i::, 

2173 3.0•10_,. 

3417 
7 

1.4°10.) 

2393 6.8°103 

2300 2. 1 °1 o4 

1880 8.7°104 

2183 2.2°105 

I .. (c;tivit~{ i:r1 solutior, K 
(countr/10 min 

b 

3 ml) 

1806 3. 6 • 1 o3 

2000 1 • 1 • 1 o4 

i ?~ 3 3.4-104 

2202 9.3.104 

3746 1.6°105 

2624 1 • 9 • 1 o3 

1 8: 6 9.1-10 3 

1805 2.7°104 

2510 6.5-104 

2246 2.2-105 

Anpendix 3 
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Kb 

1 • 0 • 1 o3 

3 .0•1 o3 

8.2°103 

2.7°104 

8.0°104 

7.2-102 

3.5°103 

1.1°104 

4.4°104 

1 • 1 01 o5 

Kb 

9. 6 ° 1 o2 

2. 9 ° 1 o3 

9. 1 ° 1 o3 

2oLt 0 104 

4.3-104 

? 
9. S • 1 o-
4.6°103 

1.4°104 

3.3-104 
,. 

1.1•10,/ 
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Eu- Mo::::-deni te 

Amount Activity in solution K K-
a 0 

(g) ( 1 0 
counts 

ml) min,3 

I 1 • 001 6 1805 3.6°103 9. 6 • 1 o2 

0.2998 2008 1.1-104 2.9°103 

0. 1 021 1919 3.4•104 8. 9 • 1 o 3 

0. 02 94 2163 1.0-105 2.7°104 

0.0115 5066 1.1°105 2.8•104 

II 1 • 0009 2153 2.3-103 1.2°103 

0.3026 5001 3.2°103 1.6°103 

0. 1021 2025 2.4-104 1.2-104 

0 .02 94 2256 7.4-104 3.8°104 

0.0115 2979 1 • 4 • 1 o5 7.2°104 

Eu- Phi7-li-c2-ite 

Ar:: C i.12'1 t Ar;-t.i Yi t:v,. in solution K K 
,-, 0~1n .L.. C 

a b 

(g) ( - u..! '., - ) 
1 Oni __ , 3 iEl 

I o.999E: 1 862 3.5-103 9. 3 • 1 o2 

0.2997 2365 9.2°103 2.4•10) 

0.0995 2035 3.2-104 8.6-103 

1 .0-105 
f: 

0.0325 2013 2.6•"1l'' 

0.0096 1 931 3. 5 • 1 o5 :;..4•104 

II 1 • 002 0 6483 7.4.102 3. 7 • 1 o2 

7.2-103 
:z; 

0.3016 2280 3.6°10--' 

0 .1020 2624 1.8°104 9.3-103 

0.0320 2366 6.5-104 3.3-104 

0.0093 2298 2.3.105 1.2-105 
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Results frorr_ a fast test with a. filtered solution 

The Eu-solution i-.'as 14 days old. After filtration it had 

the activity 37186 counts/10 rnin, 3 ml 

I on exchanger: 

Water 
rn . 
J.lille 

Temr 

Volu'.Iie: 

Clinoptiloli te 

I total salt concentration 1105 rng/1 

2 h 

20°c 

30 ml 

A:rr1oun t Activity in solution K 
[ counts rnin 

counts rnin, 
zeoli te J 

g solution 

( g) 

0.9985 

0. 1 00 3 

0.0090 

( C OUll t S ) 

\ 1 0 l!iin, 3 ml 

3866 

4955 

1 31?) 

2. 6 • 1 o2 

1 o9•10 3 

600•10 3 



Results for Uranium 
Experimental conditions: 

C u 10 mg/1 
·.v~ter I = total salt 

II = total salt 

Temp: 20°c, Time: 8 days, 

content 11 05 mg/1 
content 293 mg/1 
Vol ~111e: 30 ml 

Amo cm t Fina:i_ concentration 
(g) [mg/1] mekv 

mekv 

Clinoptiloli te I 1.0000 9.7 

0.3008 1 0 .o 
0. 1 01 7 9.4 

0.0300 9,7 

0.0092 9.7 

II 1.0008 9.6 

0. 3002 9,6 

0 .1004 9.6 

O .02 95 9.6 

0.0098 9.5 

Chabazite I 1 • 0001 8.0 

0.3001 9.7 

0.1015 9.5 

0. 02 92 9,7 

0.0098 9o7 

II 1 .0003 2.5 

0.3008 5.7 

0. 1 011 7.8 

0.0307 9. 1 

0.0109 9.5 
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K 
ze oli te 

-·~. l ·~~· ~-.: 

0 

9.4 Within 

0 lytical 
e :::-Tors 

0 

0. 3 

1.0 

3. 1 V,'ri 1:1--_:_.'...~ 

11 lytical 
er:c·ors 

64 

6.4 

0 

6.2 Wit·in 
lyt i c: al 

0 errors 

0 

86,4 

70.0 

72.3 

64.4 

57.9 

ana-

ana-

ana-
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Ar:10-..mt Final concentr;ation K 

(g) Lmg/1] mekv zeolite 
mekv 

Erioni te I 1 • 0011 8.8 3. 1 

0.3004 9.3 4.3 

0.0996 9.7 0 

0. 02 98 9.7 0 

0.0097 9.8 

II 1 .0000 7.5 8.8 

0.3007 7.7 26 

0.0996 9,7 0 

0.0299 9. 1 66 

0.0098 9.7 0 

Mordenite I 1 • 0011 9.6 0.3 

0.2995 9.5 2 • 1 

0.0998 9.7 0 

0.0302 9.4 32 

0.0097 9.7 0 

TT 
~.1. 1. 0003 8.2 5.5 

0.3001 9.0 7.0 

0.0997 9.0 23 

c.0303 9.3 43 

0.0102 9.3 123 
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Ar.:ount Final co:::1centration K 
(g) [mg/1 J mekv zeolite 

so ution 

Phillipsi te I 0.9994 9. 1 2.0 

0. 3001 9.4 3.2 

0 .1 001 9.6 3. 1 

0.0309 9.7 0 

0.0104 10 

II 1 • 0011 * 9-9* 
0.2996 7.9 23 

0 .1007 8.3 50 

0.0307 9.3 42 

0.0109 9.3 120 

Blank I 0 9.7 

II 0 9.7 
orig.solu- I 9.7 
tion ~ 10 mg/1) II q_7 

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

yellow co□plex this ~ay ~ave influencPl the results. 
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