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SOME NOTES IN CONNECTION WITH THE KBS 

STUDIES OF FINAL DISPOSAL OF SPENT FUEL 

Ivars Neretnieks 
Kungl Tekniska Hogskolan Stockholm september 1978 

Denna rapport utgor redovisning av ett arbete 

som utforts pa uppdrag av KBS. Slutsatser och 

varderingar i rapporten ar forfattarens och 

behaver inte nodvandigtvis sammanfalla med 

uppdragsgivarens. 

I slutet av rapporten har bifogats en for­

teckning over av KBS hittills publicerade 

tekniska rapporter i denna serie. 



Some notes in connection with the KBS studies of final disposal of spent fuel 

Ivars Neretnieks 

Abstract 

This report contains four short notes on problems briefly studied in 
connection with the KBS investigations on final disposal of spent 
unreprocessed fuel. 

The first note discusses the possibility for thermal con~ection flow of 
water in the buffer material. It is concluda:l that thermal convection will 
not have a noticable effect on the transporc of water dissolved species. 

The second note reports some experimental data on the sorption of 
strontium and cesium on granite. 

The third note discusses the time required to accumulate a critical mass 
of uranium in the buffer material. It is conclud~d that it would take 
millions of years even if very unlikely series of events are postulated. 

The fourth note discusses the consequences of hydrogen production in the 
repository. It is concluded that no grave consequences are expected if 
escaping hydrogen opens a channel in the clay and in the rock. 
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1 Backgrund 

The buried capsules evolve heat. This heat will induce 
thermal convection due to the resulting thermal gradient. 
It is of some interest to determine if the thermal convec­
tion will induce a velocity in the clay barrier which will 
transport the nuclides and other components faster than 
other mechanisms. 

2 Estimation of the magnitude of the thermal convection 

Haggblom (1) investigated this problem. The thermally indu­
ced hydraulic gradient ith may be determined from 

o: t e 
= k 1 (k2+1) 1 

where o: is the thermal expansion coefficient for water. 
a is between 2•10-4 and 10•10-4 for water in the temperature 
range 20°c - 140°c. 60 is the temperature difference over the 
clay barrier. k1 is a constant between 1 and 2 depending on 
the geometry of the induced water movement. k2 is another 
constant dependent on the geometry. k2 can vary from Oto 
very large values. Haggblom used k1 = 2 and k2 = 2. Using 
these values and 60 = 20°c and the temperature at the cap­
sule wall= 80°C we get o: = 5.8•10-4 and ith = 1 .5•10-3 m/m. 
This is of the same magnitude as the figure often used for 
the hydraulic gradient. 

With this thermally induced hydraulic gradient, a permea­
bility of K = 10-10 m/s and with a porosity€= 0.25 for p 
the compacted clay it takes 20 000 years for the water to 
travel a distance eQual to the thickness of the clay barrier 
(z = 0.38 m). 
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This figure should be compared with the time it takes for 

a species to diffuse the same distance. This may be com­

puted from 

Dt 
2 = Const 2 
z 

for the instationary case, z is the barrier thickness, D 

the diffusivity of the species in the compacted clay. For 

Const= 0.1 the concentration on the other side of the 

barrier has increased to 0.05 c • c is the sudden concen-
o 0 

tration difference at time t = O. For Const= 1 the concen-

tration has increased to 0.95 C • 
0 

It takes 13 years to reach 0.05 c and 130 years to reach 
0 

0.95 c for methane. D for methane has been measured in 
0 

our laboratories. D= 3.9•10-11 m2/s. Most other species will 

diffuse slower. 

3 Conclusions 

Although many of the data used are approximate, it may safe­

ly be concluded that thermal convection will not have a 

serious or even noticable effect on the transport of water 

solved species to and from the capsule. 

References: 

1 Haggblom, H. Calculation of nuclide migration in rock 

and porous media, penetrated by water. KBS teknisk rapport 

nr 52, 1977-09-14. 
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Summary 

Sorption experiments were made to determine the eq_uilibrium 

of Cs+ and Sr2+ in water solutions with granite. 

Particle sizes between 0.044 and 1 mm were used. The results 

indicate that the whole volume of the particles is utilized -

not only the outer surface. The Kd-values were 

sr2+ Kd = 10 g/g 

K = 15 g/g a 

at 25°c in a synthetic groundwater. 

The results are in good agreement with previous investiga­

tions. 

The results should however not be used for larger particles 

than 1 mm without further investigations. 
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2 Backgrund 

It is important to have good equilibrium data on ion exchange 

and adsorption reactions for radionuclides on rock, as ion­

exchange and adsorption reactions will retard escaping nucli­

des from a final repository. It is also important to know 

if it is a surface reaction or a reaction in depth. 

If only the surface of the fissures reacts, there is a limi­

ted amount of rock surface which may be utilized. If it is a 

reaction in depth there is a considerable amount of rock which 

may be utilized. 

In the latter case, however, the time for the ion to diffuse 

into the rock proper may be considerable. 

The literature does not give a clear picture of these pheno­

mena. See 4.2.2 in reference (2). 

3 Experimental 

Granite was crushed and sieved to various fractions ranging 

in sizes from less than 0.044 to 1 mm in diameter. 

Between 5 and 20 g of granite were contacted in a stirred 

vessel with 100, 200 and 400 ml of water. 

The water had the following composition 

Na 288 mg/1 Cl 500 mg/1 

K 10 II F 1.5 II 

Mg 1 5 II so4 15 II 

Ca 75 " co3 200 " 

Cs+ and Sr2 + concentrations were near 5 mg/1. The temperature 

in all experiments was 25°c. 
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The contact time was up to 15 days. Frequent sampling was 
made d1:..ring the first day. Thereafter the sampling was 
done every 2 to 3 days. 

4 Results 

During the first hour concentration fell rapidly. There­
after the concentration fell vary slowly. Evaluated Kd­
values increased with time, indicating a slow diffusion 
into the particle. The time used (7 - 14 days) was probab­
ly not s·,tfficient to reach a real equilibrium even for the 
rather small particles d = 0.1 - 0.12 mm. Table 1 and 2 p 
give the experimental conditions for the runs. 

In diagram 1 Kd and K values are plotted versus the par­
ticle diameter for Sr~+ and Cs+ equilibria. There is a con­
siderable scatter in the results. The results indicate that 
the equilibrium cannot be described by a surface equilibrium 
constant 

K 
a 

= g/m2solid 

g/m3liquid 

as K is so strongly dependent on the particle size. a 

There is however some indication that the mass equilibrium 
constant Kd decreases somewhat with increasing particle size. 
This would mean that the interior pasts of the particles are 
not as active as the outer or that thay are less accessible 
and that equilibrium was not reached. 

These results compare well with those of Allard (1). 
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5 Conclusions 

The ion exchange equilibrium of Cs and Sr with granite is 

better described by a mass equilibrium constant than a sur­

face equilibrium constant. 

Due to the rather large scatter in the results and the very 

small particles used this result should not be used to 

extrapolate to large particles such as the rock itself. 

A further investigation must be made on larger particles. 
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6 Literature 
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2 Neretnieks, I., Retardation of escaping nuclides from 
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Table 1 o Experimental conditions and results for Sr2+ 

Experiment Initial con- Final con- Particle Mass of Volume of Tempera- Mass eq_uili- Surface equi-centration centration diameter granite liquid ture bri urn constant libriurn con-C C d L V Kd stant 0 s p 
K (ppm) (ppm) ( mm) (g) (ml) (oc) (g/ g) a 
m 

1 5,025 3,5 0,0 -0,044 5,76 200 25 20 1 • 7 • 1 o-4 

2 5.025 3,9 0, 105-0, 149 5.76 200 25 14.6 7,3•10-4 

5 4,66 4,2 0, 1 -0. 1 20 11 , 40 400 25 4,7 2,0°10-4 

6 4,66 3,78 0.75 -1 .oo 11 ,40 400 25 9-4 31 , 5 • 1 o-4 



Table 2. 

Experiment 

3 

4 

7 

8 

9 

10 

11 

Experimental conditions and results for + Cs 

Initial Final Particle Mass of 
concentra- concentra- diameter granite 
tion tion 

C C d L 
(pprii) 

s p 
(ppm) (mm) (g) 

5. 11 4.17 0.105-0.149 5.74 

5.11 4-44 0.044-0.063 5·79 

5 .14 3.28 0. 1 -0 • 12 11 .40 

5. 14 3.28 0.75 -1-00 11 .40 

1 0. 91 1 • 553 0. 1 -0-120 20.93 

1 o. 91 2. 193 0.75 -1 .oo 20.93 

1 o. 91 2.45 0.25 -0.3 20.93 

Volume of Tempera- Mass eq_uili- Surface eq_ui-
liq_uid ture brium constant li brimn constant 

V Kd K 
(ml) (oc) a 

(g/g) m 

400 25 18 9 o 1 o-4 

400 25 1 3 2.7-10-4 

400 25 28.2 11.9°10-4 

400 25 10.5 35.2•10-4 

100 25 29 1 2. 8 • 1 o-4 

100 25 20. 1 67.4.10-4 

100 25 1 7. 3 18.2•10-4 
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Time to accumulate a critical mass of uranium 

The minimum critical mass is some 4-7 tons if it is arranged 

in a sphere with a radius of I m. Other geometries are also 

possible but then considerably more uranium is needed. If the 

uranium from all capsules is distributed evenly over the tun­

nel no criticality is achieved. The uranium from at least 3 
capsules is needed to get one critical mass. There are various 

ways to achieve this mass. Three capsules in a row may give 

up their uranium content simultaneously, in which case the 

transport distances are short, or many capsules (there are 

160 in a tunnel at 6 m intervals) contribute to achieve the 

necessary mass. In the latter case the transport distances 

are very large for the capsules furthest away from the point 

where the mass is accumulating. 

The transport velocity for uranium from one capsule i,s deter­

mined by a series fo resistances. The first (after the pene­

tration of the copper) is the gradual dissolution and diffu­

sion of uranium in the penetrated capsule. The second iB the 

transport in the clay in the hole up to the tunnel bottom 

and the third is the transport in the clay/sand mixture in the 

tunnel. 

The first and second mechanisms have been treated in (1 ,2). 

If the capsule is chopped off at the top and the transport 

resistance in the tunnel is neglected, the time to transport 

a given amount of uranium from the capsule to the tunnel botton 

may be computed. The results are given in table 1 for oxidi­

zing conditions when the uranium oxide solubility is high. 

It will take 35 million years for one capsule to give up its 

entire uranium content by the very improbable mechanisms assu­

med here. That will also be the minimum time for three capsules 
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to simultaneously contribute to the necessary minimum criti­

cal mass. The other possibility when many capsules contribute 

may be somevrhat faster, provided the transport resistance in 

the tunnel may be neglected and the copper in many of the cap­

sules is seriously degraded at about the same time. A little 

hole does not suffice. The top portion of the copper capsule 

must be degraded. If this happens to some 30 capsules at about 

the same time it will take about 2 million years for the neces 

sary amount (4-7 tons) of uranium to escape. The time for it 

to gather again is not included in this figure. 

The mechanisms necessary for the reconcentration of the uraniu 

to a critical configuration are known in principle. This may 

be achieved by a solution of the uraniumoxide in oxidizing 

water and precipitation of the solved species at some spot 

where the uranium (VI) is again reduced to uranium (IV). 

The series of events leading to this are not easy to imagine. 

The copper capsules must be not only penetrated but seriously 

degraded to achieve a hole large enough for the transport of 

the solved species. The uranium must be oxidized to U(VI) by 

some mechanism. It should be pointed out that the water at 

these depths in the rock is reducing. The water must contain 

large amounts of carbonates or other complexing agents to 

achieve a high solubility of the uranium. A small spot must 

be available where all the uranium can be again reduced to 

uranium (IV). 

If all these events occur it will take many millions of years 

to reach critical mass. Furthermore the gathering will be very 

slow which eliminates the possibility of a quick blow up. 
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Table 1 

Time for a given amo1mt of uranium in one capsule to 

dissolve and diffuse up to the tunnel bottom. 

Length of U02 

matrix dissolved m 

0 .1 

0.2 

0.5 

1 

2 

4 

Amount of 

dissolved 

0.035 

0.07 

O .1 75 

0.35 

0.7 

1.4 

u Time after copper 

tons penetration Myers 

0.36 

0.75 

2 .1 

4.8 
12.3 

35.3 

-11 2/ ( ) -10 2/ Diffusivity in clay 2•10 m s 2 , in uo2 matrix 10 m s 

solubility in water 1073 gU/m3 , compacted clay above the cap­

sule 2 m. 
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the repository 

Background 

1 (4) 

Hydrogen may be produced in the copper capsule by zircalloy­

corrosion and by radiolysis. Hydrogen diffuses slowly in com­

pacted bentonite (1). If the production of hydrogen is fast 

it will not have time to escape by diffusion at the same rate 

at which it is produced. A gas bubble may form. 

Treatment of the problem 

Pusch (2) has treated this case. He concludes that the 4.5 m3 

of hydrogen at 50 bar pressure will be confined in a stable 

bubble, the space beeing created by the displacement of the 

tunnel fill. 

The Question has been posed of what would be the conseQuences 

if the bubble escapes. For this to happen a channel must be 

formed in the compacted clay and in the rock. A local expan­

sion of the rock might be concieved if the pressure of the 

hydrogen rises to 130-140 bar or more. This is the pressure 

of the overlying rock. A widening of the fissures in the nearby 

rock will facilitate the extrusion of bentonite in the fissures 

This is further facilitated by the increased pressure differenci 

If a channel is formed, some clay will probably $scape. As the 

clay will keep its swelling properties even at very low clay 

densities (2), a minor loss of clay does not leave a void. The 

permeability decreases but will still be much less thant that 

of the rock (10-9 m/s) even after a major loss (> 80 %) of 

clay (2). 
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After the escape of the bubble the locally expanded rock 

will settle down again. The fissures that were opened will 

probably not settle to their original width. This is partly 

because other points on the surfaces will touch after resett­

ling and partly because clay has crept out into the fissuresa 

Any widened fissure which is blown free of clay will fill very 

quickly if the fissure width is larger than about 0.2 mm. 

Pusch (3) has investigated the extrusion velocity of bentonite 

in f~ssures experimentally, as well as theoretically. In two 

months the clay creeps about 6 mm in a 0.5 mm fissures. Larger 

fissures will fill faster and smaller are of no importance as 

the water flow and its transport capacity of radionuclides is 

low in such fissures (4). A 6 mm deep layer of clay in a fissu­

res has about the same resistance to diffusion as the clay 

surrounding the capsule in the hole. This is mainly because 

the fissure area is very small in comparison to the area of 

the wall in the hole with the capsule. 

The clay will continue to extrude in the fissure but at a 

continually decreasing rate. The resistance to diffusion will 

thus continually increase. 

If the fissure(s) become very large 1-3 mm, the clay will 

fill these fissures much quicker and the resistance to diffu­

sion will increase proportionally. 

In the part of the fissure which has not yet been filled with 

clay the retention time of the water will increase compared 

to the undisturbed rock. There is at present no method to de­

scribe in detail the fissures in the disturbed rock. The follo­

wing example will however give an indication of the consequencei 

to be expected if all fissures increase from 0.1 mm to 0.5 mm 

after the escape of the gas. Originally we have the following 
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relative resistances for escaping nuclides (from table 5 
ref 4). 

original 
case 

after H2 
escape 

fissure 
width 

mm 

0. 1 

0.5 

relative 
resistances 

clay in clay in 
hole fissure 

0 

0 1 
(6 mm clay) 

"film" 
resistance 

After the event, clay has extruded 6 mm into the fissure and 
restored the resistance which may have been lost in the hole. 
The film resistance has decreased to less than half. In total 
the resistance has decreased to half the original. 

Con cl us ion 

No grave consequences are expected if the escaping hydrogen 

opens a channel in the clay and in the rock. This is because: 

• If a limited amount of clay is lost the clay still retains 

strong swelling properties and will quickly fill the channe 

in the clay mass. 

• A large (> 0.5 mm) fissure will quickly fill with clay and 

considerably decrease the escape of diffusing species. 

• The escape of a limited amount of clay from the hole does 

not increase the permeability of the clay above that of the 

rock. 

• The "filmresistance" will decrease with increasing fissure 

widths. Even very large fissures (3 mm) will not decrease 

the total resistance to mass transfer to more than half the 

original. 
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