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ABSTRACT
This thesis deals with the diffusion of ions in compacted bentonite clay. Laboratory
experiments were performed to examine in detail different processes that affect the diffusion.
To demonstrate that the results obtained from the laboratory investigations are valid under in
situ conditions, two different kinds of in situ experiments were performed.
Laboratory experiments were performed to better understand the impact of ionic strength on
the diffusion of Sr2+ and Cs+ ions, which sorb to mineral surfaces primarily by ion exchange.
Furthermore, surface related diffusion was examined and demonstrated to take place for Sr2+
and Cs+ but not for Co2+, which sorbs on mineral surfaces by complexation.
The diffusion of anions in bentonite clay compacted to different dry densities was also
investigated. The results indicate that anion diffusion in bentonite clay consists of two
processes, one fast and another slower. We ascribe the fast diffusive process to intralayer
diffusion and the slow process to diffusion in interparticle water, where anions are to some
extent sorbed to edge sites of the montmorillonite.
Two different types of in situ experiments were performed, CHEMLAB and LOT. CHEMLAB
is a borehole laboratory, where cation (Cs+, Sr2+ and Co2+) and anion (I- and TcO4-) diffusion
experiments were performed using groundwater from a fracture in the borehole. In the LOT
experiments cylindrical bentonite blocks surrounding a central copper rod were placed in a 4 m
deep vertical borehole. The borehole was then sealed and the blocks are left for 1, 5 or >>5
years. When the bentonite was water saturated the central copper rod is heated to simulate the
temperature increase due to radioactive decay of the spent fuel. Bentonite doped with
radioactive Cs and Co was placed in one of the lower blocks.
Interestingly, the redox-sensitive pertechnetate ion (TcO4-) which thermodynamically should
be reduced and precipitate as TcO2·nH2O, travelled unreduced through the bentonite. However,
at some spots in the clay, the Tc activity was considerably higher. We ascribe these activity
peaks to iron-containing minerals in the bentonite, by which Tc(VII) has been reduced to
Tc(IV) and precipitated. The cations Sr2+, Cs+ and Co2+, as well as the anion I-, behaved in the
CHEMLAB experiments as expected from laboratory studies.
Three experiments in the LOT series are completed. The first two diffusion experiments in
LOT were less successful, the first due to the fact that saturation of the bentonite was not
obtained during the experimental period and the radionuclides did not move at all. In the
second, the uptake of the bentonite parcel was less successful. Water from the drilling flushed
away large pieces of the top part of the bentonite and the lower part of the test parcel was
super-saturated with water and expanded when released from the rock.
The activity distribution in the second experiment was analysed. The Co2+ profile looked as we
had expected, while Cs+ had spread more than our calculations indicated. However, the third
experiment was successful from emplacement, water saturation and heating to uptake. The
activity distribution for both cations was as expected from laboratory studies.
Altogether the three different types of experiments give a uniform picture of radionuclide
diffusion in bentonite clay for the ions investigated.
Keywords: Bentonite, montmorillonite, cation, anion, diffusion, sorption, cobalt, caesium,
strontium, iodide, pertechnetate, surface diffusion, in situ.
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SAMMANFATTNING
Den här avhandlingen behandlar diffusion in kompakterad bentonitlera. Laboratorieförsök har
genomförts för att i detalj undersöka olika processer som påverkar diffusionen. För att
demonstrera att de resultat som erhållits i laboratorieförsöken är giltiga även under in situ
förhållanden har två typer av in situ försök genomförts.
Labortorieförsök genomfördes för att bättre förstå inverkan av jonstyrka på diffusion av Sr2+
och Cs+ joner, vilka sorberar till mineralytor primärt genom jonbyte. Dessutom har ytrelaterad
diffusion undersökts och visats ske för av Sr2+ och Cs+ men inte för Co2+, vilken sorberar till
mineralytor genom ytkomplexering.
Anjondiffusion i bentonitlera som packats till olika torrdensiteter har också undersökts.
Resultaten antyder att anjondiffusion i bentonitlera består av två processer, en snabb och en
långsam. Vi tillskriver den snabba diffusionsprocessen som diffusion mellan bentonitskikten,
medan den långsamma tros vara diffusion mellan bentonitpartiklarna, där anjonerna i viss grad
sorberar till kantpositioner på montmorilloniten.
Två olika typer av in situ experiment har genomförts, CHEMLAB och LOT. CHEMLAB är ett
borrhålslaboratorium där katjon- (Cs+, Sr2+ och Co2+) och anjon- (I- och TcO4-)
diffusionsförsök genomförts med naturligt grundvatten taget från en spricka i borrhålet i vilken
försöken genomfördes. I LOT-försöken placerades cylindriska bentonitblock runt ett kopparrör
i ett 4 meter djupt vertikalt borrhål. Hålet förseglades sedan och bentonitblocken lämnas i hålet
i 1, 5 eller >>5 år. När bentoniten är vattenmättad uppvärms kopparröret för att simulera
energin som frigörs vid radioaktivt sönderfall i det utbrända kärnbränslet. Bentonit som dopats
med radioaktivt Cs och Co placerades i ett av de understa blocken.
I CHEMLAB-försöken diffunderade den redox-känsliga perteknetatjonen (TcO4-) oreducerad,
trots att den termodynamiskt borde reduceras och utfällas som TcO2·nH2O. På vissa ställen var
Tc-aktiviteten emellertid avsevärt högre. Vi tillskriver aktivitetstopparna till järn-innehållande
mineraler där Tc(VII) har reducerats till Tc(IV) och fällts ut. Katjonerna Sr2+, Cs+ och Co2+,
liksom anjonen I-, visade samma beteende som förväntat från laboratorieförsök.
Tre av testpaketen i LOT-serien har avslutats. De två första diffusionsförsöken var mindre
lyckade, det första pga att bentoniten inte vaattenmättats och radionukliderna hade inte rört sig
överhuvudtaget. I det andra var upptaget av bentonitpaketet dåligt genomfört. Kylvatten från
borrningarna spolade bort stora bitar av bentoniten i den övre delen av bentonitpaketet och den
bentonit som togs upp var vattenövermättad och expanderad.
Aktivitetsfördelningen i det andra försöket analyserades. Co2+-profilen såg ut som förväntat,
medan Cs+ hade spridits mer än vad vi beräkningat. De tredje LOT-försöket var emellertid
lyckat från installation, vattenmättnad och uppvärmning till upptag. Aktivitetsfördelningen var
för båda katjonerna som förväntats från laboratoriestudier.
Resultaten från laboratorie-, CHEMLAB- och LOT-försöken ger en entydig bild av
diffusionsbeteendet för de studerade jonerna. Erhållna data, dvs diffusiviteter och
distrubitionskoefficienter överensstämmer väl i de tre olika studierna.
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1. INTRODUCTION
Bentonite clay has been proposed as buffer material in several concepts for deep storage of
spent nuclear fuel. In the Swedish KBS-3 concept, the demands on the bentonite buffer are to
serve as mechanical support for the canister, to reduce the effects on the canister of a possible
rock displacement and to minimize water flow over the deposition holes. The transport through
the buffer is expected to be reduced principally to diffusion, both with respect to corrosive
components in the groundwater and to corrosion products and escaping radionuclides in the
event of a canister failure.
In this thesis, diffusion (and related processes) of radionuclides in bentonite clay are discussed.
Laboratory studies were carried out to reveal the diffusion behaviour of different kinds of ions.
The ionic strength dependence for cation diffusion was demonstrated, surface related diffusion
was examined and the hypothesis that anions diffuse by two simultaneous processes is
suggested.
For the performance assessment of a deep storage of spent nuclear fuel, the validity of results
from laboratory studies often need to be demonstrated by experiments performed under
conditions as close as possible to "the real case", preferably in situ. Two kinds of in situ
experiment series were carried out:
¾ CHEMLAB is a borehole laboratory, designed primarily for performing various types
of migration experiments. Apart from the experiment cell which is separately designed
for each type of experiment, CHEMLAB contains pumps, tracer reservoirs, a number of
multi-channel valves and fraction collectors. For each type of migration experiment,
different cells are used. Cation and anion diffusion experiments were carried out in
CHEMLAB.
¾ In the Long Term Test of Buffer Material (LOT) experiments, bentonite blocks were
mounted around a central copper tube in a vertical 4 m. deep borehole. The borehole
was then sealed and the copper tube was heated to high temperature when the bentonite
was expected/measured to be water saturated. The blocks were then left for 1, 5 and
>>5 years. The main objective of LOT is to examine changes in clay properties under
deep repository conditions, but several other experiments are contained in LOT, such as
copper corrosion and bacteria tests. Radioactive isotopes were added in one block to
examine the diffusion of cations under the conditions LOT offers.
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2. BACKGROUND
2.1. KBS-3
Since this work is closely related to the Swedish storage of spent nuclear fuel, I will start with
a brief summary of the suggested Swedish model for long term storage of spent fuel.
The model, called KBS-3, has been developed by Swedish Nuclear Fuel and Waste
Management Co., SKB. The principle is to encapsulate the spent fuel in canisters made of
stainless steel and copper. The canisters will be emplaced approximately five hundred metres
below ground, embedded in compacted bentonite clay. The gallery will be filled with a mixture
of sand and bentonite clay. There are four main barriers for the radioactive elements to pass
through before they enter the biosphere, see Figure 1.

Figure 1: The four barriers in KBS-3; The fuel, the copper canister, the bentonite clay and the
bedrock.
•

The fuel itself is mainly solid uranium dioxide, UO2, which has very low water solubility in
the strictly reducing environment that prevails deep underground. Most of the other
radionuclides (radioactive isotopes) in the nuclear waste are incorporated in the
UO2-matrix and the rate of dissolution of the UO2-matrix will determine the release of
radionuclides.
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•

The copper-steel canister is the second barrier. The stainless steel will serve as mechanical
support, while copper is the chemical barrier. Pure copper is a very stable element under
the prevailing conditions. A recent review of copper corrosion under deep storage
conditions estimates that the life-time of the copper canister exceeds 100 000 years1.

•

The bentonite clay will be discussed in more detail later. Bentonite clay expands when it
takes up water. Since there will be a limited space to expand into, the bentonite will instead
become very compact, almost like concrete. Any transport to or from the canister will
thereby occur by diffusion. Bentonite also has good pH buffering capacity and will keep
the pH of the storage constant around 7-8.

•

The bedrock is the fourth barrier. When radionuclides escape the three first engineered
barriers, they will travel by hydraulic flow in fractures in the bedrock and by matrix
diffusion through the bedrock. Many of the radionuclides in the spent fuel are readily
sorbed to mineral surfaces and their transport will thereby be strongly retarded.

2.2. Radionuclides
Spent nuclear fuel contains a wide range of radionuclides; activation products originating from
neutron capture by metals in the fuel, fission products from the cleaved nuclei and actinides
originating from neutron capture by uranium.
In a nuclear waste repository there are a number of important parametres to consider when
evaluating the relative hazards of the different radionuclides to man. The quantities, half-lives
and mobilities of the radionuclides are very important factors, as well as radiation type, uptake
and physiological behaviour in the human body. Table 1 displays in this respect the most
important radionuclides in irradiated nuclear fuel.
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Table 1: The most interesting radionuclides in spent fuel disposal
Radionuclide
Half-life
Concentration of radionuclides
[Years]
[GBq/tU]
[g/tU]
Fission products in spent fuel
90
Sr
28.8
140
0.9×106
99
Tc
214 000
540
860
129
6
I
1.3
200
15.7×10
137
6
Cs
30.2
440
1.4×10
Activated metal in fuel elements
63
Ni
100
12 000
6
Actinides in spent fuel
237
Np*
14
50
2.14×106
238
*
Pu
88
83 000
130
239
Pu
24 100
11 000
4 800
240
Pu
6 570
21 000
2500
241
*
Am
40
140 000
100
* 237

Np, 238Pu and 241Am are generated by the decay of other nuclides and are therefore
replenished for a long time.

As can be seen, the fission products 90Sr and 137Cs, the plutonium isotopes (238Pu, 239Pu, 240Pu)
and

241

Am all have high specific activities and are therefore of great interest. Iodine is less

abundant but the anion I- is weakly interacting, i.e. sorbs but slightly on mineral surfaces and is
therefore one of the nuclides that have the best "chance" of out-living the canister and reach the
biosphere. Neptunium and technetium are interesting as well, since they are both long-lived
and if oxidized to neptunyl, NpO2+, and pertechnetate ions, TcO4-, respectively, will become
relatively mobile.
When exploring the diffusion behaviour of sorbing cations, the mechanism by which the
cations bind to mineral surfaces is a key feature. In the studies presented in this thesis we have
focused on the diffusion behaviour of the cations Sr2+, Cs+ and Co2+ and the anions I- and
TcO4-. The two former are of obvious interest since their specific activities are relatively high
in the spent fuel elements.
Strontium and caesium sorb predominantly to mineral surfaces by cation exchange. The
strength of the bond to the mineral surface is very much related to the degree of hydration of
the ions2. Cobalt is interesting since it sorbs to mineral surfaces by surface complexation. At
high pH, cobalt sorbs more readily to mineral surfaces than at lower pH.paper III
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2.3. Bentonite Clay
Bentonite clay is a volcanic ash but is usually treated to obtain desirable properties. American
Colloid Co. type MX-80 bentonite, used in all studies presented in this thesis, contains
65-75 % montmorillonite, 10-14 % quartz, 5-9 % feldspars, 2-4 % mica, 3-5 % carbonates and
chlorite and 1-3 % heavy metals. The chemical composition of bentonite is SiO2 61-65 %,
Al2O3 22-25 %, Fe2O3 1-7 %, MgO 1-2 %, CaO 0-0.6 %, Na2O 0-1 % and K2O 0-3 %.3
The main and key constituent is a phyllosilicate called montmorillonite (hydrated sodium
calcium aluminum magnesium silicate hydroxide). Montmorillonite has a sheet-like structure,
where double layers of tetrahedral silica sandwiching an octahedral Al/Mg(OH) layer make up
each sheet. The Al3+ in the octahedral layer may be replaced by a divalent cation (usually
Mg2+),4 causing a positive charge deficiency which results in a pH independent negative charge
of the surface. The montmorillonite sheets are connected to each other by layers of
(exchangeable) cations, see Figure 2. In MX-80, the dominantly exchangeable cation is sodium
(approximately 60 %), while calcium represents about 25 % and magnesium around 10 %.
Iron, copper and potassium appear as exchangeable cations to a small extent. The chemical
formula for montmorillonite is Na0.33(Mg0.33Al1.67)(OH)2(Si2O5)n. Water molecules are readily
adsorbed between the sheets, causing the clay to swell. The main diffusion path through
montmorillonite is between the sheets of the clay.

Tetrahedral

Octahedral

1 nm

Tetrahedral
+

+

+
+
+ +
Exchangeable cations
+
+
+
+
+
+
+

Figure 2: Sheets of montmorillonite are made up of tetrahedral silica and octahedral
Al/Mg(OH) layers. The sheets are connected to each other by layers of exchangeable cations.
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2.3.1. The Swelling of Montmorillonite

In the structure of montmorillonite shown in Figure 2, the majority of the cations (typically
Na+) balancing the negative charge of the surface are located in the intralayer space between
the clay sheets. The intralayer cations thus hold the sheets together by electrostatic forces.
When exposed to water, dry montmorillonite adsorbs water in the intralayer region and thereby
disjoins the clay particles. The degree of expansion depends on the cations located in the
intralayer region. If the cation is monovalent and strongly hydrated (as Na+), the repulsion
between the sheets is stronger and the expansion is greater than for larger or less hydrated
cations.
Depending on the expansion between two montmorillonite sheets, two types of swelling
mechanisms may be distinguished; crystalline and osmotic swelling. Crystalline swelling is a
result of the hydration of the surface. If the intralayer cation is polyvalent, the electrostatic
attraction between the cation and montmorillonite surface limits the hydration of the cation and
the spacing between clay sheets does not normally exceed 10 Å. However, small and
monovalent cations can take up more water and the intralayer spacing may increase abruptly
up to 30-40 Å and continues to increase to several hundred Ångströms with water content5.
This is called osmotic swelling. The name comes from a repulsive osmotic force due to the
interaction of the layers, limited only to some extent by Van der Waals forces.6
2.4. Äspö Hard Rock Laboratory
The in situ experiments described in this thesis, CHEMLAB and LOT, were both performed in
Äspö Hard Rock Laboratory. Äspö HRL is situated near the nuclear power plant in
Oskarshamn. It has been constructed mainly by SKB "with the intention to enable the
knowledge of all processes involved in a deep repository to be collated and developed".7 The
tunnel starts at the mainland, going straight underneath the Baltic Sea to the island Äspö,
where it continues in a spiral, see Figure 3. The total length of the tunnel is about 3.6 km and
the deepest part is situated 460 metres below sea level. The CHEMLAB experiments were
carried out at two sites, one at a depth of 320 metres and the other at a depth of 430 metres,
while the LOT experiments were performed at a depth of 450 metres.

6

Figure 3: Äspö Hard Rock Laboratory.

2.5. Diffusion
Diffusion is the mechanism by which components of a mixture are transported around the
mixture by means of random molecular (Brownian) motion. In the mid-1800's, Fick8
introduced two empirically based differential equations that quantified diffusional transport for
the case of transport through thin membranes. Fick's First Law states that the flux J of a
component of concentration C across a membrane of unit area, in a predefined plane, is
proportional to the concentration differential across that plane, and is expressed by:
J = −D

dC
dx

(1)

where D is the diffusivity or diffusion coefficient.
Fick's First Law was empirical when presented, but can be derived from known relationsips.
The chemical potential, µ, is expressed by

µ = µ 0 + RG T ln C

(2)

where µ0 is the chemical potential in a defined state, RG the gas constant, T the absolute
temperature and C the concentration. If there is a chemical potential gradient in a system,
diffusion will take place to balance the gradient. The change in chemical potential with
distance can be expressed:

7

−

R T dC
dµ
=− G
dx
C dx

(3)

As a diffusant is moving with constant velocity v there must be an equal and opposite force,
expressed as f·v, where f is a frictional coefficient. Balancing the two forces gives for each
diffusing element (ion, atom or molecule):
f ⋅v = −

RG T dC
N A C dx

(4)

where NA is Avogadro's Constant. Rearranging equation (4) to express the flux (=v·C) gives:
J = v ⋅C = −

RG T dC
N A f dx

(5)

which is equal to Fick's First Law, where RGT/NAf is the diffusivity, D.
Fick's Second Law states that the rate of change of concentration in a volume element of a
membrane, within the diffusional field, is proportional to the rate of change of concentration
gradient at that point in the field, as given by:
dC
d 2C
=D 2
dt
dx

(6)

where t = time.
Fick's Second Law can also be quite easily derived. Consider two surfaces with the same crosssectional area A and the distance between them δx, as described in Figure 4.

x

x+δx

Distance

Figure 4: Consider two surfaces with the same cross-sectional area, at distance δx from each other.

The number of moles passing through the two surfaces during the time δt is J(x)·A·δt and
∂J 

J(x+δx)·A·δt, respectively. The latter can be rewritten as  J ( x) + δx  Aδt . The accumulation
∂x 

of diffusant in the volume A δx would then be:
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∂J 
∂J

AδCδx = JAδt −  J + δx  Aδt = −
Aδxδt
∂x 
∂x


(7)

If δx and δt approach zero:
∂C
∂J
=−
∂t
∂x
⇒

dC 

 J = −D

dx 


(8)

∂C ∂ ∂C
= D
∂t ∂x ∂x

(9)

which if D is independent of x develops to Fick's Second Law;
∂C
∂ 2C
=D 2
∂t
∂x

(10)

When considering diffusion in bentonite clay, the situation becomes somewhat more complex.
Bentonite swells on taking up water and since there is a limited volume into which the clay can
expand in a deep repository, it will instead become very compact with water filled pores. In
porous media, solutes move by diffusion in the pore water. The constrictivity δC (a measure of
how the pore diameter varies alone the diffusion path) and the tortuosity τ (the meandering of
the pores) affect the diffusion in porous media. The pore diffusivity can be expressed by
D p = Dw

δC
τ2

(11)

where Dw is the diffusivity in pure water. For diffusion in a porous medium Fick's First Law in
one dimension will then be
J = −D pε

∂C p

(12)

∂x

where ε is the porosity of the medium (the water filled part of the system that is not clay) and
Cp the concentration in the pore water. However, since some pores are disrupted, a part of the
porosity εC will not contribute to the transport through the medium. Only the transport porosity

εt will be involved in the transport through the medium and equation (12) is then written:
J = −D pε t

∂C p

(13)

∂x

When the diffusing species sorb onto the surface of the porous medium and thereby become
immobilized, the sorption equilibrium constant must be taken into account. The distribution
coefficient most commonly used in this context is called Kd and is defined as
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Kd =

moles sorbed species per mass unit
moles species in aqueous phase per volume unit

The unit of the Kd-value is therefore volume unit per mass unit. Fick's Second Law for
diffusion of sorbing species in porous media (if εt≈ε) will become:

εD p ∂ 2 C D p ∂ 2 C
De
∂C
∂ 2C
∂ 2C
=
=
=
=
D
a
∂t ε + ρK d ∂x 2
R ∂x 2 ε + ρK d ∂x 2
∂x 2
where R is the retardation coefficient, defined as R =

(14)

ε + ρK d
, and is a measure of the extent
ε

of retardation, Da is the so-called apparent diffusivity and De the effective diffusivity. Da
describes the macroscopic diffusion, i.e. the total diffusion rate through the system, while De
describes the diffusion process in the pores. The relationship between De and Da is thus:
De
= ε + ρK d = α
Da

(15)

where α is the capacity factor, describing the capacity of the porous material to transport and
store the diffusants.
Several researchers have reported that the diffusion in compacted bentonite of some sorbing
species, such as the cations Cs+ and Sr2+, is faster than predicted from the pore water model. To
explain these observations it has been suggested that diffusion of sorbed species takes place in
the Stern layer close to the surface of the clay as well.9-21 This is referred to as surface
diffusion or surface related diffusion. Assuming the diffusion of sorbed species to be Fickian,
the apparent diffusivity would be:
Da =

εD p
K ρD
+ d s
ε + Kd ρ ε + Kd ρ

(16)

where Ds is the surface diffusivity.
When experimentally determining diffusivities, different techniques are used, and the data
must be treated in accordance with the experimental technique. In laboratory diffusion
experiments with strongly sorbing cations, the time required to reach steady-state is quite long.
However, the time dependence of the outlet break-through curve and the concentration profile
in the diffusion cell can be analyzed, which reduces the time needed to carry out an
experiment. Numerical methods are then usually used to evaluate the results, see further
Section 3.3 for how data are treated.
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In anion diffusion experiments, the break-through curve becomes a straight line within days
after the start of the experiment, indicating that steady-state (or pseudo steady-state, according
to our results) is reached.
A common experimental set-up for through diffusion experiments is illustrated in Figure 5. At
the inlet side (x=0) the concentration is kept constant, C0. The accumulated concentration at
x=L is monitored until a plot CL versus time becomes a straight line.

C0

CL

0

x

L

Figure 5: Typical experimental set-up for through diffusion experiment.
At steady state, Fick's Second Law in one dimension (equation 10) reduces to
dC
= constant
dx

⇒

d 2C
=0
dx 2

(17)

and with boundary conditions x=0 and x=L, the concentration profile is shown to be linear:
C − C0 x
=
CL − C L

(18)

Fick's First Law in one dimension (equation 1) can then be solved:
C

L
L
D(C 0 − C L )
dC
J = −D
; integrate ⇒ J ∫ dx = − D ∫ dC ⇒ J =
dx
L
0
C0

(19)

and the effective diffusivity De can be expressed in terms that are controlled or measured in the
experiment;
De =

J ⋅L
(C0 − C L )

(20)

Solving Fick's Second Law (equation 10) gives:
x
2 ∞ C cos nπ − C0
nπx − Dn π
C = C0 + (C L − C0 ) + ∑ L
sin
e
L
n
L
π n =1
2

1
(2m + 1)πx − D ( 2 m +1)
+
sin
e
∑
π m =1 2m + 1
L
4C0

∞

2

2

t

+

L2

π 2t

(21)
2

L

The rate at which the diffusant passes through unit area at x = L is given by -D(dC/dx)x=L. By
integrating with respect to t, we obtain the cumulative amount of diffusant (Qt) that has passed
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in time t. If the initial concentration in the cell is zero and the concentration at the outlet side is
kept constant zero then:
Qt
Dt 1 2
= 2 − − 2
LC 0 L
6 π

(−1) 2 − Dn π
e
∑
2
n =1 n
∞

2

2

t

L2

(22)

which as t→∞ approaches a linear function:
Qt =

DC0 
L2 
 t −

L  6 D 

(23)

This line has an intercept te on the t-axis given by:
te =

L2
6D

(24)

and thus the apparent diffusivity Da can also be obtained from parametres that are controlled or
measured in the experiment.
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3. LABORATORY EXPERIMENTS
(Papers I, III and V)
3.1. Introduction
Diffusion of ions in bentonite clay has been studied extensively

6-21

. However, there are still

processes that are not fully understood. One is the diffusion of cations, which has repeatedly
been reported to be faster than predicted from a pore diffusion model based on the assumption
of diffusion in the pore water and immobilization by sorption. The explanation offered is an
additional diffusion process taking place in the layer close to the surface of the bentonite, often
referred to as surface or surface related diffusion. To improve the understanding of this
phenomenon and its relative importance in a deep underground repository, through diffusion
tests were carried out using the cations Sr2+, Cs+ and Co2+.
To investigate the sorption mechanisms for strontium, caesium and cobalt, batch sorption
experiments were carried out at different pH and at different ionic strengths.
Anion diffusion in bentonite clay is another matter that is not fully understood. Often in anion
diffusion experiments, only the break-through curve is considered. At steady state, a plot of the
accumulated amount diffused through a bentonite barrier versus time becomes a straight line.
However, when the concentration in the cell is plotted versus distance from inlet, the profile
obtained is not a straight line, clearly indicating that the diffusive transport through the
bentonite is not at steady state. To provide a better insight into anion diffusion, a series of
through diffusion experiments were performed at different levels of salinity and compaction of
the bentonite.
3.2. Experiment Performance
To obtain sorption coefficients (Kd -values) and diffusivities, two different types of
experiments were performed; batch sorption and through diffusion experiments. Different
simulated groundwaters, NaCl and NaClO4 solutions of different concentrations, were used to
vary the ionic strength. The experimental set-up in the through diffusion tests can be seen in
Figure 6. Bentonite clay was compacted to a dry density of 1.8 g cm-3 and then sandwiched
between two filter plates. The two sides of the bentonite cell were connected to an inlet and an
outlet vessel, respectively, via pumps. The bentonite was saturated with the solution used, after
which small volumes of the radionuclide(s) to be studied were added to the inlet reservoir.
While pumping, the concentration at the inlet remains constant (within a few percent) and the
13

concentration at the outlet is very low. Small samples were taken at intervals from both vessels
to ensure that the concentration remained constant at the inlet side and to obtain the breakthrough curve at the outlet side. The samples were analyzed for activity by liquid scintillation
or γ-counting.
At the end of the experiment, the bentonite was sliced into thin sections. These sections were
then weighed and analyzed for activity to obtain the concentration profile in the clay.

Bentonite
Pump

Pump
Filter
plates

Inlet
solution

Outlet
solution

Figure 6: Schematic drawing of the experimental set-up for the through diffusion experiments.
Sorption was also measured in batch experiments. Bentonite was suspended in solutions spiked
with the radionuclide to be studied. The system was left to equilibrate, after which samples
from the solution were analyzed with respect to activity.
3.3. Data Evaluation
The cells used in the experiments are equipped with filter plates to avoid expansion of the
bentonite clay. The diffusive resistance of the filters has to be considered when evaluating the
results, otherwise errors larger than 40 % may arise.22 An analysis of the system, including
filter plates, as represented schematically in Figure 7, is required.
Inlet filter

Bentonite clay

Df

Da

C1

C2
R

-F

Df

ε

εf

C0

Outlet filter

0

εf

C~0

C3
L

L+F

x

Figure 7: Schematic representation of the diffusion cell. The bentonite clay is sandwiched
between two filter plates.
The diffusive flux, J, through the inlet filter (-F < x < 0) is given by equation (25)
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J = − Aε f D f

∂C1
∂x

(25)

and the boundary condition
C(-F,t)=C0
where A is the cross-sectional area of the diffusion cell, εf is the filter porosity, Df the apparent
diffusivity of the filter, F the filter thickness, C1 the concentration in the filter and C0 the
concentration in the inlet solution.
The diffusive transport through the compacted bentonite (0 < x < L) is given by equation (26)
J = − AεDa

∂C 2
ε
ε + ρK d ∂x

(26)

where C2 the concentration in the pore solution.
At the boundary between the inlet filter and the compacted bentonite the following conditions
reign:
C1(0,t)=C2(0,t)
meaning that the concentrations in the liquids accessible by diffusion have to be equal and

ε
 ∂C 
 ∂C 2 
Aε f D f  1  = AεDa


ε + ρK d  ∂x  x =0
 ∂x  x =0
meaning that there is no accumulation in the boundary.
The corresponding transport equation and boundary conditions for the outlet filter are given
by:
J = − Aε f D f

∂C3
∂x

(27)

C2(L,t)=C3(L,t)
AεD

ε
ε + ρK d

 ∂C 
 ∂C 2 
= Aε f D f  3 


 ∂x  x = L
 ∂x  x = L

C3(L+F,t)=0
Normally in through diffusion experiments the accumulated flow of the diffusant passing
through the boundary x=L+F is monitored as a function of time. This quantity Q(t) is given by
equation (28):
t
 ∂C ( x, t ' ) 
Q(t ) = Aε f D f ∫  3
dt '

∂
x


0
x=L+ F

(28)

An analytical solution to equation (28), defining the break-through curve, can be obtained by
the Laplace transform method.22 However, to make use of all the experimental data, i.e. the
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break-through curve as well as the concentration profile in the bentonite clay, we have
developed the computer code ANADIFF. The code is based on the finite difference method
and calculates the break-through curve as well as the concentration profiles based on the input
data Da, Kd, A, ε, εf, Df, C0, F, L and ρ.
3.4. Cations
3.4.1. Results

Figure 8a displays a typical concentration profile in a bentonite cell after an experiment. The
line represents the data calculated with ANADIFF, while Figure 8b displays the break-through
curve for the same experiment. Again, the curve represents the fitting with ANADIFF.
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Figure 8a: Concentration profile of Sr2+ in
bentonite.

Figure 8b: Break-through curve for Sr2+.

3.4.2. Cation Concentration Dependence

Through diffusion experiments were carried out as described in Section 3.2 with different ionic
strengths of the solutions used for equilibration with the bentonite. Kd -values for Cs+ and Sr2+
measured in batch experiments using bentonite suspended in NaCl and NaClO4 solutions and
groundwaters with different ionic strength (I) are shown in log Kd versus log I plots in Figures
9a and 9b. Data from ionic strength dependence studies by Eriksen and Jacobson12, Muurinen17
and Oscarsson et. al..23 and Kd -values obtained by simulation of the diffusion break-through
curves and concentration profiles in the solid phase are included in the Sr2+ -plot. It should be
pointed out that the dominant cation in all solutions is Na+.
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Figure 9a: Ionic strength dependence on
the distribution coefficient for Sr2+. The
equation for the fitted line is
log Kd = (0.6 ± 0.3) - (1.28 ± 0.06) log I

Figure 9b: Ionic strength dependence on
the distribution coefficient for Cs+. The
equation for the fitted line is
log Kd = (1.54 ± 0.3) - (0.58 ± 0.09) log I

No difference in Kd -values is found within the experimental uncertainties for batch and
through diffusion experiments. As can be seen, there is a strong dependence of the ionic
strength on the Kd -values. This implies that the main sorption mechanism for these two ions is
sorption by ion exchange. The dependence is simply due to competition between the ions
studied and the ions in the solution.
3.4.3. Surface Related Diffusion

Figure 10 displays the dependence of the apparent diffusivity on Kd-values for different
cations. Included in the plot are works by Eriksen and Jacobsson12 and Muurinen17 (note that
the values from Eriksen and Jacobsson12 originate from two different experimental techniques).
If the sorbed species were completely immobilized, and since ε is very small compared to ρ·Kd,
the correlation between log Da and log Kd would be almost linear with a slope of -1 according
to the relationship between Da and Kd obtained from equation 29:
Da =

εD p
ε + ρK d

(29)

This is clearly not valid for Cs+ and Sr2+. With increasing Kd the diffusion is faster than
expected for the case of pore water diffusion and complete immobilization of the sorbed
species. The apparent diffusivity in a system encompassing pore water and surface related
diffusion is, as described above, given by equation (16).
Da =

εD p
K ρD
+ d s
ε + Kd ρ ε + Kd ρ

(16)
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Figure 10: Apparent diffusivities plotted versus Kd. Curves for Sr2+ and Cs+ assumes surface
diffusion with Dp=3×10-10, Ds=1×10-11 and Dp=8×10-10, Ds=6×10-13 m2 s-1, respectively.
In Figure 10, Da curves for Cs+ and Sr2+ are plotted using equation 16. As can be seen, the
curves fit well with the experimental data, although one should keep in mind that another
variable has been added and the curves should therefore fit better. The parametres used are
Dp=3×10-10 and Ds=1×10-11 m2 s-1 for Sr2+ and Dp=8×10-10 and Ds=6×10-13 m2 s-1 for Cs+.
3.5. Anions
3.5.1. Results and Discussion

A number of through diffusion experiments on I- and Cl- were carried out as described in
Section 3.2, varying the compaction of the dry bentonite and the salinity (ClO4- concentration).
Again, the data obtained were a break-through curve at the outlet of the experiment cell and an
activity profile within the cell.
Typical high clay density data are shown as accumulated activity at the outlet of the diffusion
cell versus time (Figure 11a) and specific activity versus distance from inlet of the compacted
bentonite (Figure 11b).
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Figure 11a: A typical breakthrough curve of
iodide, carrier concentration is 10-6M, dry
density is 1.6 g cm-3 and the ionic strength is
0.1M (NaClO4). To reveal the sensitivity of
the curve fitting, three different simulations
are displayed.
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Figure 11b: Diffusion of iodide (I-125) in
bentonite compacted to 1.6g cm-3 with
supporting electrolyte NaClO4 0.1M. (Cell
length = 5 mm). To reveal the sensitivity of
the curve fitting, four different simulations
are displayed.

Whereas the break-through curve indicates steady-state through diffusion, this is clearly not the
case according to the activity profile within the compacted bentonite. As can be seen, the
profile in the clay cannot be modelled with only one diffusion process.
On simulation of the break-through curve we obtain apparent diffusivity, capacity factor and
expected activity profile. Subtracting this activity profile from the experimentally determined
activity profile in the bentonite we obtain an "activity difference profile" close to the inlet of
the diffusion cell. This activity profile is modelled by assuming a second slower diffusion
process.
The apparent diffusivities obtained by the modelling of two diffusion processes are plotted
versus dry density of the compacted bentonite in Figure 12. The apparent diffusivities for the
fast process are in accordance with anion data from Kim et. al.21 and Sato et. al.24
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Figure 12: Apparent diffusivities for the fast and the slow process versus dry density of the
compacted clay.
The apparent diffusivity for the slow process is approximately two orders of magnitude lower
than that for the fast process at a compaction of 0.4 g/cm3 and nearly three orders of magnitude
lower at 1.8 g/cm3.
The capacity factors for the fast process are plotted versus dry density of the compacted
bentonite in Figure 13a. As can be seen from the plot the capacity factor increases with ionic
strength and decreases with increasing density of the compacted bentonite.
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For the slow process, the capacities for I- at 0.01 M ionic strength, being much higher than the
porosity as measured by water content, clearly indicate sorption on the bentonite.
Assuming diffusion in water and immobilisation on sorption, the apparent diffusivity for the
slow process Das is given by the equation:
Das =

δC
εs
Dw
2
ε s + Kd ρ
τ

(30)

where Dw is the diffusivity in pure water, δC the constrictivity, τ the tortuosity, Kd the
distribution coefficient, ρ the dry density of bentonite and εs the porosity of diffusive pathway.
The tortuosities for the slow process at different compactions are not known, and very difficult
to experimentally determine. If one assumes the tortuosity and the constrictivity for the slow
and fast processes to be similar, we obtain the Kd -values as listed in Table 2.
Table 2: Kd -values obtained for anions at pH=8.2, 0.01 and 0.1 M NaClO4.
Ion

Kd [cm3 g-1] 0.01 M NaClO4

Kd [cm3 g-1] 0.1 M NaClO4

εs

I-

2.9 ± 0.8

0.36 ± 0.04

< 0.01

Cl-

1 ± 0.5

0.2 ± 0.08

< 0.01

Kd values for I- are in good agreement with data published by Pusch et. al.26. Anion sorption
requires positively charged sites, which studies by Hunter and Alexander27 and Nicol and
Hunter28 suggest exist at the edges of clay particles at pH < 7-8. Other data suggest
neutralisation at pH~6.29 The influence of ClO4- concentration on the Kd -values implies that
anions sorb to bentonite by anion exchange.
Based on the experimental observations we ascribe the fast diffusive process to intralayer
diffusion and the slow process to diffusion in interparticle water. The low porosity found for
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the latter process indicates that due to osmotic expansion, intralayer porosity is dominant even
at 0.4 g/cm3 dry density. The preference of sorption on montmorillonite by anion exchange is
reported to be I-<Cl-

31

which is contrary to the sorption data on the unpurified bentonite used

in this work.
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4. CHEMLAB EXPERIMENTS
(Papers II and VII)
4.1. Introduction
Numerous experiments related to the disposal of spent nuclear fuel have been performed at
laboratories where efforts have been made to imitate the chemical, physical and biological
conditions prevailing at storage depth. However, to validate results obtained in the laboratory,
experiments also have to be performed in situ. This is especially important for the research
regarding deep storage of spent nuclear fuel, since the public interest is great and the attention
from the media is often quite harsh.
Groundwater composition in Äspö HRL varies a lot depending on where the water is sampled,
but a general feature of most groundwaters at 500 metres depth is that they are significantly
more saline than freshwater. The CHEMLAB experiments (described in more detail later in
this chapter) were performed at two sites in the Äspö tunnel, one situated 320 m and the other
430 m below ground level. The ionic strength of the water at the former site varied from 0.17
to 0.12 moles per kg solvent (the variation is due to freshwater leakage from the surface into
the tunnel), while the ionic strength for water in the deeper borehole was 0.32 moles per kg
solvent. The waters were also strictly anoxic. Eh-values, which are a measure of how reducing
the environment is, have been measured during the CHEMLAB experiments and were found to
be below -200 mV vs. NHE.
4.2. CHEMLAB
CHEMLAB is a borehole laboratory, designed to perform in situ (or rather very close to in
situ) experiments on the retention by the different barriers of the KBS-3 repository concept
(Figure 1). CHEMLAB was manufactured by Métro Mesures S.V. (Paris, France) and designed
by Métro Mesures and Department of Chemistry/Nuclear Chemistry at KTH together with staff
from CEA Cadarache (France) and Swedish Nuclear Fuel and Waste Management Co. Before
designing CHEMLAB a number of feasible experiments, deemed to be interesting to carry out
in a borehole probe, were conceptually lined out. To be able to carry out those experiments we
had to consider a number of specifications, such as flow paths, pump flows, acceptable deadvolumes, etc. The final design resulted in a quite complex system.
The different experiments for which CHEMLAB was designed are30:
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•

Radionuclide diffusion in compacted bentonite clay, which is treated in more detail later
in this chapter.

•

Migration of redox sensitive radionuclides, where retention of the transport of redox
sensitive radionuclides (such as technetium, plutonium, neptunium and americium) in a
rock fissure is measured and demonstrated.

•

Migration from the clay buffer to the rock, where the diffusion of radionuclides in a clay
buffer, followed by a transition to a rock fissure containing flowing groundwater, is
studied.

•

Radiolysis experiments, where the influence of water radiolysis on the mobility of redox
sensitive radionuclides is studied.

•

Batch sorption experiments, where the sorption of redox sensitive radionuclides to a rock
surface is studied under relevant deep groundwater conditions.

•

Radionuclide solubility of redox sensitive radionuclides.

•

Spent fuel leaching, which is maybe the easiest experiment of those outlined to carry out,
but the trickiest when it comes to radiation protection.

This variety of different experiments requires different technical solutions regarding in
particular water flow paths in the probe. To be able to perform the experiments two pumps are
needed, as well as tracer reservoirs and fraction collectors. To direct the water flows in
CHEMLAB six multi-channel valves are required. Since there is a limited diameter of a
borehole, there is not very much radial space available and each component has to be quite
long instead. For instance each multi-channel valve, which can be seen in Figure 14, requires a
good half-metre.

Figure 14: One of six multi-channel valves in CHEMLAB
All components are constructed in the same narrow but long manner. Altogether CHEMLAB
measures 13.3 metres and has an outer diameter of 89 mm, including the 5 mm thick outer
casing. A schematic overview of CHEMLAB can be seen in Figure 15.
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The main components in CHEMLAB are:
•

Three reservoirs for tracer solutions. The reservoirs are cylinders with caps at each end.
One end of a reservoir is connected to the groundwater in the borehole and the other to the
experimental system. A moveable piston separates the groundwater from the radionuclide
solution. When solution is extracted from the reservoir, the piston moves to compensate for
the volume loss, while the opposite occurs if solution is pumped into the reservoir. With
this arrangement, the pressure in the reservoir remains the same as the groundwater
pressure during the experiment.

•

Two pumps. The pumps are of HPLC type, modified to be able to operate in any direction
(upside down or horizontally tilted) and to provide flow rates between 0.02 and 40 ml/h. In
most of the outlined experiments there are two parallel flows in CHEMLAB, each
controlled by a pump. One flow carries the radioactive solution, while the other is inactive
and samples the radioactivity that has passed the experiment cell.

•

One experiment cell where the experiment is performed. The cell is unique for each type
of experiment. The experiment cell is the crux of CHEMLAB, since the whole system is
designed to supply the cell with the right solution at a chosen flow rate. In the diffusion
experiments the cell consisted of a PEEK cylinder, in which compacted bentonite clay was
sandwiched between two filter plates.

•

22 fraction collectors in which samples from the experiment can be stored.

•

Six multi-channel valves which direct the flows to the right places. Each multi-channel
valve has an a- and b-side. The solution on the a-side contains the radioactive solution and
the b-side the inactive solution.

•

PEEK tubes. All tubing in CHEMLAB is made of poly-ether-ether-ketone (PEEK), which
is a chemically inert, radiation resistant polymeric material.
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Figure 15: Schematic drawing of the CHEMLAB system.
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4.3. Difficulties
Métro Mesures S.V. has manufactured four probes for borehole measurements for CEA
Cadarache, but CHEMLAB is by far the most complex system. Since it is a novel technique,
several teething problems occurred during the experiments and tests. The borehole lock broke,
as well as valve gears. Valves became clogged; water penetrated the electrical interconnections and caused corrosion there. Hydraulic connections leaked, causing water to enter
into the sensitive components (valves and pumps). All in all, CHEMLAB proved to be a fragile
system which had to be tended and cherished. The handling of the system has to be very
thorough, since the least leakage can cause severe damages. Furthermore, since the groundwater has a relatively high iron concentration it is of great importance to minimize the oxygen
content in CHEMLAB before the experiment starts to avoid precipitation of iron as Fe(III)
when it encounters oxygen. It should be stressed, haowever, that when CHEMLAB works
correctly it is a very good tool for performing in situ experiments.
4.4. Experiment Performance
Before inserting the CHEMLAB probe into the borehole, some preparations had to be carried
out in a radiochemical laboratory. An experiment cell, similar to those used in the laboratory
experiments, (see Figure 6, Section 3.2) was prepared and mounted in CHEMLAB. A small
volume of a solution spiked with the radionuclide(s) to be studied was prepared and transferred
to the tracer reservoir. In the first diffusion experiment Co-57 was used as tracer, in the second
Cs-134 and Sr-85 and in the third Tc-99 and I-131. To reduce the oxygen content in the tubes
of CHEMLAB, degassed water was pumped through the whole system. CHEMLAB was then
transported to the experiment site in the Äspö tunnel where the whole probe system (packer,
CHEMMAC and the six CHEMLAB sections) was assembled and pushed into the borehole.
The system was then pushed 18 metres to full depth of the borehole, where a water carrying
fracture is situated. The packer was expanded to seal off the test section in the borehole and all
flow paths were flushed with groundwater before the experiment was started.
The first step in the diffusion experiments was to dilute the radionuclide solution in the tracer
reservoir from 2 to 100 ml with groundwater. The next step was to saturate the bentonite clay
with groundwater. The saturation was performed by pumping groundwater through the inlet
and outlet channels of the diffusion cell for two weeks. The diffusion was then started by
pumping the radiotracer solution through an inlet loop containing the diffusion cell and tracer
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reservoir. At intervals the solution in the outlet channel was planned to be flushed to the
fraction collectors to obtain a break-through curve.
In the cobalt diffusion experiment, the gear of one of the multi-channel valves broke down
after seven days of diffusion. The experiment had to be stopped and the concentration profile
within the bentonite, but not a break-through curve, could be obtained.
Since one of the parts of CHEMLAB was in Paris for repair, the flushing to the fraction
collectors was omitted in the diffusion tests using caesium and strontium and also in this
experiment only the concentration profiles in the bentonite were obtained. The length of the
diffusion cell used was increased in this experiment from 5 to 10 mm to prevent the diffusants
reaching the end of the cell and causing reflection effects.
In the anion experiment, the valve of the fraction collectors was contaminated during the
experiment, hence the concentration obtained in the fraction collectors is dubious and only the
concentration profile in the clay was evaluated.
At the end of the experiments the cell was taken out and sliced into thin sections. All sections
were weighed and analyzed for activity using a γ-spectrometer.
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Tc in the anion experiment

was measured by liquid scintillation.
4.5. Data Evaluation
The apparent diffusivity and sorption factor for strontium and caesium and the apparent
diffusivity and the capacity factor for iodide and technetium were obtained by fitting the
experimental data using the code ANADIFF, which is described in more detail in Section 3.3.
In the cobalt experiment the inlet concentration was constant during the first seven days before
a valve broke down. Over the next seven days the inlet concentration gradually decreased, as
the diffusant that had entered the cell continued to diffuse. ANADIFF is not able to handle this
kind of problem. Hence, a computer code, LFD, developed by Jarmo Lehikoinen, VTT,
Finland was used.26 LFD uses a Laplace transform finite difference method to solve the
equation system and can handle, among other things, using an existing concentration profile as
initial conditions for further calculations.
Consequently the concentration profile was calculated for the first seven days. Based on this
concentration profile, keeping the inlet concentration at zero, the profile after the next seven
days was calculated.
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4.6. Cation Results
The concentration profiles for caesium, strontium and cobalt can be seen in Figures 16, 17 and
18, respectively. The fitted parametres are listed in Table 3.
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Figure 16: Experimental and simulated results for caesium.
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Figure 17: Experimental and simulated results for strontium.
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Figure 18: Experimental and simulated results for cobalt.
Table 3
Fitted values for Cs+, Sr2+ and Co2+ in CHEMLAB experiments and results obtained in
laboratory experiments.
Cation
CHEMLAB experiments
Laboratory experiments
Da [m2 s-1]

log (Kd [g cm-3])

Da [m2 s-1]

log (Kd [g cm-3])

Cs+

2×10-12

1.8

(2 ± 1)×10-12

2 ± 0.35

2+

-12

1.1

-12

1.56 ± 0.32

-13

3.3 ± 0.3

Sr

2+

Co

7×10

-13

4.4×10

2.4

(9 ± 1)×10
(2 ± 1)×10

As can be seen in Table 3, the results for Cs+ and Sr2+ from laboratory experiments using
synthetic groundwater with the same salinity as Äspö groundwater are in good agreement with
those obtained in the CHEMLAB experiments. It should be pointed out that the Sr2+
concentration in the Äspö groundwater is fairly high (∼2×10-4 moles dm-3), so the
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Sr2+

sorption observed is mainly by isotope exchange.
The discrepancy between the Kd-values for Co2+ obtained in laboratory diffusion experiments
with synthetic Äspö groundwater is most probably caused by a slightly higher pH in the
synthetic groundwater (pH ∼7.5) used in the laboratory experiments than in the groundwater at
the experimental site at Äspö (pH 7.2). Co2+ displays a sorption edge at pH ∼6.5 with Kd
increasing by two orders of magnitude between pH 6.5 and 8.5.paper

III

The corresponding

sorption edges on Na-montmorillonite for Ni, Zn and Ca were modelled assuming the
formation of surface complexes.25
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4.7. Anion Results
As for the anion experiments described in Section 3.5, the measured activity profile for I-,
(Figure 19) can not be accommodated by assuming one single diffusion process. Assuming two
parallel diffusion processes improves the fit.
The low activity distribution (interpreted to be intralamellar diffusion) is simulated using Da =
8.6·10-11 m2 s-1 and α = 0.1, which is in good agreement with data from laboratory breakthrough curves.
The high-level activity profile (interpreted as caused by diffusion in external water) is
modelled assuming a diffusion process with Da = 5·10-14 m2 s-1 and α = 2.26. The pore space
accessible for this diffusive pathway is not known but the α -value, being higher than the
porosity as measured by water content (0.32 at a dry density of 1.8), indicates sorption with a
distribution coefficient Kd in the range 1 to 1.2 cm3 g-1.
Ionic strength and pH dependent adsorption of anions is reported in several studies. Pusch et.
al.26 and Swartzen-Allen and Matijevic31 report Kd -values varying from 2 to 0.3 cm3g-1 for
bentonite equilibrated with groundwaters with ionic strength in the range 0.032 to 0.346 moles
per kg solvent.
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Figure 19: Experimental and simulated profiles in the bentonite for iodide.
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The activity profile for Tc is plotted in Figure 20.

1750

Experimental
Total
Da=6E-11 m2 s-1, a=0.1
Da=1E-13 m2 s-1, a=0.46

-1

Activity [cps g ]

1500
1250
1000
750
500
250
0
-250 0

1

2

3

4

5

-500

Distance from inlet filter [mm]
Figure 20: Experimental and simulated profiles in the bentonite for technetium.
The profile can, as for I-, be modelled by assuming two diffusive processes with Da = 6·10-11
m2 s-1, α = 0.1 and Da = 1·10-13 m2 s-1, α = 0.46, respectively.
The data clearly indicate that the diffusing species, in spite of the reducing conditions, is
TcO4-. The three-four points with higher activity are probably due to iron containing minerals
in the bentonite, where the pertechnetate ion has been reduced and precipitated as TcO2·nH2O.
Technetium was added as a small volume of stock solution containing TcO4- which was diluted
with filtered groundwater. Surfaces in contact with the solution are, with the exception of the
diffusion cell filters, chemically inert PEEK surfaces.
0.738

TcO -4

-0.6

TcO 24-

-0.6

TcO 34-

TcO 2 ⋅ nH 2 O

-0.605

Figure 21: Reduction potentials (V versus NHE) of the Tc(VII)-Tc(IV) system.
The reduction of Tc(VII) to Tc(IV) requires three electrons and the stepwise one electron
reduction of TcO4- to TcO2·nH2O by Fe2+(aq), although thermodynamically feasible (see
Figure 21 for standard potentials of the possible reaction paths leading from TcO4- to
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TcO2·nH2O32,33), is kinetically hindered34. Surface mediated reduction on Fe(II) bearing
minerals and precipitates is therefore expected to be the dominating reaction path in natural
systems and TcO4- is quite stable in the absence of such surfaces.
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5. LONG TERM TEST OF BUFFER MATERIAL
(Papers IV and VI)
5.1. Introduction
Numerous different studies concerning bentonite clay stability have been performed to produce
models and to study the kinetics of alteration reactions. A number of buffer tests have been
performed by different organizations, but most of these tests have deviated from the expected
Swedish repository conditions. Clay Technology in Lund was therefore assigned by SKB to
perform a series of experiments at Äspö Hard Rock Laboratory, called "Long Term Test of
Buffer Material" (LOT). The main objectives of LOT were to validate models of clay buffer
performance under standard KBS-3 repository conditions and to quantify clay buffer alteration
processes under adverse conditions, such as super saline groundwater, high temperatures, high
temperature gradient over the buffer, high pH and high potassium concentration in clay pore
water.35 In conjunction with the tests on the bentonite, additional tests concerning bacterial
activity, copper corrosion and gas transport were carried out. Furthermore, cation diffusion
tests using caesium and cobalt were carried out.
The LOT programme comprises seven test parcels which are exposed to KBS-3 repository
conditions for 1, 5 to >>5 years. Each test parcel contains a heater, a copper tube and precompacted cylindrical bentonite blocks, which are placed in a vertical 4 m deep borehole at a
depth of 450 m in Äspö Hard Rock Laboratory, see Figure 22. When the bentonite is fully
water saturated by groundwater entering the borehole by water carrying fissures in the rock
wall, the copper tube is heated to simulate the temperature increase due to the decay energy. In
the three one year tests the copper tube was heated to simulate standard KBS-3 conditions (test
parcel S1, 90 °C) and adverse conditions (test parcels A1 and A0, 130 °C), respectively.
LOT offers the possibility to study radionuclide migration in natural groundwater saturated
compacted bentonite under conditions quite different from those in the laboratory; larger scale,
initially dry bentonite subjected to water saturation, high temperature and temperature gradient
across the buffer during the experiments.
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Figure 22: Schematic drawing of a test parcel. The doped plugs were placed in block 5.
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The cations Cs+ and Co2+ with the tracers 134Cs and 57Co, respectively, were chosen for the
experimental study. This choice was based on the following criteria:
¾ diffusion behaviour at different chemical conditions should be well characterized
¾ dependence of sorptive behaviour and sorption mechanisms on pH and water solution
composition should be known
¾ the dominant sorption mechanism for the cations should preferably be different, i.e. ion
exchange for Cs+ and surface complexation for Co2+
¾ the half-life of the tracers should be long enough to allow at least a two-year
experimental study.
5.2. Experimental Performance
5.2.1. General

For each test parcel, a 4 meter deep hole with 300 mm diameter was drilled vertically into the
rock from a niche at 445 metres depth in the Äspö tunnel. A test parcel containing a copper
tube with outer diameter 108 mm surrounded by 38 cylindrical blocks with a diameter of 0.3 m
of Wyoming MX-80 bentonite, compacted to give a density of 2000 kg m-3 when fully water
saturated, was placed in each hole. The holes were then sealed with a concrete plug and the
bentonite blocks left to be saturated with groundwater. In the third test (the A0 parcel)
groundwater was added from a nearby borehole through tubes to filters inside the test parcel to
ensure full water saturation. To monitor the time evolution of water saturation, temperature and
pressure in the bentonite, each parcel was equipped with a number of humidity gauges, thermocouples and pressure gauges. When the humidity gauges, as well as scooping calculations,
indicated that the bentonite was fully water saturated, the temperature was increased by
internal electric heaters in the copper tube approximately 1.2 metres from the bottom of the
bentonite parcel. This was done to simulate the increase in canister temperature due to heat
generation by radionuclide decay within the fuel. The three test parcels were heated to different
temperatures; two (A1 and A0) were heated to 130 °C, while the third (S1) was heated to
approximately 90 °C.
After 14 months, the S1 and A1 tests were terminated. The two parcels were removed by overcore drilling and the different bentonite blocks were analyzed by those responsible for each
experiment. The entire 4 m long S1 parcel with approximately 20 cm rock cover was
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successfully lifted in one piece from the rock. However, when the lower part, where the
radionuclides were situated, was analyzed it was revealed that the part was not water saturated.
While the whole A0 test was successfully performed, the central part of the A1 parcel was
washed away by flowing water during drilling. The upper and lower parts were retrieved,
although the bentonite blocks were very wet and had expanded greatly. The A1 test was hence
repeated with test parcel A0.
When analyzing the caesium activity in the A1 parcel an unexpected activity profile was
obtained. Additional laboratory studies were hence performed to investigate how the influence
of temperature affects the diffusion of caesium.
5.2.2. Cation Diffusion Tests

The experimental technique chosen was to add the diffusants (carriers and tracers), contained
in pre prepared plugs of dry bentonite compacted to the desired density, to well defined
positions in the bentonite parcel immediately before lowering the parcel into the borehole. For
each parcel two identical bentonite plugs doped with

57

Co and

134

Cs were prepared in the

laboratory using 20 mm long cylindrical plugs with 20 mm diameter. A 5 mm diameter hole
was drilled into the center of each plug and a few cubic millimetres of dry bentonite, ion
exchanged to contain 1 MBq of each tracer were placed at the bottom of the hole, see Figure
23. The top part of the hole was refilled with inactive bentonite and compacted to the original
density. The plugs were then inserted in two diametrically opposite holes in the fifth bentonite
block from the bottom of the test parcel.
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Figure 23: A split dummy plug prepared with a dye instead of the radioactive tracers in order
to verify the location of the introduced material. The "wings" are likely not present in the
tracer samples.
The radionuclides were left in the bentonite parcel for the whole experimental period and thus
exposed to the water saturation and heat treatment described in the previous section. When the
groundwater reached the radionuclides the diffusion started and continued for the rest of the
experimental period.
At the end of the test period, it turned out that the S1 parcel with the lower temperature was not
fully water saturated. Since only very slow diffusive transport takes place in dry bentonite36,
this experiment unfortunately failed.
5.2.3. Laboratory Studies

Two laboratory experiments were performed in a cylindrical cell equipped with a heating plate
at one end and a filter at the other end, see Figure 24. A few cubic millimetres of dry bentonite,
ion exchanged to contain the desired caesium activity, were placed 0.5 cm from the bottom and
close to bottom of the cell in Experiments 1 and 2, respectively. Additional bentonite was then
added before the clay was compacted to 1800 kg m-3 dry density.
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Figure 24: Drawing of the cell used in the laboratory experiments.
During the whole experiment water was pumped through the inlet channel of the filter.
Whereas the clay was water saturated for 63 days before turning on the heater in Experiment 1
the heater was turned on at the start of water saturation in Experiment 2. The temperatures used
were 70 and 90 °C. When the experiments were terminated after 95 days, the bentonite plug
was sliced into thin sections, dried, weighed and analyzed by γ-counting using a germanium
detector and multi-channel analyzer.
5.3. Analysis
In the LOT experiment, the clay in the first high temperature experiment (A1) was very wet
when taken out of the hole. The outermost layer was super-saturated with water and had
relatively low viscosity, while the clay was more compact in the middle. The clay had
expanded a great deal and the diameter was almost one and a half time the original size.
Figures 25a and b show the bentonite blocks before and after the LOT experiments.
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Figure 25a Bentonite block being inserted
into the hole.

Figure 25b Bentonite block after the
experiment.

The first samples were taken by drilling holes into the bentonite. The cores extracted were
sliced into segments and then analyzed by γ-counting. Closer to where the activity was initially
inserted, the bentonite was peeled off layer by layer. Each layer was cut into approximately
1×1 cm pieces, which were weighed and analyzed by γ-counting. Altogether, roughly 1000
samples were analyzed from the A1 parcel.
The sampling procedure from the
A0 parcel was more refined. The
block was cut into slices and the
slices were scanned with a GMdetector

equipped

collimator.

Spot

with

samples

a
were

taken at different positions, and
when

approaching

where

the

activity was situated the sample
volumes were reduced while the
sampling

was

more

frequent.

Altogether about 100 samples were
taken from the A0 parcel.
Figure 26: Testparcel A0 after the successful uptake
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5.4. Data Evaluation
5.4.1. LOT

From the A1 and A0 analyses, activity values from approximately 1000 and 100 positions,
respectively, in the bentonite parcels were obtained. Since one doped bentonite plug was
inserted at each side of the copper tube, the samples were divided into two groups depending
on which side of the tube the sample was taken from. The two groups were then treated
separately. On each side of the copper tube a coordinate system was applied, putting the origin
in the point where the activity maximum was found. The distance to the origin was calculated
for each point to create a one-dimensional activity profile. The profile was then examined to
see whether it looked different in different directions from the origin. This was done by
studying six 1 cm thick planes in different directions in space. The examination showed that
the profiles for both cobalt and caesium looked the same in all planes on both sides of the
copper tube.
Scooping calculations showed that with the diffusivities and Kd-values obtained in a similar
environment the radionuclides would not diffuse out of the bentonite block. The system could
therefore be described as diffusion from a source into an infinite medium. The cylinder
containing the radionuclides was approximated to be a sphere. The concentration at distance r
could then be obtained from equation (31).37
(a+r )
( a−r )
1 
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a − r  C 0  Dt   4 Dt
4 Dt
e
e
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where C0 is the initial concentration, a is the radius of the sphere and D the diffusivity, or as in
this case, the apparent diffusivity, Da.
5.4.2. Laboratory Experiments

The initial activity distribution is treated as an infinitely thin layer and the apparent diffusivity
calculated from the slopes in ln(C) versus x2 plots.37 The time required to reach water
saturation is estimated to be 50 days.
5.5. Results and Discussion
When bentonite is water saturated, water molecules are sorbed between the montmorillonite
sheets, up to four layers or maybe more, and the bentonite swells. One can argue that the
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diffusion starts with a low apparent diffusivity when one or two molecules on average are
between the sheets and the apparent diffusivity increases as the water layers build up between
the montmorillonite sheets. However, the time parameter is not very sensitive, but one should
keep in mind that the obtained diffusivities are obtained from experiments less controlled than
those possible to perform in the laboratory.
5.5.1. Cobalt
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Figure 27a: Experimentally determined and
calculated results for cobalt in the A1 test
parcel. Experimental 1 and 2 are taken from
opposite sides of the copper tube.
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Figure 27b: Logarithmic presentation of the
results for cobalt in the A1 test parcel.
Experimental 1 and 2 are taken from opposite
sides of the copper tube.

The A1 and A0 activity profiles for cobalt are presented in Figures 27a, 27b and 28. From the
plots it is obvious that the cobalt did not move much at all, which was to be expected from the
relatively high Kd -values and low diffusivities found in earlier laboratory and CHEMLAB
investigations. As can be seen from the calculated profiles, the apparent diffusivity, Da, is
about 2.5×10-13 m2 s-1, which is in good agreement with diffusivities obtained in the
laboratorypaper I as well as CHEMLAB experimentspaper II.
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Figure 28: Experimentally determined and calculated results for cobalt in the A0 test parcel

5.5.2. Caesium
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Figure 29a: Experimentally determined and
Figure 29B: Logarithmic presentation of the
calculated results for caesium. Experimental 1 results for caesium. Experimental 1 and 2 are
and 2 are taken from opposite sides of the
taken from opposite sides of the copper tube.
copper tube.
The results from the A1 test parcel are presented in Figures 29a and b. It is very difficult to
accommodate the A1 data using equation (31). Whereas the activity peak in the distance range
0 to 25 mm indicates an apparent diffusivity of 5×10-12 m2 s-1, the widely spread level of
200-300 Bq/g clearly shows that part of the activity has migrated faster. It should, however, be
pointed out that the outer layer of the bentonite cylinder, with high water content, was greatly
expanded and the migration of caesium is most probably not only caused by diffusion but may
also be due to the movement of the expanding clay. Furthermore, due to the size of the
bentonite block, it was not possible to cut up and analyze the blocks instantaneously. The
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analytic work took more than three months, during which time the diffusion continued. The
porosity was then increased due to the expansion of the clay. Neither can Channel formation in
the clay during the analytic work is another possibility that cannot be ruled out.
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Figure 30: Experimentally determined and calculated results for caesium in the A0 test parcel.
However, when the experiment was repeated in test parcel A0, a more "normal" activity profile
was obtained, as can be seen in Figure 30. The obtained apparent diffusivity, Da, is about
1×10-12 m2 s-1, which is in good agreement with what has been found in previous
investigationspapers I, II, III as well as in the laboratory experiments with increased temperature,
see table 4.
Table 4: Obtained apparent diffusivities for Cs+ and Co2+ in this study, in the laboratorypaper I and in the
CHEMLAB (in situ) experimentspaper III. All units are m2 s-1
Cation
A1
A0
Laboratory
(70 °C)
Co2+
~2.5×10-13
~2.5×10-13
8×10-14
Cs+

~5×10-13

~1×10-12

7×10-12

Laboratory
(90 °C)
1.2×10-13

Laboratory
(20 °C)
(2 ± 1) ×10-13

CHEMLAB
(15 °C)
4.4×10-13

7.2×10-12

(2 ± 1) ×10-12

2×10-12

As described by equation (5), the diffusivity is proportional to the temperature and indirectly
proportional to a friction factor f, which for spherical particles with radius r can be described as
f = 6πηr

(32)

where η is the viscosity.
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The viscosity of water is approximately 1 mNsm-2 at room temperature, while it is about 0.2
mNsm-2 at 90 ºC.38 The diffusivity in pure water is thus approximately six times greater at
90 ºC compared to 20 ºC, which agrees well with the diffusivities obtained for caesium.
However, the effect of high temperature on the sorption of cations and on the behaviour of
bentonite is extremely difficult to quantify, and the agreement for cesium in obtained
diffusivities and estimated diffusivities in pure water may be purely incidental.
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6. SUMMARY
Bentonite clay/groundwater is a quite complex system. In this study, laboratory and in situ
experiments were performed to improve the understanding of the processes that govern the
diffusion of ions in this system. Since a number of experiments can be performed quite easily,
laboratory experiments allow detailed studies of the different processes involved in diffusion in
bentonite clay. Variables such as salinity, pH, temperature, compaction of bentonite, etc.,
which can be varied in the laboratory, are much more difficult to vary in field experiments. In
situ experiments are of course of vital importance to demonstrate that laboratory data are valid
for in situ conditions, but are more expensive to perform and one often only gets "one shot".
One should keep in mind that experiments that are performed in situ are also much more
difficult to control, and if the results end up in the same ballpark as results from laboratory
investigations, one can conclude that the results from the laboratory experiments are valid.
Laboratory experiments were performed to better understand the impact of ionic strength on
the diffusion of Sr2+ and Cs+, which sorb to mineral surfaces primarily by ion exchange.
Furthermore, surface related diffusion was examined and demonstrated to take place for Sr2+
and Cs+.
Anion diffusion was studied in laboratory experiments as well. Since anions are negatively
charged and the surfaces in bentonite (as for mineral surfaces in general) are predominantly
negatively charged, anions are only slightly retarded by sorption onto bentonite. Anions are to
some extent repelled from the intralamellar pore system (this phenomenon is often referred to
as anion exclusion) and hence the apparent diffusivities for anions in bentonite are higher
compared to those for cations, while the diffusive capacity is lower for anions. Our results
clearly indicate that anion diffusion in bentonite clay consists of two diffusion processes.
Two kinds of in situ experiments were performed, CHEMLAB and LOT. In CHEMLAB,
cation and anion diffusion experiments were performed in a borehole laboratory. In the
CHEMLAB experiments, the whole probe system is pushed into a borehole containing a water
carrying fracture. The experiments are then performed using groundwater from the fracture
under the same pressure as the ground water pressure.
The perhaps most interesting result from the CHEMLAB experiments is that the redoxsensitive pertechnetate ion (TcO4-) which thermodynamically should be reduced and
precipitate as TcO2·nH2O, travels unreduced through the bentonite. At some spots in the clay
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the Tc-activity is considerably higher, however. We ascribe these activity peaks to ironcontaining minerals in the bentonite, by which Tc(VII) has been reduced and precipitated.
The cations Sr2+, Cs+ and Co2+ as well as I- behaved in the CHEMLAB experiments as
expected from laboratory studies.
LOT is a series of experiments, in which cylindrical bentonite blocks surrounding a central
copper rod are placed in a 4 m. deep vertical borehole. The borehole is then sealed and the
blocks are left for 1, 5 or >>5 years. When the bentonite is water saturated the central copper
rod is heated to simulate the temperature increase due to radioactive decay of the spent fuel.
Bentonite doped with radioactive Cs and Co is placed in one of the lower blocks. When the
experiment is finished the bentonite blocks containing radioactivity are cut up in pieces and
samples are taken to reveal an activity distribution.
Three of the test parcels in the LOT series were completed. The first two diffusion experiments
in LOT were less successful, the first due to the fact that the bentonite was not water saturated
and the radionuclides did not move at all. In the second, the uptake of the bentonite parcel was
badly performed. Water from the drilling flushed away large pieces of the bentonite and the
rest that was taken up was super-saturated.
The activity distribution in the second experiment was analysed. The Co2+ profile looked as we
had expected, while Cs+ had spread more than our calculations indicated. However, the third
experiment was successful, from emplacement, water saturation and heating to uptake. The
activity distribution for both cations was also as we had expected.
Three different types of experiments were carried out. In the laboratory environment it is
possible to control many parametres. It is possible to fully water saturate the bentonite before
radionuclides are added, pH of the waters used is easily monitored, etc. It is therefore easier to
interpret obtained data to diffusion coefficients and Kd -values than it is in less controlled types
of experiments. The only parametres that are difficult to control (or rather, mimic with respect
to repository conditions) are the redox potential and in some extent the water composition
(colloids/bacteria).
In CHEMLAB, the laboratory experiments are taken from the laboratory to a borehole. It is
possible to control when radionuclides are added, the pH and Eh of the incoming water can be
monitored, etc. Since the water is taken from the borehole, water composition and the redox
conditions are those prevailing at storage depth. Results from CHEMLAB experiments are, as
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for laboratory experiments, easy to evaluate since most parametres are known. Another
advantage is that since CHEMLAB is a closed system, it is possible to get permission from the
regulating authorities to use almost any radionuclide, which is usually not possible in most
other kinds of in situ experiments (we have even carried out migration experiments using
plutonium, americium and neptunium in CHEMLAB-2). However, it is very expensive to
perform each CHEMLAB experiment and it is not possible to investigate different conditions,
such as pH-dependence or salinity. Furthermore, the experiments are not pure in situ
experiments and critics may claim that the verification of results from laboratory studies is
hence invalid.
Whereas it can be debated whether the CHEMLAB experiments can be considered as being
performed in situ or not, the LOT experiments are definitely pure in situ experiments. The
radionuclides are added before the experiments start and there is an uncertainty for estimating
the time when the bentonite surrounding the radionuclides starts to become water saturated,
and to what extent. The experiment is hence more difficult to evaluate and the results obtained
are more uncertain than those obtained in laboratory or CHEMLAB investigations. The LOT
experiments should be looked upon as validation exercises to see whether results are in the
same order of magnitude as those from laboratory experiments or not.
The three different types of experiments, however, give a uniform picture of radionuclide
diffusion in bentonite clay for the ions investigated.
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8. ABBREVIATIONS
A
C
C(x,t)
Cp
D
Da
De
Df
Dp
Ds
Dw
F
I
J
Kd

L
Q
R
RG
t
x

δC
ε
εC
εf
εt
ρ
τ

Cross sectional area [m3]
Concentration [moles dm-3 or cps dm-3]
Concentration at distance x and time t.
Concentration of diffusing species in pores [moles m-3]
Diffusivity [m2 s-1]
Apparent diffusivity [m2 s-1]
Effective diffusivity [m2 s-1]
Diffusivity of filter [m2 s-1]
Diffusivity of diffusing species in pores [m2 s-1]
Surface diffusivity [m2 s-1]
Diffusivity in free water [m2 s-1]
Length of filter plate
Ionic strength [moles per kg solvent ≈ moles per dm3 for low ionic strengths]
Diffusive flux [moles s-1]
Distribution coefficient,
moles sorbed species per mass unit
Kd =
[m3 kg-1]
moles species in aqueous phase per volume unit
Length of bentonite clay
Accumulated flow of diffusant [moles m-3]
ε + ρK d
Capacity (retardation) factor, defined as R =

ε

Gas constant
Time [usually days]
Distance in x direction
Constrictivity [dimensionless]
Porosity [dimensionless]
Part of total porosity which end up in dead ends
Porosity of filter
Transport porosity (part of total porosity in which the transport takes place)
Density [kg m-3]
Tortuosity (meandering of pores, dimensionless)
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