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Foreword

This documentation has been compiled from two separate reviews related to chemical 
concepts used in buffer-erosion models and swelling-pressure models for the buffer 
and backfill. Both reviews were ordered by STUK from Dr. Randolph Arthur, and were 
finished by him in September 2010 and July 2011, respectively. The reviews evaluate the 
state-of-the-art knowledge concerning both topics and are intended to assist STUK in its 
evaluation of confidence in the long-term performance of the buffer and backfill in the 
engineered barrier system of a nuclear waste repository. This background information will 
help STUK make a judgment as to what degree of confidence is needed for a successful 
construction license application, and what level of maturity in the knowledge of system 
performance will be required later when an operation license application is considered.

Arthur randolph. handling of hydrogeochemical relations in erosion and swelling pressure models 
for the buffer and backfill. Part I: A review of surface-chemical concepts used in models of buffer erosion. 
Part II: An evaluation of swelling pressure models for the buffer and backfill. StuK-tr 10.  
helsinki 2011. 4 pp + 30 pp + 15 pp.

Keywords: nuclear waste, KBS-3 repository, bentonite buffer, tunnel backfill, chemical erosion, 
swelling pressure, modeling concepts
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Esipuhe

Tämä dokumentaatio on koostettu kahdesta erillisestä kirjallisuuskatsauksesta, jotka 
liittyvät puskurieroosiomalleissa käytettyihin kemiallisiin käsitteistöihin sekä puskurin 
ja tunnelitäytteen paisumisen kuvaamiseen käytettyihin malleihin. Kummatkin 
katsaukset ovat STUKin Dr Randolph Arthur’lta tilaamia ja ne ovat valmistuneet 
syyskuussa 2010 (eroosio) ja heinäkuussa 2011 (paisuminen). Katsaukset arvioivat 
kansainvälistä tietämyksen tasoa sekä eroosion että paisumisen aihepiireistä. Niiden 
tarkoituksena on auttaa STUKia arvioimaan ydinjätteen loppusijoituslaitoksen 
teknisiin päästöesteisiin kuuluviin puskuriin ja tunnelitäytteeseen liitettyjä 
pitkäaikaisturvallisuuden perusteluja. Osin tuotettujen taustatietojen perusteella 
STUK tekee ratkaisunsa, mitkä ovat hyväksyttävän tasoiset perustelut eroosion ja 
paisumisen aihepiireistä rakentamislupahakemuksessa ja mikä tietämyksen taso 
loppusijoitussysteemin toimintakyvystä tullaan vaatimaan, kun loppusijoituslaitoksen 
käyttölupaa aikanaan harkitaan.

Arthur randolph. hydrogeokemiallisten riippuvuuksien käsittely puskurin ja tunnelitäytteen  
eroosio- ja paisuntapainemalleissa. Osa I: Katsaus puskurieroosiomallien pintakemian kuvaukseen.  
Osa II: Arvio puskurin ja tunnelitäytteen paisuntapainemalleista. StuK-tr 10. helsinki 2011.  
4 s + 30 s + 15 s.

Avainsanat: ydinjäte, KBS-3 loppusijoituslaitos, bentoniittipuskuri, tunnelitäyte, kemiallinen 
eroosio, paisuntapaine, mallinnusperusteet
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Summary

this report reviews surface-chemical concepts governing the formation and stability 
of clay colloids, and considers how these concepts might be used in models of buffer 
(chemical) erosion in a kbS-3 repository for spent nuclear fuel. there is a consensus 
among surface chemists that although theoretical treatments of clay colloid behavior 
are generally correct, they also suffer from important deficiencies. the deficiencies 
result from an oversimplification of the properties of real colloids, and from a failure 
to consider forces acting to stabilize or flocculate colloidal systems under certain 
environmental conditions, and at small inter-particle separation distances such 
as will exist in highly compacted buffer materials. It is unclear whether sufficient 
progress can be made over the next few years to adequately resolve these limitations. 
If not, dealing with the issue of buffer erosion in a safety-assessment context may 
require consideration of other features, events and processes (fePs) that could also 
play an important role in the erosion process. It is recommended that Stuk should 
consider carrying out critical evaluations of such fePs in order to further prepare 
for its review of future license applications for a spent-fuel repository at olkiluoto.



I-4

STUK-TR 10 PART I: A review of surfAce-chemicAl concepts used in models of buffer erosion

1 Introduction

chemical erosion of the bentonite buffer in a 
kbS-3 repository for spent nuclear fuel refers to a 
process in which the constituent clay minerals are 
suspended as colloids and transported away from 
deposition holes in flowing groundwater. chemical 
erosion differs from physical erosion, which involves 
the release of bentonite particles at the buffer-
groundwater interface by shear forces acting on the 
particles by flowing groundwater, or, in the process 
of “piping”, by hydraulic forces acting on the buffer 
during saturation (börgesson and Sandén, 2006; 
liu and neretnieks, 2006; Jussila 2007). Physical 
erosion is not considered further here.

colloid formation at the bentonite-groundwater 
interface is possible in repository scenarios calling 
for the transient migration of glacial meltwaters to 
repository depths. this is because stable suspen-
sions of clay colloids tend to form in contact with 
aqueous solutions that are relatively dilute (e.g., 
miller and marcos, 2007; missana et al., 2003). un-
der such conditions, erosion of as little as 1200 kg 
of bentonite from a deposition hole (about 6% of the 
initial dry mass) could generate advective-transport 
conditions in the buffer (börgesson and hernelind, 
2006). this is a potential concern because advection 
would enhance the transport rate of corrodants to 
the canister’s surface, thus increasing corrosion 
rates. the recent Sr-can safety assessment, for 
example, estimates that buffer erosion could lead 
to the failure of some tens of canisters at the fors-
mark site over an assessment time frame of one 
million years if pessimistic hydraulic conditions 
are assumed, together with cautious assumptions 
regarding sulfide concentrations and deposition hole 
acceptance criteria (Skb 2006). calculated risks 
are below the regulatory risk limit during the first 
100,000 years of repository evolution, however.

both Posiva and Skb are currently developing 
approaches for dealing with the potential impacts 

of buffer erosion in a safety-assessment context. 
experiments and modeling related to chemical 
erosion are planned in Posiva’s bento program 
(Posiva 2006). Skb have established a multi-year 
r&d program devoted to this topic, and results 
obtained over the past several years are available 
at www.kemi.kth.se/nuchem/be. Skb is currently 
in the process of defining an approach that will be 
used to deal with the issue of buffer erosion in the 
upcoming Sr-Site performance assessment.

It is likely that the approaches noted above will 
rely to some extent on conceptual and numerical 
models of buffer erosion that are constrained by 
fundamental surface-chemical concepts governing 
the formation and stability of clay colloids. the 
present report reviews these concepts and attempts 
to assess how associated uncertainties could impact 
the reliability of predictions made using buffer ero-
sion models. the effects of these uncertainties on 
assessments of repository performance are a key 
concern that Stuk will have to consider in future 
reviews of license applications from Posiva for a 
spent-fuel repository in finland.

the report is organized as follows. Section 2 
describes how buffer erosion has been handled 
previously in conceptual models and safety assess-
ments. Surface-chemical concepts that have been 
developed to explain the formation and stability of 
clay colloids are then reviewed in Section 3. Section 
4 addresses limitations in these concepts and associ-
ated potential impacts on models of buffer erosion. 
Section 5 summarizes some supplementary views 
on recently developed models of buffer erosion. Sec-
tion 6 considers a broader perspective on features, 
events and processes related to buffer chemical 
erosion that could provide a framework for Stuk, 
possibly in collaboration with SSm, to further evalu-
ate the treatment of this issue in future safety cases 
that will be put forward by Posiva (and Skb). 
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2 Treatment of buffer erosion in conceptual 
models and safety assessments
Conceptual models of buffer chemical erosion have been developed mainly by 
SKB (SKB 2004; Liu and Neretnieks 2006) and are described below. An approach 
used by SKB to deal with this issue in the SR-Can safety assessment is also 
discussed. Posiva has not yet formally considered buffer erosion in a safety 
assessment of a KBS-3 repository at Olkiluoto.

2.1 Conceptual models
Skb’s prototype conceptual model of buffer erosion 
is described in the Sr-can Interim Process report 
(Skb 2004; Appendix A). A schematic overview 
of the model is shown in figure 1, where it can 
be seen that bentonite is assumed to penetrate 
a fracture that intersects a deposition hole. the 
penetration distance is controlled at steady state by 
the swelling pressure and by frictional forces acting 
at the interface between the extruded bentonite 
and fracture surface. börgesson and nilsson (2008) 
divide the extruded portion of the bentonite within 
the fracture into four domains having distinctly 
different rheological properties. from the deposition 
hole outward these domains include a solid mass of 
bentonite (zone A), a gel zone (zone b), and two sol 
zones, including a semi-fluid zone (zone c1) and a 
fluid zone (zone c2).¹ Zones b, c1 and c2 do not ex-
ist if the exchange sites on montmorillonite contain 
predominantly ca. moreno et al. (2008) note that 
bentonite could extrude about 4 m into a fracture 
if groundwater flow velocities are low (less than 
about 1 m yr-1), and about 0.5 m into a fracture if 
groundwater velocities are high (greater than about 
100 m yr-1).

Skb adopts the concept of a critical coagulation 
concentration (ccc) for “free” (i.e., uncomplexed) 
ca2+ to account for ionic-strength effects on col-
loid stability. this cation is selected because it 
is relatively abundant in groundwaters of the 
fennoscandian Shield, and because its divalent 
character strongly influences colloid stability in 

accordance with the Schulze-hardy rule (see Sec-
tion 3.2). Skb assumes that the ccc for ca2+ is 
1 mm. the bentonite within the fracture (figure 1) 
is thus assumed to be stable if the concentration 
of ca2+ in the bentonite porewater is greater than 
this value. conversely, colloidal suspensions of the 

 
Figure 1. Conceptual model of buffer erosion (SKB 
2004). The buffer extrudes a certain distance into 
the fracture under the control of swelling-pressure 
and frictional forces. The concentration of Ca2+ in the 
seeping groundwater is assumed to be less than the 
CCC. The Ca2+ concentration at the interface between 
the groundwater and buffer is equal to the CCC (i.e., 
because the gel is stable at that point). Calcium in the 
buffer’s porewater diffuses toward the groundwater, 
and this is accompanied by dissolution of Ca-bearing 
minerals.

1 See Section 3.1 for notes regarding colloid terminology used 
in this report.
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smectite clays form if ca2+ concentrations are below 
this value. bentonite can persist at the bentonite-
groundwater interface as long as the concentration 
of ca2+ in the groundwater is at or above the ccc. 

Skb assumes that at some point in the future 
the extruded bentonite (figure 1) comes into contact 
with groundwater having a ca2+ concentration 
below the ccc. A possible scenario compatible with 
this assumption involves the migration of dilute gla-
cial meltwaters to repository depths at times when 
the repository is overlain by a warm-based ice sheet 
(Skb 2006). A mass balance is used to estimate the 
extent to which the buffer would be transformed 
into a stable colloidal suspension and carried away 
with the flowing groundwater. this results in the 
following equation (Skb 2004):

 −
= ρ  ε − 0

( )

( )
eq i w

clay dry clay
clay i

Q c c
N

c c , (1)

where,
Nclay = mass of buffer lost per unit time (kg yr-1)
Qeq = equivalent flow rate (m³ yr-1)
ci = ca2+ concentration in groundwater that 

has reacted with bentonite in the fracture 
(“leaving groundwater”; mol m-3)

cw = ca2+ concentration in groundwater prior 
to reaction with bentonite in the fracture 
(“entering groundwater”; mol m-3 )

c0 = concentration of ca2+ that could be added 
to bentonite porewater by dissolution of 
soluble minerals (mol m-3).

εclay = buffer porosity
ρdry clay = dry density of the buffer.

the equivalent flow rate, Qeq, in this case represents 
the flow rate of groundwater that will carry away 
the ca2+ that diffuses into the groundwater from the 
buffer’s porewater with an average concentration 
equal to the difference between ci and cw.

equation (1) was evaluated by Skb under two 
limiting conditions regarding the amount of soluble 
calcite that is assumed to be initially present in ben-
tonite: either 0 or 1 wt%. Any calcite in the buffer is 
assumed to dissolve completely and instantaneously. 
other initial and boundary conditions are:

Qeq = 0.001 m³ yr-1, 
c0 = 10 mol m-3 (0 wt% calcite) or 1250 mol m-3 

(1 wt% calcite), 
ci = ccc = 1 mol m-3, 

cw = 0 mol m-3, 
ρdry clay = 1600 kg m-3, and 
εclay = 0.4.

the results of the calculations indicate Nclay = 0.4 
kg yr-1 for the first case (0 wt% calcite), and Nclay = 
0.0032 kg yr-1 for the second case (1 wt% calcite). 
If it is assumed that buffer performance could be 
adversely affected if 1200 kg of bentonite erodes 
from the fracture/deposition hole (börgesson and 
hernelind, 2006; Skb 2006), then these estimated 
erosion rates suggest that this could happen within 
about 3000 to 375,000 years depending on the 
amount of calcite initially present in the buffer.

liu and neretnieks (2006) use a revised version 
of the conceptual model discussed above to obtain 
alternative estimates of buffer erosion rates. the 
revised model differs from the original in two 
important respects. first, groundwater flow rates 
are modeled explicitly in the alternative model 
instead of using the equivalent flow rate (values 
for Qeq are also calculated using groundwater flow 
parameters, however). Second, liu and neretnieks 
(2006) assume that ca concentrations in the buffer’s 
porewaters are controlled by the solubility of trace 
amounts of gypsum (0.7 wt.%, which is assumed 
to be a representative value for mX-80 bentonite). 
In comparison, ca concentrations in the prototype 
model were assumed to be controlled by the calcite 
inventory (i.e., either 0 or 1 wt.%). gypsum rather 
than calcite is considered in the alternative model 
because the solubility of calcite is considered to be 
too low to sustain ca concentrations above the ccc. 
gypsum solubility in the alternative model is fixed 
at 9.8 mm.

liu and neretnieks (2006) use the femlAb pro-
gram (comsol, 2004) to solve for the integrated total 
flux of ca along the extruded bentonite-groundwater 
boundary. the flux is then used to estimate the cor-
responding buffer erosion rate by assuming that 
the buffer is dispersed as a colloid and lost from the 
fracture/deposition hole when the concentration of 
ca in the buffer’s porewater falls below the ccc. 
results using “central values” for groundwater flow 
parameters [hydraulic gradient (0.01), transmissiv-
ity (10-8 m² s-1) and fracture aperture 10-4 m)] sug-
gest that the erosion rate would be 0.11 kg yr-1. this 
suggests that advective conditions corresponding to 
a loss of 1200 kg of bentonite would be established 
within 11,000 years.
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2.2 Treatment of buffer erosion in SR-Can
the conceptual models described in Section 2.1 
were not used to estimate buffer erosion rates in 
the Sr-can safety assessment (Skb 2006). rather, 
the rates were estimated using:

,buffer Max eqR C Q=  (2)

where Rbuffer stands for the erosion rate (kg yr-1), CMax 
refers to the maximum concentration of bentonite 
in a water suspension (50 kg m-3) and Qeq denotes 
the equivalent flow rate (m³ yr-1). the equivalent 
flow rate is used to quantify the exchange of solutes 
between flowing groundwater in the host rock 
and bentonite in the deposition hole. the model 
assumes that bentonite consists only of a pure na-
montmorillonite. the value chosen for Cmax appears 
to be based on empirical observations.

representative results obtained using equation 
(2) are shown in figure 2 for a stylized case in which 
it is assumed that flow conditions at repository 

depth are similar to those observed at the forsmark 
site today (Skb 2006). It is also assumed that these 
conditions persist for a period of 25,000 years, and 
that spalling of the host rock near the deposition 
hole may occur. the estimated total amounts of 
buffer lost after 25,000 years can be compared to the 
benchmark value of 1,200 kg marking the threshold 
value above which advective conditions could be 
generated in the buffer (börgesson and hernelind, 
2006). results are shown for three alternative 
hydrogeologic models: 1) a fully correlated discrete 
fracture network (dfn) model; 2) a semi-correlated 
dfn model; and 3) a continuous porous medium 
(cPm) model (Skb 2006). the dfn models are 
generally conservative in the sense that they tend 
to result in more severe consequences with respect 
to solute release and transport to and from the 
geosphere. 

the results in figure 2 for the semi-correlated 
dfn model without spalling indicate that 1200 kg 
of the buffer would be lost from about 3% of the de-
position holes. the alternative flow models predict 
that buffer losses would be less than 1200 kg in 
all deposition holes. With spalling, more than 1200 
kg of the buffer is predicted to be lost after 25,000 
years from 15% of the deposition holes using the 
fully correlated dfn model, from 35% of the holes 
using the semi-correlated dfn model and from 
none of the holes using the cPm model. Similar 
estimates using the semi-correlated dfn model for 
the laxemar site indicate that at least 1200 kg of 
bentonite would be lost from 40% of the deposition 
holes after 25,000 years (Skb 2006). 

these illustrative results suggest that advec-
tive conditions in the buffer could be generated 
in a substantial number of deposition holes over 
a reasonable range of hydrogeological conditions 
at the forsmark and laxemar sites. Skb notes, 
however, that there is considerable uncertainty in 
the accuracy of erosion rates estimated using equa-
tion (2) (Skb 2006). this is because the calculation 
model is not built upon a mechanistic understand-
ing of processes controlling colloid release from 
compacted buffer materials. repulsive forces acting 
to separate, and thus stabilize, colloidal suspensions 
are not considered in the model, for example, and 
these forces should act to increase the erosion rate 
(see Section 3.2). on the other hand, Skb notes that 
preliminary experimental and theoretical evidence 
suggests that colloid release from commercial 

Figure 2. Estimated buffer mass losses from deposition 
holes after 25,000 years (SKB 2006). Equivalent flow 
rates are estimated based on hydrogeologic modeling 
of the Forsmark site for temperate conditions similar 
to those observed at repository depth today (see text). 
Results are shown for the case of no spalling (upper 
figure) and spalling (lower figure) of the bedrock near 
deposition holes.
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bentonites, especially those in which ca is an 
important exchangeable cation in montmorillonite, 
are much less susceptible to colloid formation than 
are montmorillonites in the pure na form (Skb 

2006). for these reasons, Skb concludes that it is 
possible that actual erosion rates for the buffer in 
a kbS-3 repository could be lower, or higher, than 
those presently estimated using equation (2).
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3 Surface-chemical concepts governing 
clay colloid formation and stability
This section considers the theoretical basis of surface-chemical concepts governing 
the formation and stability of clay colloids. The discussion focuses on the so-called 
DLVO theory, and refinements and extensions to that theory that have been proposed 
for aqueous colloidal systems containing clays.

3.1 Colloid terminology
the colloid nomenclature adopted here is largely 
that recommended by the International union for 
Pure and Applied chemistry (IuPAc; see everett, 
1971). Colloids are thus solid particles (e.g., clays) 
having a length between 1 nm and 1µm in at least 
one direction. A colloidal dispersion is a system 
in which the colloidal particles are dispersed in a 
continuous medium such as an aqueous solution. 

the particles in a colloidal system may be 
discrete or may form continuous network struc-
tures having basic units that are in the range of 
colloidal dimensions. A sol is a fluid, or semifluid 
colloidal system. A gel is a colloidal system having 
a continuous network structure and a finite yield 
stress. Repulsive gels result from electroviscous 
effects that tend to inhibit colloid movement in 
systems having low aqueous salt concentrations 
and high colloid concentrations (lagaly 2006). At-
tractive (or cohesive) gels form in aqueous solutions 
having relatively high salt concentrations, which 
allow attractive forces between colloidal particles 
to outweigh repulsive forces (see Section 3.2). If the 
attractive forces become too strong the gel network 
disintegrates, forming flocs, which settle into a 
sediment. 

the distinction between sols, gels and flocs is 
important because it is generally assumed that the 
buffer is not susceptible to chemical erosion unless 
sols are formed² (neretnieks 2008). Stability rela-
tions among montmorillonite flocs, sols, attractive 
gels and repulsive gels are illustrated schematically 
in figure 3 as a function of aqueous electrolyte con-

centration and clay content. these boundaries are 
somewhat problematic for thixotropic gels, which 
tend to maintain their shape until they are sub-
jected to shearing or some other disturbance. they 
may then act as a sol and flow freely. thixotropic 
behavior is reversible: if undisturbed, and, given 
enough time, a sol will revert to a gel.

3.2 DLVO theory
dlvo is an acronym derived from the surnames 
of researchers that developed this theory of colloid 
stability (derjaguin and landau, 1941; verwey and 
overbeek, 1948; see also kruyt 1952; Adamson, 
1967; van olphen, 1977; Sposito 1984; Stumm and 
morgan, 1996). the theory is based on electrical 
properties of the colloid-water interfacial region 
and on interaction energies that come into play 
when two charged colloidal particles approach one 
another.

2 Advective transport of cohesive gels in flowing groundwater 
is also possible, however.

Figure 3. Schematic diagram illustrating fields in which 
clay flocs, attractive gels, repulsive gels and sols are 
stable as a function of aqueous NaCl concentration 
and clay/water mass ratio (Hedström et al., 2008).
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3.2.1 Electrical conditions at the 
clay-water interface

the electrostatic forces considered in dlvo theory 
arise from electrical interactions at the solid-liquid 
interface (figure 4). for clay colloids a net electrical 
charge on the particles arises from several sources 
that can be represented by (Stumm and morgan, 
1996):

p o h is os        σ = σ + σ + σ + σ  (3)

where σp stands for the net particle charge, σo 
denotes the permanent structural charge resulting 

from isomorphous substitutions on tetrahedral 
and octahedral sites in the clay’s crystalline lattice, 
σH refers to the net proton charge resulting from 
proton-exchange reactions involving ionizable sur-
face hydroxyl groups (represented by S-oh, where 
S includes Si, Al, etc.), σis stands for an inner-sphere 
complex charge and σos represents an outer-sphere 
complex charge (all charges have units of c m-2). 
the latter two charges represent contributions to 
the net particle charge resulting from the specific 
adsorption of cations and anions by surface hy-
droxyl groups.

Figure 4. The diffuse double layer (after Stumm and Morgan, 1996). The diffuseness of the double layer results 
from thermal motions in the aqueous phase (a). Binding of H+, O2-, cations (M2+) and anions (A-) can occur on 
surface sites at the solid-water interface (b). The electric potential (ψ) decreases with increasing distance outward 
into the diffuse layer from the surface, where the potential is ψo (c). The zeta potential (ζ) is the potential at the 
shear plane of a moving particle. Variations in the charge distribution of cations and anions is shown in Figure 
(d), and Figure (e) shows the corresponding net excess charge.
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the existence of charged colloidal particles in 
an aqueous electrolyte solution creates an electri-
cal double layer of charge (figure 4a,b). one layer 
corresponds to charges on the particle’s surface, as 
discussed above, and the other is a compensating 
net charge that is spread out in a diffuse layer ex-
tending outward into the aqueous phase. electrical 
neutrality in this interfacial region requires that

p d   0σ + σ = , (4)

where σd refers to the total net charge in the diffuse 
layer. 

the gouy-chapman model of the electrical 
double layer (e.g., Adamson 1967) establishes a 
simple relation between particle charge and electri-
cal potential at the particle’s surface. It is assumed 
in this model that the particle’s surface is a uniform 
infinite plane of charge and that aqueous ions exist 
as point charges in a uniform medium characterized 
by the dielectric constant. for a symmetrical elec-
trolyte under such conditions the relation between 
surface charge and surface potential (ψo; in v) is 
given by (e.g., Stumm and morgan, 1996):

1/2 o
p o(8 ) sinh

2s B
B

ze
n k T

k T
 ψ

σ = εε  
 

, (5)

where ε denotes the relative dielectric constant of 
water (78.5 at 25°c), εo represents the permittiv-
ity of free space (8.854 × 10-12 c v-1 m-1), ns stands 
for the number of ion pairs (cm-3), kB refers to the 
boltzmann constant (1.3805 × 10-23 J k-1), T denotes 
temperature (k), z represents ionic valence, and e 
stands for the elementary charge (1.60219 × 10-19 
c). At 25°c, equation (5) becomes:

1/2 o
p 0.1174 sinh

2s
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ze
c

k T
 ψ

σ =  
 

 (6)

where cs refers to electrolyte concentration (m). 
note that if ψo << 25 mv at 25°c,

1/2
p o2.5Iσ = ψ  (7)

where I refers to ionic strength (m).
the potential at the particle’s surface decreases 

with increasing distance, x, outward from the sur-
face into the diffuse layer. the potential at any point 
in the diffuse layer can be calculated using:

 ψ
κ  

ψ  =

2
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ze
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zedx
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, (8)

where κ represents the reciprocal thickness of the 
double layer given by:
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∑
, (9)

and where ni stands for the number concentration 
(cm-3) of ions with valence zi. A simplified version 
of equation (8) that is valid when ψ << 25 mv is 
given by:

2
2

2 ,
d
dx
ψ
= κ ψ  (10)

in which case, 

( )
o

xe −κψ = ψ  (11)

and the potential thus decays exponentially at a 
rate that increases with decreasing thickness of the 
double layer (i.e., with increasing values of κ).

once the spatial distribution of electrical poten-
tials in the diffuse layer is known, corresponding 
ionic concentrations can be calculated using the 
boltzmann equation for cations and anions (e.g., 
Adamson 1967):

( / ) ,Bze k T
on n e − ψ

+ = and (12)

( / )Bze k T
on n e ψ

− = , (13)

where n+ and n- represent local concentrations (mol 
cm-3) of cations and anions in the diffuse layer, 
respectively, and no stands for ion concentrations 
in the bulk solution (i.e., where n+ = n- by charge 
balance). these local concentrations are important 
because, as discussed in the following section, they 
affect repulsive forces resulting from the interac-
tions of double layers when two colloidal particles 
approach one another.

3.2.2 Interaction energies among 
colloidal particles

dlvo theory assumes that the stability of an 
aqueous colloidal system is controlled by a balance 
between electrostatic forces, which tend to repel 
particles of like charge, and attractive forces aris-
ing from van der Waals interactions. the concept 
is illustrated in figure 5, which depicts changes 
in the total interaction energy, VT, as two colloidal 
particles approach one another due to thermally 
driven brownian motion. the net interaction energy 
represents the sum of electrostatic double-layer 
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repulsion (VR) and van der Waals attraction (VA) 
energies, i.e.,

VT = VR + VA (14)

At very small interparticle distances an additional 
repulsive force, indicated by the dotted line in figure 
5, arises due to the interaction of atomic electronic 
clouds (born repulsion). colloids are stable when vt 
> 0 and unstable when vt < 0.

In general, approximate solutions to equation 
(14) must be sought for realistic colloidal systems. 
exact solutions are available, however, for idealized 
cases in which the particles are represented by 
parallel flat plates or spheres. these solutions are 
discussed below because they entail considerations 
that must generally be made in models of clay col-
loid stability.

3.2.2.1 Colloids as parallel flat plates. kruyt 
(1952) (see also Adamson 1967; Jansson 2007) de-
rives a solution for the repulsive term in equation 
(14) for an idealized case in which colloidal particles 
are assumed to be parallel flat plates (figure 6). 
the total force acting on the plates consists of an 
osmotic pressure force and a force arising from the 
electrical field. the latter force equals zero at the 
midplane (m) between the plates (i.e., at x = d/2 in 
figure 6) because dψ/dx = 0 at that location. the 
total force is thus given by the osmotic pressure at 
the midplane position.

the osmotic pressure, ∆p, is given by:

o o2
m m

B B

m o excess B

ze ze
k T k T

B

p p p n k T

n e e n k T
ψ − ψ

∆ = − = =

  
  + −

    
 (15)

where pm and po refer to pressures at the midplane 
and bulk aqueous phase, respectively, and nexcess 
stands for the excess concentration of cations and 
anions at m relative to their concentrations in the 
bulk solution. the expression on the right-hand side 
of the second identity in equation (15) is obtained 
using equations (12) and (13), and ψm refers to the 
midplane potential. Integration of equation (15) 
between ψ = 0 to ψ = ψm yields (kruyt 1952):

o2 [cosh( / ) 1]B m Bp n k T ze k T∆ = ψ −  (16)

this osmotic pressure represents the force per unit 
area driving colloidal particles apart as a conse-
quence of interactions involving their electrical 
double layers. 

Integration of equation (16) to obtain the total 
repulsive energy, VR, in equation (14) can be difficult 
because ψ generally varies as a complex function 
of distance between the colloidal particles. kruyt 
(1952) notes, however, that for the case of relatively 
weak interactions between the particles (e.g., when 

Figure 6. Interacting double layers between the sur-
faces of two colloidal particles represented by parallel 
flat sheets. (Adamson 1967). Potentials in the double 
layer adjacent to each sheet are shown as a function of 
distance from the surface, d, by the dashed lines. The 
solid line represents the total potential resulting from 
the interacting double layers.

Figure 5. Schematic diagram illustrating the relation 
between interaction energies and separation distances 
between colloidal particles (see text; after Stumm and 
Morgan, 1996).
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ψm << 1 v), the following relation can be used:

8 mm
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−κψ

= γ , (17)

where,
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−
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+ . (18)

equation (17) can be used in a first approximation³ 
to equation (16) to obtain:

2
o (8 )km

Bp n k T e−∆ = γ , (19)

which can then be integrated from x = ∞ (bulk solu-
tion) to x = m to yield (kruyt 1952):
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n k T
pdx e

=
− κ

=∞

= − ∆ = γ
κ∫ . (20)

equation (20) gives the total repulsive energy 
between colloidal particles for an idealized case in 
which the particles are represented by parallel flat 
plates.

dlvo theory attributes the attractive term, VA, 
in equation (14) to van-der Waals-london disper-
sion forces. these can be calculated in principle us-
ing lifshitz theory (lifshitz 1956), which accounts 
for the macroscopic electrodynamic properties of the 
interacting media. In practice, however, relatively 
simple expressions for VA are usually derived using 
an alternative approach developed by hamaker 
(1937). In this approach the attraction energy be-
tween two bodies is calculated as the sum of london 
dispersion interactions among all pairs of atoms 
in the two bodies. the approach is valid as long as 
separations between the bodies do not approach 
atomic dimensions.

using hamaker’s approach, VA for two colloidal 
particles represented by parallel flat sheets can be 
calculated using (e.g., kruyt 1952):

A 2v
48

A
m

= −
π

, (21)

where A denotes the hamaker constant (J) and m, 
as noted earlier, stands for the midplane position 
(i.e., m = d/2, where d represents the separation 
distance between the particles as shown in figure 
6). values for the hamaker constant are difficult to 
determine experimentally. for clay colloids, A ≈ 10-20 
J appears to be a reasonable value (e.g., lyklema 
1991; Swanton 1995; helmy 1998).

Substituting equations (20) and (21) into equation 
(14) results in:

2 2o
t 2

64 A
v

48
mBn k T

e
m

− κ= γ −
κ π

, (22)

which gives the net total interaction energy between 
sheet-like colloidal particles as they approach one 
another. As is illustrated schematically in figure 5, 
the net interactions are repulsive at relatively large 
particle separations, but become attractive when the 
particles reach a threshold separation that depends 
on the aqueous electrolyte concentration. the rela-
tion between this threshold distance and the critical 
coagulation concentration (ccc) of aqueous ionic 
species is considered further in Section 3.3.

3.2.2.2 Colloids as spherical particles. garcia-
garcia et al. (2007; 2009; see also kruyt 1952; 
Stumm and morgan, 1996) derive equations for the 
case of idealized spherical colloidal particles that 
are analogous to equations (20) and (21) for parallel 
flat plates. garcia-garcia et al (2007) believe that 
adopting a spherical rather that planar geometry 
is more reasonable for clay particles, which tend to 
have irregular shapes built up from flat surfaces 
oriented in many different directions. the resultant 
expression for the repulsive term in equation (14) 
is given by:

o 2
r 2

64
v p B dr n k T

e−κ
π

= γ
κ

, (23)

where rp stands for particle radius (assumed to 
be the same for both interacting particles), no 
denotes the number of ions (m-3) and d refers to 
the separation distance between the particles (i.e. 
this is twice the value of the midplane position, m, 
considered in eqn. (20)). the parameters κ and γ 
in the above equation are conceptually similar to 
their counterparts for the case of parallel flat plates 
(eqns. (9) and (18), respectively), and are given by 
(e.g., garcia-garcia et al., 2009):
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where Na stands for Avogadro’s number and Mi rep-
resents the molarity of the i-th ion with valence zi. 
the parameter κ provides a measure of the inverse 
thickness of the diffuse layer adjacent to a particle’s 3 note that cosh(x) ≈ 1 + x²/2 when x is small.
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surface (see Section 3.2.1) and γ varies only with 
the magnitude of the surface potential at a given 
temperature.

An expression for the attractive van der Waals 
force among spherical particles (eqn. (14)) that is 
analogous to that for planar geometry (eqn. (21)) is 
given by (garcia-garcia et al., 2009):

2 2 2

A 2 2 2

2 2 4
v ln

6 4 ( 2 ) ( 2 )
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d r d d r d r
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 = + +    + + +    

 (26)

this expression indicates that the attractive force 
is strongly dependent on particle size, in distinct 
contrast to the corresponding expression for planar 
geometry (eqn. (21)). values for the hamaker 
constant apparently do not vary significantly with 
particle geometry.

Substituting equations (23) and (26) into equa-
tion (14) results in:
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 (27)

which gives the total interaction energy between 
spherical colloidal particles. As is illustrated sche-
matically in figure 5, the net interactions are 
repulsive at relatively large particle separations, 
but become attractive when the particles reach a 
threshold separation that depends on the aqueous 
electrolyte concentration. this dependence of vt on 
ionic strength is considered further below.

3.3 Effects of aqueous chemistry and 
temperature on colloid stability

the effects of electrolyte concentration on colloid 
stability are illustrated in figure 5 by the two 
dashed curves showing variations in VR as a func-
tion of interparticle distance, and corresponding 
solid curves for VT. electrolyte concentration Cs is 
assumed to be smaller than C*

s, and the diagram 
therefore indicates that colloidal suspensions (of 
planar or spherical geometry) are stable (i.e., VT > 
0) over a broader range of inter-particle distances as 
the aqueous medium becomes more and more dilute. 
the secondary minimum in VT when the electrolyte 
concentration equals C*

s results in the formation of 

an attractive gel, which may re-disperse (peptize) 
as a sol by stirring.

Separation distances among the particles in an 
aqueous colloidal suspension depend on the ionic 
strength of the medium because this parameter 
determines how the electrical potential decays with 
increasing distance outward from the surface into 
the double layer4. As noted in Section 3.2, the thick-
ness of the double layer is generally taken as being 
equal to the reciprocal of the (debye) parameter, κ, 
which is recast here as:

1/22 3
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κ =  εε 

, (28)

where F refers to the faraday constant, I represents 
ionic strength, given by

21 / 2 i i
i

I z M= ∑ , (29)

and R stands for the gas constant. this equation in-
dicates that the thickness of the double layer must 
decrease as ionic strength increases, and this allows 
the individual particles in a colloidal suspension to 
move closer together. the particles will eventually 
form an attractive gel or floc if the double-layer 
thickness falls below a value corresponding to a 
threshold separation distance at which VT first be-
comes negative. conversely, stable colloids may form 
from a gel or floc if the ionic strength decreases to a 
point where VT becomes positive. chemical erosion 
of the buffer is thus more likely in situations where 
the buffer comes into contact with groundwaters 
that are relatively dilute.

the concept of a critical coagulation concentra-
tion (ccc) discussed in Section 2.1 can be related 
to compositional constraints on the aqueous phase 
that come into play when the threshold separation 
distance between colloidal particles is reached (i.e., 
when VT = 0). considering the idealized case of col-
loids as parallel flat plates, for example, equation 
(22) indicates that under such conditions

2 2o
2

64 A
48

mBn k T
e

m
− κγ =

κ π
. (30)

kruyt (1952) rearranges this equation to give at 
25°c

4
22

2 68×10c
A z

− γ
= , (31)

4 van der Waals interactions are not affected by ionic strength.



PART I: A review of surfAce-chemicAl concepts used in models of buffer erosion STUK-TR 10

I-15

where c represents electrolyte concentration (mm) 
and where it is assumed that surface potentials 
in the expression for γ (eqn. (18)) are sufficiently 
high that γ ≈ 1 and is independent of valency. the 
electrolyte concentration, c, is taken to be a critical 
coagulation concentration at, and below, which at-
tractive forces between colloidal particles dominate, 
leading to the formation of attractive gels or flocs. 

the prediction in equation (31) that the ccc 
should vary according to an inverse 6-th power 
dependence on electrolyte valence is in reasonably 
good agreement with many empirical observations 
and is known as the rule of Schulze and hardy 
(e.g., Stumm and morgan, 1996). When extended to 
systems in which the surface potential is low and 
γ (eqn. (18)) ≠ 1, the Schulze-hardy rule invokes a 
(1/z)² dependence on valence (kruyt 1952). In either 
case, for negatively charged colloids such as clays, 
the ccc for cations tends to decrease strongly in 
the order monovalent > divalent > trivalent. thus, 
although monovalent cations such as na+ or k+ 
tend to be more abundant in natural waters than 
divalent cations, such as ca2+ or mg2+, the latter 
cations are expected to more strongly influence 
colloid stability than the former due to the Schulze-
hardy rule. It is important to emphasize, however, 
that this rule applies only to electrolytes that are 
“indifferent”, i.e., they do not react with other ions in 
the double layer and are not specifically adsorbed at 
the colloid’s surface. trivalent cations, such as Al3+ 

and fe3+, generally have very low concentrations in 
natural waters due to solubility constraints, and 
may not behave like indifferent electrolytes with 
respect to clay minerals.

It is not obvious how changes in temperature 
might affect colloid stability because relations 
among variables controlling colloid stability are 
complex, even for the case of idealized systems 
(Section 3.2). garcia-garcia et al. (2009) note that 
increases in temperature can increase or decrease 
the stability of clay colloids depending on the 
ph and ionic strength of the aqueous phase. An 
increase in temperature generally increases the 
kinetic energy and frequency of collisions among 
colloidal particles, and this will tend to favor the 
formation of flocs or gels. An increase in ph at a 
given temperature will increase the net negative 
charge/potential on clay colloids and this will tend 
to increase the repulsive energy between particles. 
Increasing the ionic strength at a given temperature 
promotes flocculation because it tends to reduce the 
thickness of the double layer, as discussed above. 
overall, garcia-garcia et al. (2009) note that at low 
surface potentials repulsion between clay particles 
decreases with increasing temperature, and at high 
surface potentials repulsion increases with increas-
ing temperature. the latter increase in repulsion 
with increasing temperature may counteract the at-
tendant increase in collision frequency and energy, 
causing a colloidal system to stabilize.
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4 Uncertainties in surface-chemical concepts 
applied to models of buffer erosion
This section considers uncertainties in models of buffer erosion that stem from 
conceptual deficiencies in understanding surface-chemical constraints on the stability 
of clay colloids. The discussion considers deficiencies in DLVO theory and the effects 
of ion exchange on stability relations among montmorillonite sols, gels and flocs.

4.1 Deficiencies in DLVO theory 
applied to clay colloids

there is a general consensus that the conceptual ba-
sis of dlvo theory is substantially correct, but that 
the theory is also deficient in some important re-
spects (e.g., kruyt 1952; Swanton 1995; Stumm and 
morgan, 1996; missana and Adell, 2000; boström et 
al., 2001; mcbride and baveye, 2002). Support for 
this view comes from studies involving direct force-
balance measurements (see Iraelachvili and Adams 
1978; Israelachvili 1991) of adhesive and repulsive 
interactions among colloidal particles (see Swanton 
1995). these studies suggest that the treatment 
of van der Waals interactions in the dlvo model 
is generally valid as long as separation distances 
between colloidal particles are greater than atomic 
dimensions. the treatment of electrical double-layer 
interactions (Section 3.2.2) also appears to be valid, 
although important discrepancies between model 
predictions and experimental observations have 
been noted in some systems, especially those with 
divalent electrolytes (e.g., Section 4.2).

limitations in dlvo theory arise for two general 
reasons: 1) oversimplification of the properties of 
real colloids, and 2) omission of “non-dlvo” forces 
that can be important under certain circumstances. 
these limitations can be categorized as follows 
(Swanton 1995):
•	 the theory treats colloidal particles as if they 

were smooth bodies having ideal geometries. 
real colloids are irregular in size and shape, 
however, and have rough surfaces. Surface 
roughness can affect both the attractive van der 
Waals interactions as well as repulsive double-
layer forces.

•	 Surface charge/potential is assumed to be uni-
formly distributed. charges are discrete by 
nature, however, and electrical properties of 

colloidal particles can therefore vary on a micro-
scopic scale. Such heterogeneous distributions of 
surface charge/potential could affect the magni-
tude of repulsive double-layer interactions.

•	 dlvo theory does not consider interactions 
involving the solvent, which is treated as a 
continuous homogeneous medium characterized 
by a single value of the dielectric constant. Such 
interactions could arise, however, if the solvent is 
polar [as is h2o(l)]. for aqueous systems, these 
interactions may include hydrogen bonding, 
hydrogen donor/acceptor reactions, hydration 
and steric interactions. the result of such in-
teractions is a re-structuring of water in layers 
adjacent to the solid’s surface.

•	 Ions in the diffuse layer are assumed to be point 
charges, i.e., the sizes of the ions are ignored. 
this assumption is not valid when the separa-
tion distance between colloidal particles is small 
and the surface potential is high. under such 
conditions, the numbers of ions in the diffuse 
layer calculated using dlvo theory are far too 
large.

•	 repulsive and attractive forces between col-
loidal particles are assumed not to vary with 
time. In reality, however, the total interaction 
energy between particles may fluctuate due to 
a redistribution of charge in the double layer or 
solid by diffusive or conductive mechanisms, or 
during particle rotations as a result of irregular 
particle shape and/or heterogeneities in surface 
charge.

Swanton (1995) (see also Jansson 2007) describes 
recent efforts to deal with these limitations. these 
efforts have resulted in the formulation of various 
“extended” dlvo models. the extended models pro-
vide more accurate descriptions of colloidal systems, 
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but come at the expense of an increased number 
of model parameters that must be characterized 
experimentally. 

there are additional limitations in dlvo theory 
when it is applied specifically to colloidal systems 
involving the clay minerals in bentonite (Stumm 
and morgan, 1996; liu and neretnieks, 2006). one 
limitation stems from the fact that these miner-
als carry a net negative charge on faces oriented 
parallel to the dominant tetrahedral–octahedral–
tetrahedral layering, and, depending on ph, net 
positive or negative charges on edges that are 
oriented normal to this layering (e.g., grim, 1968). 
this means that a given clay particle can have 
different double-layer structures associated with 
its faces and edges. Particle-particle interactions 
in clay colloidal systems may consequently involve 
face–to–face (ff), edge–to–face (ef) and edge–to–
edge (ee) interactions. because the ef interactions 
involve particle surfaces of unlike charge, particle 
agglomeration may occur even in dilute electrolyte 
solutions. the dlvo model does not account for 
such interactions, and may thus overestimate the 
stability of clay colloids.

the dlvo model also does not account for the 
effects of specific adsorption on colloid stability 
(boström et al., 2001). the model assumes only that 
the electrolytes in a colloidal suspension are inert, 
and that their effect on colloid stability is through 
the control on double-layer thickness represented 
by the reciprocal of the debye parameter, κ (Section 
3.3). 

other electrolytes in clay colloidal systems may 
form covalent complexes with functional groups at 
a particle’s surface, however (e.g., langmuir, 1997). 
Such complexes alter the surface charge and surface 
potential, and thereby affect colloid stability. hydro-
gen and oh- are important potential-determining 
ions because they react with the surface sites on 
clay minerals. the colloidal stability of these miner-
als is thus ph-dependent, but this dependency is 
not accounted for in dlvo models (missana and 
Adell, 2000).

4.2 Effects of clay composition 
on stability relations among 
sols, gels and flocs

kjellander et al. (1988) use a statistical mechanical 
approach to evaluate double-layer interactions 
involving clay minerals. counter to expectations 

based on dlvo theory, the interaction energy 
between like-charged clay surfaces was found to be 
strongly attractive at relatively small inter-particle 
separation distances if the counterions in the diffuse 
layer are divalent and if the surface-charge density 
is large (as is true generally for smectites, including 
montmorillonites, see birgersson 2007). 

this additional attractive force is attributed by 
kjellander et al. (1988) to ion-ion correlations (see 
also Janiak et al., 2008; Pegado et al., 2008). the 
correlations involve repulsive interactions among 
ions of like charge, which in effect create a “hole” 
of charge depletion around each ion. the charge-
depletion region around an ion can be regarded as 
a charge-accumulation region of opposite sign. the 
interaction of an ion on one side of the midplane 
between two colloidal particles (e.g., at d/2 in fig-
ure 6) with an ion and part of a charge-depletion 
hole on the other side of the midplane creates an 
attractive force between the particles that is not 
accounted for in classical dlvo theory. this attrac-
tive force, together with the van der Waals force, is 
not large enough to counteract the repulsive force 
between two clay particles when the counterions 
are monovalent, but can counteract this repulsive 
force when the counterions are divalent and the 
surface-charge density is high.

the attractive force due to ion-ion correlations 
is apparently important for montmorillonites hav-
ing exchangeable ca/na molar ratios greater than 
about 90/10 (e.g., birgersson et al., 2008). In such 
cases the attractive force is sufficiently strong that 
the minerals cannot expand to form cohesive gels 
or sols. on the other hand, montmorillonites hav-
ing ca/na < 90/10 can form cohesive gels or sols 
depending on whether counterion concentrations 
exceed the ccc. this is important from the view-
point of buffer chemical erosion because it suggests 
that buffer materials composed of essentially pure 
ca-montmorillonites would be much more resistant, 
if not completely impervious, to the effects of chemi-
cal erosion than buffer materials composed of mixed 
na/ca-montmorillonites having ca/na < 90/10 (e.g., 
mX-80).

birgersson et al. (2008) use mass-action and 
mass-balance constraints on ion-exchange reactions 
to interpret stability relations among montmoril-
lonite sols, gels and flocs. flocs are predicted to 
be stable when ca/na > 90/10 and aqueous na+ 
concentrations are low. cohesive gels are predicted 



I-18

STUK-TR 10 PART I: A review of surfAce-chemicAl concepts used in models of buffer erosion

to be stable when the ionic strength > 25 mm and 
ca/na < 90/10. Sols are predicted to be stable under 
these conditions when the ionic strength < 25 mm. 

the predicted stability field of sols is quite small 
and occurs over a range of very low na+ and ca2+ 
concentrations5. this range may be compatible with 
the compositions of glacial meltwaters, however, 

which suggests that even essentially pure ca-mont-
morillonites could be susceptible to chemical erosion 
should they be used as buffer materials in a kbS-3 
repository. Any strategy to mitigate the potential 
effects of chemical erosion by choosing bentonites 
composed of ca-montmorillonite rather than mixed 
na/ca- or na-montmorillonite will likely also have 
to contend with the possibility that ion-exchange 
reactions, occurring over time scales of hundreds-
of-thousands of years, could significantly alter these 
ca-montmorillonites to more sodic forms.

5 recent experiments suggest that this field is even smaller 
than predicted (birgersson et al., 2008).
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5 Supplementary erosion considerations
This section considers the concept of buffer erosion in relation to STUK’s 
requirements for nuclear waste disposal as specified in Guide YVL D.5. 
The discussion addresses how buffer erosion could adversely impact safety 
functions of this engineered barrier, and whether current models of buffer 
erosion provide a defensible scientific basis for assessing these impacts.

5.1 Recent developments in 
modeling buffer erosion

Apted et al. (2010) summarized recent developments 
in buffer-erosion modeling. the following discussion 
is based on their summary. A conceptual model of 
buffer erosion is illustrated in figure 7. the figure 
represents a vertical cross section through a portion 
of a kbS-3v deposition hole that is intersected by a 
horizontal fracture. free swelling of bentonite from 
the deposition hole outward into the fracture is re-
sisted by friction forces acting within the bentonite 
and at the rock interface. the maximum penetra-
tion distance is reached when these counteracting 
forces equilibrate. bentonite density and swelling 
pressure then decrease rapidly with increasing 
distance in the fracture. the rheological properties 
of the bentonite change accordingly from those of 
a solid → gel → fluid (which may also include a 
semi-fluid phase). fluid properties are identical to 
those of groundwater at the penetration front. clay 
colloids form near this front, and are lost by diffu-
sion into the flowing groundwater. bentonite fluids 

(i.e., dispersions of bentonite colloids in water, not 
solids or gels) may also be lost by advection. more 
bentonite then extrudes into the fracture from the 
deposition hole to restore equilibrium. the resultant 
mass loss of bentonite from the deposition hole 
results in a decrease in buffer density. 

early models of buffer erosion (Section 2) as-
sumed that clay particles would be swept away by 
water flowing in a fracture, but the actual mecha-
nisms involved were not specified. neretnieks et al. 
(2009) recently extended these models to account for 
forces that would control the expansion of bentonite 
from the deposition hole into a fracture (dynamic 
force-balance model), and for the effects of particle 
and ionic concentrations on the viscosity of the 
expanded bentonite sols (viscosity model). 

the force-balance model assumes that the ex-
pansion of the buffer from a deposition hole into an 
intersecting fracture will be controlled by a number 
of forces acting on the individual clay particles 
in bentonite (neretnieks et al., 2009). the model 
accounts for the gravity and buoyant force, forces 

Figure 7. Conceptual model of buffer erosion (Birgersson et al., 2009). The swelling pressure of bentonite in the 
fracture decreases exponentially with increasing distance, z, and, at a given distance, with decreasing fracture 
aperture, a.
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resulting from changes in the chemical potential 
in a concentration gradient (diffusional force), van 
der Waals attractive forces between clay particles, 
repulsive forces between the particles resulting 
from charges within and on the surfaces of the 
particles (diffuse double layer forces), and friction 
forces acting on the particles as they move through 
the aqueous phase as a result of imbalances among 
the other forces. because changes in particle veloc-
ity are expected to be slow as the buffer expands 
into a fracture, acceleration can be neglected and 
the sum of the forces must then always be equal to 
zero. chemical aspects of the force-balance model 
are mainly incorporated in the attractive van der 
Waals and repulsive double-layer forces between in-
dividual clay particles. these forces are considered 
in detail in Section 3.

the force-balance model can be used to predict 
changes in the density and volume fraction of 
clay particles (φ) as the bentonite expands into a 
fracture. A complementary viscosity model was de-
veloped by neretnieks et al. (2009) to relate changes 
in φ to corresponding changes in the viscosity of 
bentonite sols. the viscosity model is based on the 
concept of a co-volume of a colloidal particle. the co-
volume is defined as the volume over which a given 
particle can rotate freely without touching other 
particles in a colloidal suspension. It is determined 
both by the physical size of the particle as well as by 
interactions involving the particle’s electrical double 
layer and those of its nearest neighbors (see Section 
3). the co-volume thus depends on the physical 
volume fraction (φ) and on properties of the colloidal 
suspension, such as the ionic composition of the 
aqueous phase, that control the effective thickness 
of the electrical double layer.

the force-balance and viscosity models were 
combined by neretnieks et al. (2009) into an overall 
model of buffer erosion, which accounts for both 
the diffusion of individual clay colloids into the 
flowing groundwater and for the advection of sols 
that form within the fracture as the bentonite 
expands and becomes less dense and less viscous. 
the model was evaluated for an idealized case of 
two-dimensional groundwater flow in a horizontal 
fracture intersecting a deposition hole in a kbS-3v 
repository. the fracture aperture was assumed to 
be 1 mm. bentonite was assumed to consist of pure 
na-montmorillonite and the groundwater was rep-
resented by a dilute nacl solution. the darcy flow 

equation, solute diffusion equations, and governing 
equations underpinning the force-balance and 
viscosity models were evaluated simultaneously us-
ing a numerical approach and solver. model results 
indicated that the erosion rate is proportional to the 
water velocity raised to the power 0.41, and that the 
erosion rate increases, and the length of the fracture 
penetrated by bentonite decreases, with increasing 
groundwater velocity. neretnieks et al. (2009) note 
that these results are preliminary and that the ero-
sion rate for a given water velocity could be higher 
or lower than predicted by the model because the 
effects of ion transport on the viscosity of bentonite 
sols have not been adequately accounted for in 
systems containing both na+ and ca2+ ions.

5.2 Potential impacts of buffer 
erosion on safety functions 
and performance targets

erosion could adversely impact safety functions of 
the buffer because corresponding performance tar-
gets generally depend, either directly or indirectly, 
on the buffer’s density. A case in point that was 
considered in detail in the Sr-can safety assess-
ment (Skb 2006) is illustrated in figure 8, where 
swelling pressure (pswell) measurements for an mX-
80 bentonite are plotted as a function of dry density 
and molar nacl concentrations in the coexisting 
aqueous solution. It was assumed in Sr-can that 
advective transport conditions in the buffer could be 
generated if pswell < 100 kPa. As can be seen in fig-
ure 8, such low swelling pressures correspond to dry 

Figure 8. Plot showing variations in the swelling pres-
sure of MX-80 bentonite as a function of dry density 
and aqueous NaCl concentration (Karnland 1997). The 
montmorillonite component of the bentonite was in 
the Na-exchanged form.
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densities less than about 1000 kg m-3. As discussed 
before, börgesson and hernelind (2006) determined 
that a loss of as little as 1200 kg of bentonite from 
a deposition hole, represented in their model by 
the complete loss of the half-circumference of two 
bentonite emplacement rings, would be sufficient 
to locally lower pswell below the threshold value of 
100 kPa. Although there is some uncertainty in 
this analysis regarding the assumed nature of fric-
tion forces acting between the buffer and rock, the 
results suggest that at higher mass losses adequate 
swelling pressure cannot be guaranteed and that 
advection in the buffer could therefore occur. this 
is a concern primarily because advection could 
increase the transport rate of corrodants to the 
canister’s surface, thus potentially decreasing the 
containment lifetime of this engineered barrier. 

the above example considered the impacts 
of buffer erosion only in terms of the effects of 
a loss of density on the swelling pressure (pswell) 
and associated effects on the buffer’s functional 
requirement to limit advective transport. It is 
worth noting, however, that buffer density and pswell 
also relate to the ability of the buffer to effectively 
eliminate microbial activity, to prevent canister 
sinking, and to allow gases produced within a po-
tentially damaged canister to migrate out of the 
buffer without causing irreversible damage to the 
buffer’s physical properties (figure 9). Similarly, the 
buffer’s density controls the ability of the buffer to 
protect the canister from the effects of rock shear, 
as well as the hydraulic and thermal conductivity 
of this engineered barrier. It is interesting to note 
in figure 9 that mass losses leading to a reduction 

 

Figure 9. Schematic illustration of the effects of buffer saturated density on the swelling pressure,  
hydraulic conductivity, and related performance targets (Posiva 2010).
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in saturated density would impact two performance 
targets (prevent significant microbial activity and 
ensure tightness/self-sealing) before they would 
impact the threshold for significant advective trans-
port to occur. the potential impacts of buffer erosion 
on repository safety thus depend in a complex and 
sequential manner on the amount of buffer mass 
that is lost from a deposition hole.

5.3 Possible issues in dealing with 
buffer erosion in a safety case

there are a number of conceptual uncertainties in 
current models of buffer erosion (Section 5.1) that 
are relevant to repository safety (Section 5.2). these 
uncertainties are considered further below.

5.3.1 Mass-loss tolerances
buffer erosion entails consideration of the amount 
of buffer mass loss that can be tolerated before 
safety functions and performance targets would be 
adversely impacted. Such considerations may be 
complicated by significant conceptual uncertainties, 
however. the conclusion in Sr-can that 1200 kg of 
bentonite can be lost from a deposition hole before 
advective conditions would be established in the 
buffer, for example, is based on an analysis that is 
subject to considerable uncertainty regarding the 
nature of friction forces acting within the buffer 
and at the buffer-rock interface (börgesson and 
hernelind, 2006). these uncertainties bring into 
question whether the buffer would homogenize 
quickly and completely throughout the deposition 
hole following a loss of mass by erosion, or whether 
the effects of mass loss would be localized in the 
near vicinity of the fracture intersection with 
the buffer for long periods of time. Independent 
evaluations by Stuk may be needed to determine 
whether criteria established for unacceptable mass 
losses of the buffer are credible and conservatively 
bounding.

5.3.2 Uncertainties in buffer erosion models
mechanistic models of buffer erosion are complex 
because they must account for the chemistry, 
surface chemistry, physics, rheology, hydrology and 
transport phenomena of colloidal systems interact-
ing with flowing groundwater. As a result, it seems 
likely that the models will only be applied to highly 
idealized systems, and, if so, this raises the ques-
tion whether model predictions are conservative in 

the sense that they overestimate the erosion rate. 
the force-balance approach developed by neret-

nieks et al. (2009), for example, uses a dlvo-based 
representation of attractive and double-layer forces 
applied to an idealized system consisting of pure 
na-montmorillonite colloids in a simple nacl 
electrolyte solution. Such models are assumed to 
be conservative because repulsive forces favoring 
colloid formation should be maximized under these 
conditions in accordance with the Shulze-hardy rule 
(Section 3). As noted in Section 4, however, there is 
a general consensus that although the conceptual 
basis of dlvo theory is substantially correct, the 
theory is also deficient in some important respects. 
this raises the question whether the claimed 
conservatism in force-balance models is valid when 
these deficiencies are taken into account.

It is also worth noting that empirical correlations 
may be required to calibrate buffer-erosion models 
in terms of the relative viscosities of bentonite sols 
as a function of the volume fraction of colloidal 
particles and the ionic composition of the aqueous 
phase (e.g., neretnieks et al., 2009). given the 
complexity of clay colloidal systems, the correlations 
are likely to be derived from experimental measure-
ments of relative viscosities and particle volume 
fractions over a range of idealized clay types and 
simplified solution chemistry. It is unclear whether 
such correlations would be appropriate for reposi-
tory conditions, however, because these conditions 
may lie outside the experimentally investigated 
range. 

5.3.3 Geochemical constraints on sol stability
the relative stabilities of montmorillonite gels and 
sols can be interpreted in relation to environmental 
variables such as the total analytical concentra-
tions of na+ and ca2+ dissolved in groundwater and 
bentonite porewaters. Such relations are important 
because conditions favoring sol stability are those 
for which the buffer is susceptible to erosion. Sol-
gel stability relations are controlled in part by 
mass-action (i.e., ion-exchange) constraints. donnan 
equilibrium must also be invoked in order to relate 
the chemistry of solutions in the interlayer spaces 
between clay particles to the chemistry of an inter-
connected external reservoir represented by larger 
fluid-filled voids in the buffer and/or groundwater in 
the host rock. the nature of porosity in highly com-
pacted clays is, however, a subject of considerable 
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debate in international nuclear-waste management 
programs (e.g., Savage et al., 2010). Ion-exchange 
models applied to such systems may moreover be 
rather approximate (evans and Wennerström, 
1999). these sources of conceptual uncertainty 
may complicate efforts to interpret environmental 
constraints on the stability of montmorillonite sols 
and gels.

5.3.4 Uncertainties in the characteristics 
of glacial meltwaters

the chemistry of glacial meltwaters has generally 
been considered in the context of buffer erosion 
only in terms of the ccc for ca2+ (representing 
divalent cations in general), or the total number of 
equivalents of positive charge per unit volume of so-
lution. glacial meltwaters are not simple electrolyte 
solutions, however. they are certainly dilute, but 
cation and anion concentrations can also be quite 
variable (brown 2002). there is some evidence to 
suggest that such solutions would tend to promote 
ion-exchange reactions favoring the formation of 
montmorillonites having ca2+ as the dominant cat-
ion occupying exchange positions. this is potentially 
important because ion-ion correlations favoring 
strong attraction between clay colloidal particles, 
thus tending to inhibit buffer erosion, are known to 
be important when ca2+ constitutes more than 90% 
of the exchangeable cations (Section 4.2). reactive 
transport processes controlling the chemical evolu-
tion of glacial meltwaters as they migrate from the 
surface toward the repository and interact with the 
host rock have also received little consideration in 
studies of buffer erosion.

5.4 Relative safety significance of 
different types of buffer erosion

the type of buffer erosion considered in the pres-
ent study differs from that involving the release 
of bentonite particles at the buffer-groundwater 
interface by shear forces acting on the particles by 
rapidly flowing groundwater, or, in the process of 
“piping”, by hydraulic forces acting on the buffer 
(and backfill) during re-saturation. It is interesting 
to speculate regarding the relative importance of 
these different types of buffer erosion with regard 
to potential impacts on repository safety, although 
each type will clearly have to be adequately dealt 
with separately in a safety case. 

buffer erosion associated with piping can in 

principle be mitigated to some extent by employ-
ing suitable deposition-hole selection criteria (i.e., 
rejecting holes that have an unacceptable number 
of intersecting, water-conducting fractures) and by 
grouting. there is also some experimental evidence 
suggesting that this type of erosion tends to spon-
taneously decrease with time for reasons that are 
as yet unclear.

In comparison, dealing with the type of buffer 
erosion that could result from the formation and 
transport of clay colloids in dilute groundwaters 
may be more difficult. It seems likely that the safety 
consequences of this type of erosion will have to 
be assessed using models that are highly complex, 
possibly deficient in some theoretical respects 
(e.g., Section 4), empirically calibrated, and largely 
untested by direct comparisons of model predictions 
with observations from experimental and natural 
systems.

5.5 Possible engineering measures 
to prevent buffer erosion

the possibility that buffer erosion could be avoided 
using engineering measures is suggested by the 
observation that buffer erosion cannot occur unless 
colloidal sols form. montmorillonite sols are stable 
under two limiting conditions:
1. if the concentrations of divalent cations in the 

aqueous solution, particularly ca2+, are below 
the ccc, or 

2. if monovalent cations, notably na+, occupy a 
significant fraction of the ion-exchange sites. 

With regard to the first condition above, it has 
already been noted that the ccc for ca2+ has been 
determined to be approximately 1 mm. With regard 
to the second condition, it is interesting to note 
that montmorillonite sols have been observed to 
become unstable if the equivalent fraction of ca2+ 
on exchange sites ≥ 0.9 (e.g., birgersson et al., 2009). 
this behavior has been attributed to the effects of 
ion-ion correlations, which are not accounted for in 
dlvo theory and which can strongly increase the 
net attraction between colloidal particles having 
high surface charge and divalent counterions in the 
electrical double layer (Section 4.2).

equilibrium constraints for the ion-exchange 
reaction, ca2+(solution) + 2na+(montmorillonite) 
= 2na+(solution) + ca2+(montmorillonte), can be 
used to gain insights as to how the second condi-
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tion of sol stability noted above is related to water 
chemistry. mass-action constraints associated with 
this reaction can be represented by (birgersson et 
al., 2009):

2

2

2 ,Ca Na
GT

Na Ca

X a
K

X a
+

+

=
 (32)

where KGT denotes a selectivity coefficient consis-
tent with the gaines-thomas convention, XCa and 
XNa refer to the equivalent charge fractions of ca2+ 
and na+ occupying exchange sites on montmoril-
lonite, and aNa+ and aCa²+  stand for the activities of 
na+ and ca2+, respectively. If it is assumed that na+ 
and ca2+ are the dominant exchangeable cations 
involved in the reaction such that XNa = 1 – XCa, the 
above equation can be re-arranged to give:
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the selectivity coefficient, KGT  = 4.5 (at ≈ 25°c), 
and is effectively independent of the density of 

montmorillonite-water systems (birgersson et al., 
2009). thus, for XCa ≥ 0.9, which would tend to favor 
the stability of montmorillonite gels rather than 
sols, 2

2
Na Ca

a a ++  ≤ 0.05.
given the above constraints, water composi-

tions that would tend to inhibit buffer erosion as 
a result of gel formation are ccc (ca2+) ≥ 1 mm or 

2
2
Na Ca

a a ++  ≤ 0.05. neretnieks et al. (2009) modeled 
the effects of gypsum (caSo4:2h2o) solubility on 
the concentration of ca2+ in buffer porewaters and 
concluded that ca2+ concentrations could not be 
sustained above the ccc for many conceivable and 
likely conditions. the possibility that 2

2
Na Ca

a a ++  
could be buffered at levels ≤ 0.05 by mineral addi-
tives to bentonite has received little attention in 
comparison. detailed analyses of possible engineer-
ing measures that could be used to buffer ccc 
(ca2+) ≥ 1 mm or 2

2
Na Ca

a a ++  ≤ 0.05 over a number 
of glacial cycles that are expected to occur over the 
next million years are unavailable.
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6 Concluding remarks

treatment of the issue of buffer chemical erosion 
in future safety cases supporting the licensing of a 
spent-fuel repository in finland could rely to some 
extent on fundamental surface-chemical concepts 
governing the formation and stability of clay col-
loids. the present review of these concepts suggests 
that although prevailing theories of colloid stability 
(e.g., dlvo) are substantially correct, they are also 
deficient in some important respects (see also kruyt 
1952; missana and Adell, 2000; boström et al., 2001; 
Jansson 2007; Janiak et al., 2008). the limitations 
in the theories stem from an oversimplification of 
the properties of real colloids, and from a failure to 
consider forces acting to stabilize or flocculate colloi-
dal systems under certain environmental conditions 
and at small inter-particle separation distances 
such as will exist in highly compacted bentonite.

It is unclear whether sufficient progress can be 
made over the next few years to overcome these de-
ficiencies. experience has shown that improvements 
to such models generally come at the expense of an 
increasing number of model parameters that must 
be characterized experimentally, or which must be 
estimated. efforts to establish defensible upper 
bounds on maximum colloid concentrations in re-
pository groundwaters, as was attempted in the Sr-
can safety assessment, may therefore continue to be 
problematic. the use of buffer materials composed 
mainly of ca-smectites rather than na-smectites as 
a means of enhancing the resistance of the buffer 
to chemical erosion is also problematic because 
the possibility cannot be completely ruled out that 
ion exchange would alter at least some of the ca-
smectite to more sodic forms, particularly over time 
scales of hundreds-of-thousands of years.

If this pessimistic view proves to be justified, 
then dealing with the issue of buffer erosion in a 

safety assessment context may require consider-
ation of other features, events and processes (fePS) 
that could also play an important role in the erosion 
process. Such fePs may include (e.g., Arthur and 
Zhou, 2008):

•	 Buffer-groundwater interactions. buffer 
erosion will ultimately be controlled by the 
interaction of repository groundwaters with the 
buffer. A conceptual model for the formation of 
clay colloids resulting from these interactions 
must therefore account for the manner in 
which changes in groundwater chemistry affect 
the types and concentrations of counterions 
in the electrical double layer of clay particles. 
thermodynamic models that appropriately ac-
count for donnan and osmotic equilibria have 
been developed for this purpose (e.g., karnland 
1997), but the models fail in some cases (e.g., 
ca-dominated systems) for reasons that remain 
unclear (karnland 2007). the conceptual basis 
of the models has moreover been questioned 
on the grounds of whether the buffer behaves 
like an efficient semi-permeable membrane at 
high densities (e.g., dixon 2000; bradbury and 
baeyens, 2002) or whether the microstructure 
of the buffer needs to be taken into account (for 
opposing views see muurinen et al., 2004 and 
birgersson and karnland, 2009).

•	 Colloid transport. models of buffer erosion 
may have to account for the transport and fate 
of clay colloids in the near field and geosphere. 
filtering of colloids in fractures and in filter 
cakes composed of non-colloidal accessory miner-
als in a partially eroded buffer could potentially 
trap colloidal particles in the buffer, or reduce 
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groundwater flow rates in the vicinity of deposi-
tion holes (neretnieks 2008; martinet 2008; 
richards 2008). models of colloid formation and 
transport at the bentonite-groundwater interface 
may be complicated by differences in the rheo-
logical properties of bentonite flocs, gels and sols, 
especially in cases where the bentonites contain 
mixed na/ca smectites (börgesson and nilsson, 
2008).

•	 Hydrology and hydrochemistry of glacial 
meltwaters. the time during which glacial 
meltwaters might circulate to repository depths, 
and the chemical characteristics of these solu-

tions, are uncertain (neretnieks 2007). Water-
rock interactions will occur as dilute glacial 
meltwaters migrate toward the repository. resul-
tant changes in the aqueous speciation of these 
solutions may be such that the concentrations of 
“free” species (e.g., ca2+) are sustained well below 
their ccc due to the formation of other species 
having lower valencies [e.g., cahco3

+ and/or 
caco3(aq)].

It is recommended that Stuk should critically 
evaluate these fePs, and possibly others, to further 
prepare for its review of future license applications 
from Posiva for a kbS-3 repository in finland.



PART I: A review of surfAce-chemicAl concepts used in models of buffer erosion STUK-TR 10

I-27

7 References

Adamson AW. 1967. Physical chemistry of surfaces, 
2nd ed. Interscience Publ., John Wiley & Sons, new 
york.

Apted m, Arthur r, bennett d, Savage d, Sallfors g, 
Wennerstrom h. 2010. buffer erosion: An overview 
of concepts and potential safety consequences.  SSm 
report 2010:31, Swedish radiation Safety Author-
ity, Stockholm, Sweden.

Arthur r, Zhou W. 2008. Status of research on 
chemical erosion of the buffer. In: review of Skb’s 
safety assessment Sr-can: contributions in support 
of SkI’s and SSI’s review by external consultants. 
SkI report 2008:16 (SSI report 2008:06), Swedish 
nuclear Power Inspectorate, Stockholm, Sweden.

birgersson m. 2007. untitled. Presented at the 
Workshop on buffer erosion (Iv), June 13, 2007, 
Stockholm, Sweden.

birgersson m, karnland o. 2009. Ion equilibrium 
between montmorillonite interlayer space and an 
external solution: consequences for diffusional 
transport. geochim. cosmochim. Acta, 73, 1908-
1923.

birgersson m, hedström m, karnland o, Jönsson 
b. 2008. effects of ion equilibrium on sol formation 
of montmorillonite. Presented at the 7th workshop 
on bentonite erosion, december 9, 2008, Stockholm, 
Sweden. (www.kemi.kth.se/nuchem/be).

birgersson m, börgesson l, hedström m, karnland 
o, nilsson u. 2009. bentonite erosion. Skb tr-09-
34, Swedish nuclear fuel and Waste management 
co., Stockholm, Sweden.

börgesson l, hernelind J. 2006. consequences of 
loss or missing bentonite in a deposition hole: A 
theoretical study. Skb tr-06-13, Swedish nuclear 
fuel and Waste management co., Stockholm, 
Sweden.

börgesson l, Sandén t. 2006. Piping and erosion in 
buffer and backfill materials: current knowledge. 
Skb r-06-80, Swedish nuclear fuel and Waste 
management co., Stockholm, Sweden.

börgesson l, nilsson u. 2008. erosion in fractures: 
rheological properties of bentonite penetrating 
into fractures. Presented at the 7th workshop on 
bentonite erosion, december 9, 2008, Stockholm, 
Sweden. (www.kemi.kth.se/nuchem/be).

boström m, Williams drm, ninham bW. 2001. 
Specific ion effects: Why dlvo theory fails for biol-
ogy and colloid systems. Phys. rev. lett. (online), 87 
(16), 168103, 4 pages.

bradbury mh, baeyens b. 2002. Porewater chem-
istry in compacted re-saturated mX-80 bentonite: 
Physico-chemical characterization and geochemical 
modelling. PSI bericht nr. 02-10, Paul Scherrer 
Institut, villigen, Switzerland.

brown gh. 2002. glacial meltwater chemistry. Ap-
plied geochemistry, 17, 855–883.

comsol. 2004. femlab user’s guide, version 3.1. the 
comsol co., Stockholm, Sweden.

derjaguin bv, landau l. 1941. theory of the stabil-
ity of strongly charged lyophobic sols and of the 
adhesion of strongly charged particles in solutions 
of electrolytes. Acta Phys. chem., 14, 633.



I-28

STUK-TR 10 PART I: A review of surfAce-chemicAl concepts used in models of buffer erosion

dixon dA. 2000. Porewater salinity and the develop-
ment of swelling pressure in bentonite-based buffer 
and backfill materials. Posiva report 2000-04, 
Posiva oy, helsinki, finland.

evans df, Wennerström h. 1999. the colloidal 
domain. Wiley vch, new york.

everett dh. 1971. manual of symbols and terminol-
ogy for physicochemical quantities. Appendix II: 
definitions, terminology and symbols in colloid and 
surface chemistry (Part 1). International union of 
Pure and Applied chemistry, division of Physical 
chemistry, Washington, d.c.

garcía-garcía S, Wold S, Jonsson m. 2007. kinetic 
determination of critical coagulation concentrations 
for sodium- and calcium-montmorillonite colloids 
in nacl and cacl2 aqueous solutions. J. colloid 
Interface Sci., 315, 512–519.

garcía-garcía S, Wold S, Jonsson m. 2009. effects of 
temperature on the stability of colloidal montmoril-
lonite particles at different ph and ionic strength. 
Appl. clay Sci., 43, 21–26.

grim re. 1968. clay mineralogy. mcgraw-hill, new 
york.

hamaker hc. 1937. the london – van der Waals 
attraction between spherical particles. Physica, 4 
(10), 1058–1072.

hedström m, hansen e, karnland o, birgersson m, 
nilsson u. 2008. colloid release from montmoril-
lonite. Presented at the 7th workshop on bentonite 
erosion, december 9, 2008, Stockholm, Sweden. 
(www.kemi.kth.se/nuchem/be).

helmy Ak. 1998. the limited swelling of montmoril-
lonite. J. colloid Interface Sci., 207, 128–129.

Israelachvili Jn. 1991. Intermolecular and surface 
forces. 2nd ed., Academic Press, new york.

Israelachvili Jn, Adams ge. 1978. measurement of 
forces between two mica surfaces in aqueous elec-
trolyte solutions in the range 0–100 nm. J. chem. 
Soc. faraday trans. 1, 74 (4), 975–1001.

Janiak J, Jönsson b, Åkesson t. 2008. monte 
carlo simulations of the swelling in bentonite clay. 
Presented at the Workshop on buffer erosion (v), 
January 28–29, 2008, Stockholm, Sweden. (www.
kemi.kth.se/nuchem/be).

Jansson m. 2007. the dlvo theory. Presented 
at the Workshop on buffer erosion (III), march 
29, 2007, Stockholm, Sweden. (www.kemi.kth.se/
nuchem/be).

Jussila P. 2007. thermomechanics of swelling 
unsaturated porous media. Stuk-A223, radiation 
and nuclear Safety Authority, helsinki, finland.

karnland o. 1997. bentonite swelling pressure in 
strong nacl solutions. correlation between model 
calculation and experimentally determined data. 
Skb tr 97-31, Swedish nuclear fuel and Waste 
management co., Stockholm, Sweden.

karnland o. 2007. colloid workshop Iv. Presented 
at the Workshop on buffer erosion (Iv), June 13, 
2007, Stockholm, Sweden.

kjellander r, marčelja S, Quirk JP. 1988. Attractive 
double-layer interactions between calcium clay par-
ticles. J. colloid Interface Sci., 126 (1), 194–211.

kruyt hr (ed.). 1952. colloid science. elsevier, new 
york. 

lagaly g. 2006. colloid clay science. In: handbook 
of clay science (f. bergaya, b. k. g. theng and g. 
lagaly, eds.). developments in clay Science, vol. 1, 
elsevier ltd., new york.

langmuir d. 1997. Aqueous environmental geo-
chemistry. Prentice-hall, upper Saddle river, new 
Jersey.

lifshitz em. 1956. the theory of molecular attrac-
tive force between solids. Soviet Physics, 2 (1), 73.

liu J, neretnieks I. 2006. Physical and chemical 
stability of the bentonite buffer. Skb r-06-103, 
Swedish nuclear fuel and Waste management co., 
Stockholm, Sweden.



PART I: A review of surfAce-chemicAl concepts used in models of buffer erosion STUK-TR 10

I-29

lyklema J. 1991. fundamentals of interface and 
colloid science. vol. 1, Academic Press, london.

martinet P. 2008. conceptual model of straining of 
smectites by optimization of particle size distribu-
tions. Presented at the 7th workshop on bentonite 
erosion, december 9, 2008, Stockholm, Sweden. 
(www.kemi.kth.se/nuchem/be).

mcbride mb. and baveye, P. 2002. diffuse double-
layer models, long-range forces, and ordering in clay 
colloids. Soil Sci. Soc. Am. J., 66, 1207–1217.

miller b, marcos n. 2007. Process report – fePs and 
scenarios for a spent fuel repository at olkiluoto. 
Posiva 2007-12. Posiva oy, olkiluoto, finland.

missana t, Adell, A. 2000. on the applicability of 
dlvo theory to the prediction of clay colloids stabil-
ity. J. colloid Interface Sci., 230 (1), 150–156.

missana t, Alonso u, turrero, m. J. 2003. generation 
and stability of bentonite colloids at the bentonite/
granite interface of a deep geological radioactive 
waste repository. J. contam. hydrol., 61, 17–31.

moreno l, neretnieks I, liu l. 2008. bentonite 
expansion into seeping water. exploratory modeling. 
Presented at the 7th workshop on bentonite erosion, 
december 9, 2008, Stockholm, Sweden. (www.kemi.
kth.se/nuchem/be).

muurinen A, karnland o, lehikoinen J. 2004. Ion 
concentration caused by an external solution into 
the porewater of compacted bentonite. Physics and 
chemistry of the earth, 29, 119–127.

neretnieks I. 2007. overview of experiments, 
modelling and other work underway and planned 
in the erosion project. Presented at the Workshop 
on buffer erosion (Iv), June 13, 2007, Stockholm, 
Sweden.

neretnieks I. 2008. erosion project: Summary and 
findings. Presented at the 7th workshop on bentonite 
erosion, december 9, 2008, Stockholm, Sweden. 
(www.kemi.kth.se/nuchem/be).

neretnieks I, liu l, moreno l. 2009. mechanisms 
and models for bentonite erosion. Skb tr-09-35, 
Swedish nuclear fuel and Waste management co., 
Stockholm, Sweden.

Pegado l, Jönsson b, Wennerström hk. 2008. Ion-
ion correlation attraction in a molecular solvent. J. 
chem. Phys. (online), 129 (18), 184503, 11 pages.

Posiva 2006. tkS-2006 – nuclear waste manage-
ment of the olkiluoto and loviisa power plants: 
Program for research, development and technical 
design for 2007-2009. Posiva oy, olkiluoto, fin-
land.

Posiva 2010. tkS-2009 –nuclear waste manage-
ment at the olkiluoto and loviisa power plants, 
review of current status and future plans for 
2010–2012. Posiva report tkS-2009, Posiva oy, 
eurajoki, finland.

richards t. 2008. colloid filtration experiments. 
Presented at the 7th workshop on bentonite erosion, 
december 9, 2008, Stockholm, Sweden. (www.kemi.
kth.se/nuchem/be).

Savage d, Arthur r, Watson c, Wilson, J. 2010. An 
evaluation of models of bentonite pore water evolu-
tion. research report 2010:12, Swedish radiation 
Safety Authority, Stockholm, Sweden.

Skb 2004. Interim process report for the safety 
assessment Sr-can. Skb r 04-33, Swedish nuclear 
fuel and Waste management co., Stockholm, 
Sweden.

Skb 2006. long-term safety for kbS-3 repositories 
at forsmark and laxemar – a first evaluation: 
main report of the Sr-can project. Skb tr-06-09, 
Swedish nuclear fuel and Waste management co., 
Stockholm, Sweden.

Sposito g. 1984. the surface chemistry of soils. 
oxford university Press, new york, ny.



I-30

STUK-TR 10 PART I: A review of surfAce-chemicAl concepts used in models of buffer erosion

Stumm W, morgan JJ. 1996. Aquatic chemistry, 3rd 
ed. Wiley Interscience, John Wiley & Sons, new 
york.

Swanton SW. 1995. modelling colloid transport in 
groundwater; the prediction of colloid stability and 
retention behaviour. Adv. colloid Interface Sci., 54, 
129–208.

van olphen Jh. 1977. An introduction to clay colloid 
chemistry, 2nd ed., Wiley-Interscience, new york.

verwey eJW, overbeek Jtg. 1948. theory of the 
stability of lyophobic colloids. elsevier, Amsterdam, 
the netherlands.



Part II: An evaluation  
of swelling pressure models  

for the buffer and backfill



II-2

STUK-TR 10 PART II: An evAluAtion of swelling pressure models for the buffer And bAckfill

Contents

SummAry II-3

1 IntroductIon II-4

2  EmPIrIcAl corrElAtIonS II-6

3 thErmodynAmIc modElS II-7
3.1 Equilibrium constraints on swelling pressure II-7
3.2 donnan equilibria II-8
3.3 Ideal versus real donnan systems II-9
3.4 Significance of non-ideal donnan behavior on pswell II-12

4 concludIng rEmArkS from A rEgulAtory PErSPEctIvE II-13

5 rEfErEncES II-14



PART II: An evAluAtion of swelling pressure models for the buffer And bAckfill STUK-TR 10

II-3

Summary

this report considers modeling approaches that have been proposed to  
characterize the swelling pressure (pswell) of buffer and backfill materials in a 
kBS-3 repository for spent nuclear fuel. the swelling pressure is important 
because many of the performance targets that are being considered for the buffer 
and backfill in a kBS-3 repository at olkiluoto are defined by this parameter.

A unified mechanistic modeling approach, capable of accurately predicting 
the effects of material properties and environmental conditions on pswell, is not 
presently available and is unlikely to become available within the foreseeable 
future. Alternative, thermodynamics-based modeling approaches are inherently 
non-mechanistic and therefore cannot account a priori for the effects of electrical 
interactions near clay surfaces on the chemical potential of water. thermodynamics-
based models that have been proposed specifically for the kBS-3 buffer are semi-
empirical and are based on an assumption of ideal donnan behavior that may not 
be valid. If not, interpretations of experimental observations based on these models, 
though possibly correct in principle, are essentially curve-fitting exercises and 
provide little predictive capability. the models have moreover been applied only 
to highly idealized systems of nominal relevance to a repository at olkiluoto.

given these conceptual model uncertainties, an alternative approach based on 
empirical correlations derived from experimental determinations of pswell as a function 
of saturated density and covering as broad a range as possible of relevant material 
types and environmental conditions (e.g., groundwater salinities and compositions) 
could help enhance confidence that performance targets for the buffer and backfill 
can be met. Such an approach should ideally be guided by a systematic assessment 
of plausible, as well as possible “outlier”, environmental conditions that could 
exist at olkiluoto over the assessment time period considered in a safety case.
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1 Introduction

this study addresses approaches that have been 
proposed to characterize the swelling pressure 
(pswell) of buffer and backfill materials in a kBS-3 
repository for spent nuclear fuel. In this context, 
pswell is defined as the mechanical force per unit area 
exerted by the swelling-clay component of bentonite 
(montmorillonite) on confinement structures rep-
resented by deposition holes (buffer) or deposition 
tunnels (backfill).

the swelling pressure is important in relation to 
repository safety because many of the performance 
targets for the buffer and backfill are defined by 
this parameter. figure 1, for example, illustrates 
how swelling pressures in the buffer might vary as 
a function of saturated density, and how these varia-
tions would relate to several performance targets, 
including the prevention of significant microbial 
activity (pswell > 2 mPa); the provision of sufficient 
tightness and self-sealing ability (pswell > 1 mPa); 
and the prevention of canister sinking (pswell > 0.1 
mPa). Also, because swelling pressure and hydraulic 
conductivity are closely related, a performance 
target to prevent significant advective transport 
can be stated in terms of hydraulic conductivity (k 
< 10-12 m s-1) (Posiva 2010) or swelling pressure (pswell 
> 0.1 mPa) (SkB 2006a). Similarly for the backfill, a 
performance target of k < 10-10 m s-1 corresponds to 
pswell > 0.2 mPa for an assumed groundwater salinity 
of 35 g l-1 (Pastina and hellä, 2006).

two general mechanisms control the swelling 
behavior of clay minerals (e.g., madsen and müller-
vonmoos, 1989):
•	 innercrystalline swelling, which results from 

the uptake of water to hydrate clay surfaces and 
exchangeable cations, and

•	 osmotic swelling, which results from concentra-
tion differences involving ions associated with 
clay surfaces and those in an external solution.
Innercrystalline swelling is controlled by the 

layer charge of the clay mineral and hydration 
properties of the interlayer cations. It is generated 
in a stepwise manner with development of up to 4 
monolayers of water. osmotic swelling operates over 
larger distances and is controlled by the negatively 
charged clay surface and a diffuse electrical double 
of charge that extends into the adjacent aqueous 
phase. As two clay particles closely approach one 
another a repulsive force per unit area develops 
between them that depends on the excess concen-
tration, relative to the bulk porewater, of cations in 
the overlapping double layers at a location midway 
between the particles.

Several types of models have been proposed 
to account for physical and chemical processes 
controlling the swelling pressure of compacted 
clays (karnland 1998; dixon 2000; Savage 2005; 
Agus and Schanz, 2008). Empirical models, which 
attempt to relate pswell to the interlamellar distance 
between individual clay particles (low 1979; 1980), 
are simple and utilitarian, but model parameters 
must be calibrated experimentally and results are 
not always easy to obtain or physically meaningful 
(grauer 1986). diffuse double-layer (ddl) models, 
which attempt to relate pswell to repulsive interac-
tions arising from the overlap of electrical double 
layers associated with the charged surfaces of clay 
particles [e.g., yong et al., 1992; komine and ogata, 
1994; 1996 (see also Sridharan 1997)], are based on 
well-established theoretical concepts for colloidal 
systems (e.g., kruyt 1952; Adamson 1967), but are 
difficult to apply to highly compacted clays due in 
part to structural modifications of water that occur 
in the interlamellar regions of clay particles (e.g., 
low 1987).

Because of these difficulties it has been conclud-
ed that although discussions regarding the mecha-
nisms involved in controlling pswell in compacted 
clays have been ongoing for decades, it is unlikely 
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Figure 1. Schematic illustration of the effects of buffer saturated density on the swelling pressure,  
hydraulic conductivity, and related performance targets (Posiva 2010).

that a unified mechanistic modeling approach will 
emerge from these discussions within the foresee-
able future (dixon 2000). Pastina and hellä (2006) 
refer to karnland and Birgersson (2006) in simi-
larly concluding that there is no general consensus 
concerning detailed mechanisms controlling the 
swelling pressure, or in models that can be used to 
calculate pswell as a function of material properties 
or environmental parameters.

Assuming this is true, the question arises as to 
whether confidence is warranted in claims that pswell 
in the buffer and backfill will be sufficient to ensure 
that the respective performance targets will be met 
over the entire assessment time period considered 
in a safety case. the present report considers two 

approaches that have been proposed to answer 
this question: 1) the development of empirical 
correlations between pswell, material properties and 
environmental conditions (notably groundwater 
salinities) based on experimental observations, and 
2) the application of non-mechanistic, thermody-
namics-based models to predict pswell as a function 
of these properties and conditions.

the empirical approach is considered further 
below (Section 2). this is followed by an evaluation 
of thermodynamic models relevant to the kBS-3 
disposal concept (Section 3). the advantages and 
limitations of these two approaches are considered 
from a safety-assessment perspective in Section 4.
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Figure 2. Empirical correlations between experimental 
measurements of pswell and effective clay dry density 
(Dixon 2000).

2  Empirical correlations

dixon (2000) questioned whether reliable swelling 
pressure models for the buffer and backfill can be 
developed in a timely manner for reasons stated in 
the preceding section, and proposed that a database 
of experimental measurements could instead be 
constructed and used to establish empirical cor-
relations between pswell and density. An example 
is shown in figure 2, where swelling pressures 
determined in tests involving various bentonites 
and aqueous solutions are plotted as a function of 
the “effective clay dry density” (Ecdd = dry mass of 
clay divided by the volume occupied by the clay plus 
the void volume¹). the lines in the figure represent 
the results of regression analyses for tests involv-
ing fresh water, brackish water, saline water and 
brine. dixon (2000) noted that the regression lines 
are similar, indicating little influence of salt on the 
swelling behavior as long as the Ecdd is above 
about 0.9 mg m-3, but that the limited number of 
available measurements at high salt concentrations 
generates significant uncertainty in the regression 
results. Agus and Schanz (2008) have developed 
similar correlations for bentonite-sand mixtures.

A similar empirical approach could conceivably 
be applied to specific conditions expected in a kBS-3 
repository at olkiluoto. uncertainties in regression 
correlations between pswell and density may be 
minimized if the experimental measurements were 
limited to specific buffer and backfill compositions 
planned for use in the repository. correlations could 
be developed from the results of experimental in-
vestigations of the swelling properties of candidate 
buffer and backfill materials planned by Posiva 
(Posiva 2010).

dixon (2000) considered variations in envi-
ronmental conditions only in terms of a range of 
groundwater salinities. In studies of the effects of 

salt solutions on swelling pressure, however, her-
bert and moog (1999; 2000) and herbert et al. (2004) 
have shown that other aspects of solution chemistry 
can strongly affect swelling pressure. for example, 
herbert and moog (2000) found that in tests involv-
ing mX-80 bentonite and saturated nacl solutions 
pswell increased with increasing mg content if the k 
concentration was held constant, and that k played 
the dominant role in affecting pswell in a series of 
tests in which both mg and k varied.

If solution chemistry rather than salinity alone 
can significantly affect the swelling pressure of the 
buffer and backfill, then it would seem reasonable 
to expect that an empirical approach such as that 
described by dixon (2000) should ideally be guided 
by a systematic assessment of plausible, as well 
as possible “outlier”, environmental conditions. 
Plausible bounds on groundwater salinities in 
the vicinity of olkiluoto over the assessment time 
period considered in a safety case have been estab-
lished by Posiva (e.g., Pastina and hellä, 2006), but, 
to the author’s knowledge, similar bounds on other 
solution constituents, such as k+ and mg2+, which 
could affect the swelling pressure have not been 
determined.

1 dixon (2000) noted that the Ecdd for the finnish kBS-3 
reference buffer is 1.6 mg m-3
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3 Thermodynamic models

non-mechanistic, thermodynamics-based models 
have been used to interpret the results of experi-
mental investigations of the swelling properties of 
buffer materials that could be used in a kBS-3 
repository in finland or Sweden (karnland 1998; 
muurinen et al., 2004; karnland et al., 2005; Birg-
ersson et al., 2008; Agus and Schanz, 2008; Birgers-
son and karnland, 2009). figure 3 illustrates the 
conceptual basis of such models. one region of the 
model domain consists of an aqueous phase and 
clay minerals (representing the buffer or backfill) 
and the other region contains only an aqueous 
solution at the same temperature (representing 
groundwater in the near-field rock). the clay miner-
als are assumed to have a net negative layer charge 
resulting from isomorphous substitutions of cations 
in octahedral and tetrahedral sites. the boundary 
between the two model domains is assumed to be 
permeable with respect to aqueous solutes and 
water, but not with respect to the clay minerals.

A simplified version of this conceptual model 
was considered in the modeling studies noted above. 
Aqueous solutions in both model domains were 
assumed to be simple nacl solutions. All clay min-
erals were assumed to have the same layer charge, 
and na+ was assumed to be the only exchangeable 
cation. Equilibrium constraints consistent with this 
simplified conceptual model are discussed below.

3.1 Equilibrium constraints 
on swelling pressure

the chemical potential of water (µw) in the “rock” 
region of figure 3 is given by:

 µ =µ + +o
w w w wRTlna v p  (1)

where µo
w  refers to standard-state conditions, R 

stands for the gas constant, T denotes temperature, 
a represents activity,  v  refers to molar volume and 
p stands for pressure. In the “clay” region:

 ′ ′ ′µ =µ + +o
w w w wRTlna v p  (2)

(accented symbols here and in the following discus-
sion refer to the clay region). Because water can 
pass freely through the boundary separating the 
two regions, its chemical potential must be the same 
in both regions at equilibrium. Equating Equations. 
(1) and (2) and rearranging:

 ,
 ′

′ − =−  
 

w

w w

aRTp p ln
v a

 (3)

where the pressure difference represents the swell-
ing pressure.

noting that  /≡ o
w w wa p p  and  /′ ′≡ o

w w wa p p ,  
where pw, ′wp  and o

wp  represent vapor pressure 
in the rock region, clay region and standard state, 
respectively (vapor pressure and fugacity are as-
sumed to be equal), Equation (3) can be rearranged 

Figure 3. Schematic diagram of a swelling-pressure 
model for the buffer and backfill (SKB 2006b). The 
left side of the diagram represents the clay buffer (or 
backfill), and contains negatively charged clay particles 
(gray sheets with exchangeable cations indicated 
by blue crosses) and an aqueous NaCl solution (red 
symbols). The right side of the diagram represents the 
near-field rock, and contains an aqueous NaCl solu-
tion in pores. The boundary between the two regions 
(dashed line) is assumed to be permeable to Na+, Cl- 
and water, but impermeable to clay particles.
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to give:

swell   .
 ′

′ − = =− − 
 

w w
o o

w w w

p pRTp p p ln ln
v p p

 (4)

karnland (1998) noted that water in the clay region 
would be affected both by interactions with the 
negatively charged clay particles and by interac-
tions with the electrolyte. to distinguish the effects 
of these interactions on pswell, Equation (4) was 
expanded to:

, ,
swell   ,

′ ′ 
=− + − 

 
w c w ie w
o o o

w w w w

p p pRTp ln ln ln
v p p p

 (5)

where, following karnland’s notation, the first 
term inside the bracket refers to water impacted 
by interactions with the clay and the second term 
represents the effects of interactions involving the 
“introduced” electrolyte. the contribution of the first 
term to pswell can be determined experimentally if 
the electrolyte concentration is sufficiently low that 
to a good approximation ,/  / 1′= =o o

w w w ie wp p p p . It 
is worth noting that the thermodynamic model does 
not provide a basis for predicting the effects of this 
term on pswell a priori.

karnland related the second and third terms 
on the right-hand side of Equation (5) to the 
osmotic pressure (π) in the clay and rock domains, 
respectively. the osmotic pressure is given by (e.g., 
denbigh 1978):

 ,π = ρ =−∑ j w
w

RTRT m lna
v  (6)

where ρ stands for the density of the aqueous phase 
and mj represents the molality of the j-th solute (e.g., 
if electrolyte nacl dissociates completely, j refers to 
the ions na+ and cl-)². Substituting this relation for 
the second and third terms on the right-hand side 
of Equation (5) results in:

( ),
swell   .

′
′ ′=− − ρ − ρ∑ ∑w c

j jo
w w

pRTp ln RT m m
v p  (7)

karnland (1998) derived a similar expression in 
terms of electrolyte concentration using a van’t 
hoff factor to account for the extent of electrolyte 
dissociation (which was apparently assumed to 
be the same in both the rock and clay domains). 
Equilibrium constraints on the last two terms on 

the right-hand side of Equation (7) are considered 
in the following section.

3.2 Donnan equilibria
the effects of ion concentration on pswell can be 
interpreted in relation to the donnan equilibrium 
(karnland 1998; karnland et al., 2005). A simpli-
fied donnan system representing conditions in the 
buffer (or backfill) and immediately surrounding 
host rock is shown in figure 3. As noted earlier, the 
system consists of a compacted na-clay separated 
from an external nacl solution by a membrane 
permeable to na+ and cl- but not to individual clay 
particles. corresponding equilibrium constraints 
on na+ and cl- concentrations in the clay porewater 
and external solution are derived below (davis 1942; 
marshall 1948; hanshaw and coplen, 1973).

diffusion of na+ and cl- through the membrane 
will occur until the net movement of these ions 
ceases and equilibrium is reached. the chemical 
potential of the salt in the clay porewater and 
external solution will then be equal:

NaCl NaCl ′µ =µ . (8)

the chemical potentials for the electrolyte are 
related to individual ion activities by:

 NaCl NaCl Na Cl
 ( )+ −µ =µ +o RTln a a  (9)

NaCl NaCl Na Cl
) ( + −′ ′ ′ ′µ =µ +o RTln a a  (10)

where NaClµo  and NaCl′µ o  refer to conditions in the 
standard state. Assuming these conditions are the 
same for clay porewater and the external solution, 
Equations (8) – (10) can be combined to give:

Na Cl Na Cl
. + − + −′ ′=a a a a  (11)

Equality of the product of the activities of an 
electrolyte’s ions in different regions of a donnan 
system defines the donnan equilibrium.

Evaluation of Equation (7) requires that the 
concentrations of ions in different regions of a don-
nan system be known. A suitable relation among 
these concentrations can be derived using electrical 
neutrality constraints. continuing with the model 
system discussed above, for example:

ANa Cl
  ,+ −′ ′ ′= +m m n  (12)

where A′n  represents the number of equivalents of 
negative charge (equal to the number of equivalents 
of exchangeable na+) associated with clay minerals 

2 note that the units for R in this equation must be compat-
ible with those of the product ρmj (mol l-1).
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per 1000 g of water. noting that ai. ≡ γimi (γi stands 
for the activity coefficient of the i-th aqueous spe-
cies), Equation (12) can be rewritten:

Na Cl
A

Na Cl

   . + −

+ −

′ ′
′= +

′ ′γ γ

a a
n

 (13)

Substituting Equation (11) into Equation (13) 
results in:

Na Na Cl
A

Na Na Cl

  .+ + −

+ + −

′
′= +

′ ′ ′γ γ

a a a
n

a  (14)

then, multiplying by 
Na Na

/+ +′ ′γa  and rearranging:
2

Na Na Cl Na
A

Na Na Cl Na

  0.+ + − +

+ + − +

 ′ ′
′− − =  ′ ′ ′ ′γ γ γ γ 

a a a a
n

 (15)

Solving this quadratic equation results in:

2
Na Na ClA A

Na Na Cl

    ,
2 4

+ + −

+ + −

′ ′ ′
= + +

′ ′ ′γ γ γ

a a an n
 (16)

or,

2 2
A A

2Na
     ,
2 4+

±

±

′ ′
′ = + +

′γ
n n am

 (17)

where a± and γ± represent the mean activity and 
mean activity coefficient, respectively [a± ≡(a+a-)1/2 
and γ± ≡(γ+γ-)1/2] (the negative root of Eqn. (15) is 
not meaningful because it gives negative values of 

+′Na
m ). Similar reasoning results in the following 
expression for cl-:

2 2
A

2Cl
    ,

2 4−
±

±

′ ′
′ =− + +

′γ
An n am

 (18)

and, combining this result with Equation (17)

2 2
A

2Na Cl
 2  .

4+ −
±

±

′
′ ′+ = +

′γ
n am m

 (19)

this sum controls pswell because it constrains the 
third term on the right-hand side of Equation (7).

In a similar derivation, karnland (1998) as-
sumed 2 2

± ±′γ = γ . With this assumption Equation 
(16) becomes:

2
Na Na ClA A

Na Na Cl

2
A A

Na Cl

   
2 4

      ,
2 4

a a an n

n n m m

+ + −

+ + −

+ −

′ ′ ′
= + +

′γ γ γ

′ ′
= + +

 (20)

and, because in the external solution charge balance 
requires mNa+ = mCl-,

2
2Na A A

Na Na
Na

      .
2 4

+

+ +

+

′ ′ ′
′= = + +

′γ

a n nm m
 (21)

this equation was used by karnland (1998) and 
karnland et al. (2005) to calculate ionic contribu-
tions to pswell.

3.3 Ideal versus real Donnan systems
An ideal donnan system is one for which 2 2

± ±γ = ′γ  
(davis 1942)³. under such conditions, Equation (11) 
becomes:

.  + − + −′ ′=
Na Cl Na Cl

m m m m  (22)

Ideal behavior has generally been assumed in stud-
ies of donnan equilibria involving clay materials 
due to experimental difficulties in determining the 
ionic compositions of clay porewaters (e.g., davis 
1942; hanshaw and coplen, 1973; leroy et al., 
2007). Ideal behavior was assumed in experimental 
and modeling studies of donnan equilibria related 
specifically to the kBS-3 buffer and backfill (karn-
land 1998; karnland et al., 2005; Birgersson and 
karnland, 2009).

An experimental study by muurinen (2006) (see 
also muurinen et al., 2004) of porewater chemistry 
in samples of compacted mX-80 bentonite used 
in the swelling-pressure tests of karnland et al. 
(2005) provides a basis for evaluating whether this 
assumption is valid. the experimental apparatus 
used in the swelling-pressure tests is shown in 
figure 4. Samples of purified mX-80 bentonite in 
which montmorillonite had been exchanged to the 
sodium form were compacted and placed in the 
cylindrical sample holder. the piston, pressure 
transducer and upper lid were attached and a 
nacl solution was then slowly circulated behind 
the bottom filter. At full saturation the bentonite 

3 It is not necessary that the aqueous phases in different 
regions of a donnan system must themselves be ideal.
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sample was isolated from the circulating solution 
by the filter, which, although impermeable to the 
transport of clay particles, allowed for the exchange 
of na+ and cl- between the bentonite porewater and 
external solution. tests were terminated after pres-
sure equilibrium had been achieved and a minimum 
test period of 1 month had elapsed. the bentonite 
sample and circulating solution were then removed 
from the test apparatus and characterized.

muurinen (2006) sampled porewaters in the 
bentonite samples by squeezing the samples under 
an applied load. the sampling system consisted of a 
pressing apparatus to create long-term compression 
and a compaction cell. Porewaters were separated 
from bentonite in the compaction cell using a steel 
sinter, and the separated solutions were collected 
in a syringe.

Pressure was applied to the sample in a step-
wise manner up to 100 mPa. In some cases several 
porewater samples were obtained from a given ben-
tonite sample over a range of step-wise increases 
in pressure. All porewaters and external solutions 
were ultra-filtered and analyzed for total dissolved 
na, cl, total dissolved Solids (tdS), and, in some 
cases, ca, mg, Si, So4 and hco3.

table 1 summarizes the analytical data for na 
and cl. Sample numbers are those of muurinen et 
al. (2006). multiple porewater samples squeezed 
from a given bentonite sample over a range of 
increasing pressures are indicated by numbers 
following the “/” symbol (the progression 1, 2, 3, 

etc., corresponds to increasing applied load). the 
original analytical data, reported in mg l-1, were 
converted to molalities in the present study using 
solution densities calculated using the geochemist’s 
Workbench geochemical modeling software package 
(Bethke 2008). Significant charge imbalances (up to 
about +12%) were calculated in some cases when 
the analyses included only na+ and cl-.

the analytical data in table 1 were used to as-
sess whether the swelling-pressure results of karn-
land et al. (2005) are consistent with ideal donnan 
behavior as represented by Equation (22). the data 
in this table refer to total dissolved concentrations. 
for na, the total concentration represents the sum 
of concentrations of the free cation, na+, plus that 
of the ion-pair nacl(aq) (other na+ ion pairs are 
unlikely to be important given the experimental 
conditions). for cl, the total concentration repre-
sents the sum of concentrations of the free anion, 
cl-, plus nacl(aq). It is reasonable to assume that 
the nacl(aq) content of the external circulating 
solutions used in the experiments was negligible 
compared to that of na+ and cl- given the limited 
extent to which this ion pair forms in bulk aqueous 
solutions at room temperature (Pokrovskii and 
helgeson, 1995)4. the molalities of the free cation 
and anion in these solutions are therefore given 
to a good approximation by the respective total 
molalities.

It is unclear whether this assumption is also 
reasonable for bentonite porewaters, however. the 
electrical properties of montmorillonite surfaces 
are likely to influence the dielectric properties of 
nearby h2o(l), for example, and this could favor 
formation of nacl(aq) at the expense of na+ and 
cl-. As a first approximation it was therefore as-
sumed as a limiting case that porewater na+ and 
cl- concentrations are given by their respective 
analytical concentrations. the effects of ion-pairing 
were then considered qualitatively in relation to 
this assumption.

the results in table 1 indicate that the product 
of na+ and cl- molalities in external solutions are 
not equal to their counterparts in bentonite pore-
waters, suggesting that the experimental system 
used in the swelling-pressure tests was not an ideal 

Figure 4. Schematic diagram of the sample holder 
used in swelling-pressure tests carried out by Karnland 
et al. (2005). Circulating solutions passed only through 
the bottom circuit in these tests (i.e., not through 
the upper circuit as indicated in the figure). The filter 
allowed water and aqueous solutes to pass between 
the clay sample and circulating solution, but not clay 
particles.

4 for a 1 molal nacl solution at 25oc, for example, nacl(aq) 
would amount to just 6% of the total analytical concentra-
tion of na and cl.
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donnan system. figure 5 shows that ideal behavior 
is more closely approached as the nacl content of 
the circulating solutions increases, but was not at-
tained even in tests with 3 molal nacl. the possible 
formation of nacl(aq) ion pairs in the bentonite 
porewaters would only decrease the molalities of 
free na+ and cl-, thus increasing differences in the 
product, mNa+mCl-, between these solutions and the 
external solutions. Although interpretations of the 
swelling-pressure results based on possible effects 
of ion-pair formation on the van’t hoff equation 
(karnland 1998; karnland et al., 2005), or on the 
pore structure of compacted bentonite (muurinen 
2006), may be correct in principle, such interpre-
tations do not seem justified because they are 
based on an assumption of ideal donnan behavior 
(i.e., 2 2

± ±γ = ′γ ) that appears to be incorrect. the 
experimental results are compatible with other 

Figure 5. Comparison of calculated mNamCl values for 
external solutions and squeezed porewaters based 
on analytical data from Muurinen (2006) for swelling-
pressure tests described by Karnland et al. (2005). The 
line represents agreement among mNamCl values for 
porewaters and external solutions, and is a condition 
for ideal Donnan behavior.

Table 1. Analytical data for Na and Cl in external solutions and MX-80 porewaters (Muurinen 2006). 
Corresponding mNa+mCl- values were calculated in the present study.

Sample 
Number

External Solution Porewater

Na+

(mg l-1)
Cl-

(mg l-1)
mNa+mCl-

Na+

(mg l-1)
Cl-

(mg l-1)
mNa+mCl-

S2-2A/1 2930 4000 0.0139 2110 2600 0.0065

S2-2A/2 2930 4000 0.0139 1770 2120 0.0045

S2-2A/3 2930 4000 0.0139 1250 1510 0.0023

S2-4A/1 2530 3870 0.0116 762 1014 0.0009

S2-4A/2 2530 3870 0.0116 543 746 0.0005

S2-4A/3 2530 3870 0.0116 436 624 0.0003

S2-4A/4 2530 3870 0.0116 496 589 0.0004

S2-5A/1 27600 37500 1.17 20600 29900 0.70

S2-5A/2 27600 37500 1.17 13300 19400 0.30

S2-6A/1 75200 104400 8.00 67200 88800 6.22

S2-6A/2 75200 104400 8.00 46900 65800 3.35

S2-8A 28000 37900 1.20 13900 20100 0.32

S2-9A 75600 103300 7.96 50200 69800 3.77

S2-11A 23546 38567 1.03 9600 14400 0.16

S2-12A 74800 102400 7.82 48800 68700 3.62

S2-13A/1 7400 10646 0.093 6458 9785 0.075

S2-13A/2 7400 10646 0.093 5783 8625 0.059

S2-13A/3 7400 10646 0.093 4107 6063 0.030

S2-14A/1 7400 10621 0.093 3824 5589 0.025

S2-14A/2 7400 10621 0.093 2779 3468 0.011

S2-15A 7400 10774 0.094 1960 2842 0.007

S2-16A 7400 11792 0.103 2247 3420 0.009

S2-17A 2592 4224 0.013 574 829 0.0006

S2-18A 2684 4409 0.014 979 1544 0.002
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experimental studies suggesting that compacted 
clays are real, not ideal, donnan systems (e.g., davis 
1942; hanshaw and coplen, 1973).

3.4 Significance of non-ideal 
Donnan behavior on pswell

non-ideal donnan behavior, such as appears to be 
indicated in the previous discussion by the observa-
tion Na Cl Na Cl

 + − + −′ ′>m m m m , would require 2 2
± ±γ < ′γ  

to satisfy the requirement in Equation (11). the 
corresponding value of +′Na

m  plus Cl−
′m  [Eqn. (19)] 

would be smaller than if ideal donnan behavior 
were assumed. the swelling pressure calculated 
using Equation (7) would therefore be lower in a 
real donnan system than in its ideal counterpart if 
all other factors were the same in both systems. An 
assumption of ideal donnan behavior, in addition to 
simplifying models of compacted clay systems, may 
therefore be conservative from a performance as-
sessment perspective because it leads to predictions 
of pswell that are smaller than might actually occur.
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4 Concluding remarks from 
a regulatory perspective

Experimental tests indicate that swelling pressures 
sufficient to meet performance targets for the buf-
fer and backfill in a kBS-3 repository at olkiluoto 
can be achieved. Swelling pressures at the high 
saturated densities envisaged for the buffer will be 
controlled mainly by innercrystalline swelling. Elec-
trolyte (i.e., donnan) effects on pswell are expected to 
be relatively small at these saturated densities, but 
could become important if the density were to be 
lowered by processes such as buffer erosion. donnan 
effects could also be important for the relatively low 
density backfill.

there appears to be a scientific consensus that 
a unified mechanistic modeling approach, capable 
of accurately predicting the effects of material 
properties and environmental conditions on pswell, 
is not presently available and is unlikely to be-
come available within the foreseeable future. Such 
mechanistic models include those that attempt to 
relate pswell to the interlamellar distance between 
individual clay particles, and those that attempt to 
relate pswell to repulsive interactions arising from the 
overlap of electrical double layers associated with 
the charged surfaces of clay particles. laird (1996) 
and Skipper et al. (2006) describe recent advances 
in modeling innercrystalline swelling in clay-based 
materials.

Alternative, thermodynamics-based modeling 
approaches are inherently non-mechanistic and 
therefore cannot account a priori for the effects of 
electrical interactions near clay surfaces on the ac-
tivity and chemical potential of the solvent, h2o(l). 
these interactions must therefore be character-
ized experimentally, or by adopting extra-thermo-

dynamic assumptions and models (e.g., as in dlvo 
theory). thermodynamic models can, however, be 
combined with experimental constraints to evaluate 
electrolyte contributions to pswell consistent with the 
donnan equilibrium. Such combined models are 
semi-empirical.

thermodynamics-based models that have been 
proposed for the kBS-3 buffer are based on an 
assumption of ideal donnan behavior that may 
be invalid. If so, interpretations of experimental 
observations based on these models, though possibly 
correct in principle, are essentially curve-fitting 
exercises and provide little predictive capability. 
the models have moreover been applied only to 
highly idealized systems of nominal relevance 
to a repository at olkiluoto, especially over the 
assessment period, and associated variations in 
environmental conditions, that must be considered 
in a safety case.

If mechanistic- and thermodynamics-based mod-
eling approaches prove to be inadequate, an empiri-
cal approach based on experimental determinations 
of pswell as a function of saturated density covering as 
broad a range as possible of relevant material types 
and environmental conditions (e.g., groundwater sa-
linities and compositions) may be needed to enhance 
confidence that performance targets for the buffer 
and backfill can be met. Such an approach should 
ideally be guided by an experimental program that 
is based on a systematic assessment of plausible, as 
well as possible “outlier”, environmental conditions 
that could exist at olkiluoto over the assessment 
time period considered in the safety case.
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