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Self-sealing capability of some bentonite buffers in artificial seawater  
Capacité autocollante de quelques amortisseurs de bentonite dans de l'eau de mer artificielle  

H. Komine 
Ibaraki University 

ABSTRACT 
A high-level radioactive waste disposal facility might be built in a coastal area of Japan to facilitate transportation of radioactive
waste. This study investigates the influence of seawater on the self-sealing capability of a bentonite-based buffer. It also investigates 
the change of compositions of exchangeable cations such as Na+ and Ca2+ in a bentonite-based buffer before and after self-sealing to 
clarify infiltration/filtration mechanisms of seawater cations into bentonite. 

RÉSUMÉ
Un établissement de disposition de déchets radioactifs de haut niveau pourrait être construit dans un secteur côtier du Japon pour
faciliter le transport de déchets radioactifs. Cette étude examine l'influence de l’eau de mer sur la capacité autocollante d'un
amortisseur de tampon de bentonite. Elle examine aussi le changement des compositions de cations échangeables comme Na + et Ca2
+ dans un amortisseur de tampon de bentonite avant et après l'autocollant afin de clarifier les mécanismes infiltration/filtration sur les
cations d'eau de mer dans la bentonite. 
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1 INTRODUCTION 

Buffer materials for repositories of high-level radioactive waste 
(HLW) must have high swelling characteristics and very low 
permeability to seal the waste. Bentonite is currently designated 
for that use. An HLW disposal facility might be built in a 
coastal area of Japan to facilitate transportation of radioactive 
waste. Therefore, it is important to investigate the effects of 
seawater on a bentonite-based buffer. Through swelling 
deformation, bentonite-based buffer materials for HLW disposal 
are expected to fill gaps separating the buffer and the disposal 
pit walls, and/or between the buffer and a waste container. Such 
materials therefore have self-sealing capability (see Fig. 1). 

Figure 1.  Schematic drawings of an HLW disposal facility and the self-
sealing capability of bentonite-based buffers. 

This study is intended to investigate the influence of 
seawater on the self-sealing capabilities of three common 
sodium types of bentonite. The self-sealing capability 
experiment simulates, one-dimensionally, the relation between 
the bentonite-based buffer and the remaining gaps. These 
experiments clarified the relations between the influence grade 
of seawater and compaction density, montmorillonite content of 
the bentonite, and the gap volume. Based on experimental 
results, suitable specifications were defined for a bentonite-
based buffer that can withstand the seawater’s effects. 

2 OUTLINE OF A ONE-DIMENSIONAL SELF-SEALING 
CAPABILITY EXPERIMENT 

This section presents a description of the outline of the one-
dimensional self-sealing capability experiment. 

This study used commercial sodium-type bentonite of three 
kinds: Kunigel-V1, Volclay, and MX-80. These bentonites are 
all prospective buffer materials. Their montmorillonite contents 
are 57–80%. Table 1 presents fundamental properties of the 
bentonites used for this study. 

In the experiments, undiluted, ten-fold-diluted, and hundred-
fold-diluted artificial seawaters were supplied into compacted 
bentonites specimens, of which the dry densities were 1.2–2.0 
Mg/m3.

Table 2 presents ion concentrations of the main cation in the 
artificial seawater, as measured using ion chromatography, 
along with typical seawater specifications referred from Drever 
(1988). This study uses artificial seawater to simulate chemical 
conditions of seawater applied in a coastal area because natural 
seawater deteriorates easily as a result of spoilage of organic 
materials during the experimental period. Using artificial 

Table 1. Fundamental properties of bentonites. 

Bentonite A B E 
Trade name Kunigel-V1 Volclay MX-80 
Type Sodium Sodium Sodium 
Soil particle density 
(Mg/m3)

2.79 2.84 2.88 

Montmorillonite 
content, Cm (%) 

57 71 80 

CEC (meq/g) 1.166 1.054 1.348 
EXCNa

+ (meq/g) 0.631 0.572 0.646 
EXCCa

2+ (meq/g) 0.464 0.328 0.522 
EXCK

+ (meq/g) 0.030 0.026 0.038 
EXCMg

2+ (meq/g) 0.041 0.128 0.142 
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seawater, the water chemistry conditions can be maintained 
throughout the experiment period. 

The one-dimensional self-sealing capability experiment used 
in this study can simulate the relations between the bentonite-
based buffer and the gap in the disposal pit, as presented in    
Fig. 1. This study investigated self-sealing capabilities of some 
bentonite buffers in conditions of undiluted, ten-fold-diluted, 
and hundred-fold-diluted artificial seawaters using the 
experiment apparatus presented in Fig. 2. 

Figure 2.  One-dimensional self-sealing capability experiment. 

The compacted bentonite specimens were set up in the 316L 
stainless steel ring presented in Fig. 2. After setting up the 
specimen, the experiment apparatus was assembled as presented 
in Fig. 2. The relation between the buffer pressure after filling 
up the gap and the time required from the start of water supply 
was then measured. The buffer pressure after filling up the gap 
was measured using the load transducer presented in Fig. 2. The 
experiment period was 17 days. After experimental work, the 
specimen’s water contents were measured. The saturation of the 
specimen after the experiment was 98.8–138.4%. Results 
showed that, during water content measurements, a thin water 
film adhered to the specimen surface in some cases. Therefore, 
a saturation degree measurement exceeding 100% was obtained. 
The specimens used in this experiment were considered to be 
almost saturated after the experiment. 

3 RESULTS OF A ONE-DIMENSIONAL SELF-SEALING 
CAPABILITY EXPERIMENT 

This section presents a description of the results of a one-
dimensional self-sealing capability experiment. 

The relation between the pressure of bentonite A buffer and 
dry density after filling up the gap depicted in Fig. 3 were 
obtained in conditions where gaps were 0.00 mm, 1.25 mm, 
2.50 mm and the supplied solutions were undiluted (100%-
Artificial seawater), ten-fold-diluted (10%-Artificial seawater) 
and hundred-fold-diluted (1%-Artificial seawater) artificial 
seawaters. The gap values were set according to the 
specifications of the bentonite buffer and disposal pit proposed 
in Ogata et al. (1999). 

Figure 3. Sample results of one-dimensional self-sealing capability 
experiment (Results for bentonite A). 

The results depicted in Fig. 3 show that the self-sealing 
capability of bentonite is less for larger gaps and higher ion 
concentrations of artificial seawater. For 100%-artificial 
seawater and a gap of 2.50 mm (large), the self-sealing 
capability of bentonite A buffer is low. If the gap is narrow 
and the ion concentration of artificial seawater is low, then the 
self-sealing capability of the bentonites is almost constant. 
Figure 3 shows that bentonite A buffer has effective self-
sealing capability provided that the gap is less than 1.25 mm, 
even if the groundwater chemistry closely resembles that of 
seawater. 

Experimental results for bentonite B and E show that self-
sealing capabilities are almost identical for a gap of less than 
1.25 mm and ten-fold- and hundred-fold-diluted artificial 
seawaters. The self-sealing capabilities of bentonites B and E 
are low for 100%-artificial seawater. 

Results of self-sealing capability experiments described 
herein clarified that the self-sealing capability of bentonites is 
low for large gaps and higher ion concentrations of artificial 
seawater. If the gap is narrow and the ion concentration of 
artificial seawater is low, then the bentonites’ self-sealing 
capability is almost constant. Based on experimental results, 
suitable specifications can be defined for a bentonite-based 
buffer that can withstand the effects of seawater. 

For the bentonite A buffer, the initial dry density should be 
designed to be larger than 1.5 Mg/m3 of the dry density after 
filling up the gap, according to the presumed gap and ion 
concentration of groundwater on site. 

Table 2.  Ion concentrations of the main cations in the artificial seawater 
and the typical seawater. 

Main cations Na+ Ca2+ K+ Mg2+

Artificial 
seawater used 
for this study 

454.4 6.2 9.0 50.0 Ion 
concentration 
(mol/m3) Typical seawater  

referred from 
Drever (1988) 

479.5 10.5 10.5 54.4 
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4 CHANGED COMPOSITIONS OF EXCHANGEABLE 
CATIONS IN BENTONITES DURING A SELF-SEALING 
CAPABILITY EXPERIMENT; DISCUSSION OF 
INFILTRATION/FILTRATION MECHANISMS 

This study also investigates the change of compositions of 
exchangeable cations such as Na+ and Ca2+ in bentonites before 
and after self-sealing capability experiments to clarify 
infiltrating/filtrating mechanisms of seawater cations into 
bentonite. Nevertheless, it is presumed that some cations of 
seawater remain in specimens of bentonites that are put in 
undiluted, ten-fold, and hundred-fold-diluted artificial seawaters. 
The remaining cations of seawater inside bentonite specimens 
were eliminated using the procedure portrayed in Fig. 4. 

Measurement of EXCi, which is the exchange

capacity of the exchangeable-cation i (meq/g)

(where i denotes either of Na+, Ca2+, K+, and Mg2+)

Completion of self-sealing experiment

Sampling supernatant liquid, 10 mL.
Dropping 0.282M-silver nitrate solution,
1.0 mL into the above liquid.

Washing 1.0 g-sample with 80 %-ethanol, 50 mL.
(Churning by using bottle made of polypropylene.)

Dividing specimen pulled out after
self-sealing experiment into 4 pieces.

Completion of washing

Sample is oven-dried at 110 C for 24 h
and comminuted.

Keep bottle more than 48 h,
cccasionally churning bottle.

Divided pieces are air-dried and comminuted.
Extraction of samples from the above pieces
passing 0.180 mm sieve of the above pieces.

Separation of
solid and liquid

Cloudy

Not cloudy

Separation of solid and liquid
by aspiration and filtration

Figure 4. Procedure for eliminating remaining cations of artificial 
seawater inside specimens of bentonites. 

After elimination of the remaining cations, the exchange 
capacities of exchangeable-Na+ and Ca2+ were measured using 
the method described in Inoue (2000). The exchangeable Na+

and Ca2+ were educted by agitating 0.1–0.3 g of bentonite 
sampled from the specimen after a self-sealing capability 
experiment and 0.05 mol/L-strontium chloride solutions. The 
ion concentrations of Na+ and Ca2+ of the above educted 
solution were measured using ICP-atomic emission 
spectrometry. The exchange capacities of exchangeable-Na+

and Ca2+ were calculated as 

WY

CVv
EXC i

i

1
×=         (meq/g) (1) 

where EXCi signifies the exchange capacity (meq/g) of the 
exchangeable-cation i (where i denotes either of Na+ and Ca2+), 
C (mg/L) is the concentration of cation i of the educted solution, 
V (L) is the volume of the educted solution, W (g) is the 
absolute dry mass of the bentonite sample, vi signifies the 

valence of exchangeable cation i, and Y represents the atomic 
weight of exchangeable cation i.

This study measured the exchange capacities of 
exchangeable Na+ and Ca2+ of bentonite A provided that the gap 
is 1.25 mm, the supplying solutions are 1%-artificial seawater, 
and the initial dry densities are 1.873 Mg/m3 and 1.545 Mg/m3.
It also measured the exchange capacities of exchangeable Na+

and Ca2+ of bentonite A provided that the gap is 1.25 mm, the 
supplying solutions are 100%-artificial seawater, and the initial 
dry densities are 1.881 Mg/m3 and 1.618 Mg/m3.

Figures 5 and 6 respectively portray results of the exchange 
capacity of exchangeable Na+ and Ca2+.

Figure 5. Results of exchange capacity of exchangeable-Na+ after the 
self-sealing capability experiment. 

Figure 6. Results of exchange capacity of exchangeable-Ca2+ after the 
self-sealing capability experiment. 

These figures show the exchange capacities of exchangeable 
Na+ and Ca2+ of bentonite A before the experiment and 
bentonite A soaked in artificial seawater. The results presented 
in Figs. 5 and 6 show that exchange capacities of Na+ and Ca2+

of the bentonite sample after self-sealing capability experiments 
approximate that of bentonite A before experiments. 
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Results of the chemical analyses described above reveal that 
the compositions of exchangeable Na+ ion and exchangeable 
Ca2+ ion show little or no change. Therefore, highly compacted 
bentonites can filter seawater cations and prevent cations from 
infiltrating beyond the bentonite particles. 

Discussion based on theoretical equations of swelling 
characteristics (Komine and Ogata, 2003, 2004) also supports 
the infiltration/filtration mechanism described above. Figure 7 
portrays the relation between the distance of montmorillonite 
mineral layers and the hydrated diameter of exchangeable 
cations evaluated using theoretical equations of swelling 
characteristics proposed in Komine and Ogata (2003, 2004). 
This figure shows that the calculated distance of 
montmorillonite mineral layers is approximately twice the 
hydrated diameter of Mg2+, provided that the dry density after 
filling up the gap is 1.50 Mg/m3. The results portrayed in Fig. 7 
of theoretical equations indicate that compacted bentonite A, 
with dry density greater than 1.5 Mg/m3, can prevent infiltration 
of seawater cations beyond the bentonite. 
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Dry density after filling up gap, ρd-gap (Mg/m
3
)

 Assuming saturation of Na
+

 Assuming saturation of Ca
2+

  Assuming saturation of K
+

 Assuming saturation of Mg
2+

        on montmorillonite mineral surface

Bentonite A

DhydNa=1.58 nm

DhydCa=1.92 nm

DhydK=1.064 nm

DhydMg=2.16 nm

Note: DhydNa, DhydCa, DhydK and DhydMg respectively signify the hydrated 
diameters of Na+, Ca2+, K+ and Mg2+.

Figure 7. Relation between distance of montmorillonite mineral layers 
and the hydrated diameter of exchangeable cations evaluated using 
theoretical equations of swelling characteristics proposed in Komine 
and Ogata (2003, 2004). 

Consequently, results of experimental and theoretical 
investigations described above show that highly compacted 
bentonite A with dry density of greater than 1.5 Mg/m3 has 
effective self-sealing capability, even for an HLW disposal 
facility in a coastal area. 

Figure 3 shows that the self-sealing capability of bentonite A 
buffer is lower in the case of 100%-artificial seawater and a 
2.50 mm gap. All dry densities after filling up the gap, ρd-gap in 
this case, are less than 1.5 Mg/m3. Therefore, it is considered 
that the reduction of the self-sealing capability depicted in Fig. 
3 results from the mechanism described above. 

Figure 8 shows an image of the infiltration/filtration 
mechanism of cations in seawater into a bentonite specimen. 
For a small gap, the swelling deformation of the bentonite 
specimen is so small that it is difficult for cations in artificial 
seawater to infiltrate into a specimen. Therefore, the self-sealing 
capability of bentonite for a small gap is almost constant. For a 
large gap, the upper side of the bentonite specimen swells larger 
than the bottom immediately after water is supplied. 
Consequently, the distance between the montmorillonite 
mineral layers at the upper side of  the  specimen is sufficiently 

large that cations in the artificial seawater infiltrate easily into 
the montmorillonite mineral interlayer. According to infiltration 
of cations into the interlayer of montmorillonite, the self-sealing 
capability of bentonite in the case of a large gap is degraded. 

Gap is Small
e.g. Gap=1.25 mm

Artificial
seawater

Bentonite specimen

Gap is Large
e.g. Gap=2.50 mm

Artificial
seawater

Bentonite specimen

In case of a small gap, swelling deformation
of bentonite specimen is relatively small so
it is difficult for cations in artificial seawater
to infiltrate into specimen. Therefore, the
self-sealing capability of bentonite in the
case of small gap is almost constant.

Montmorillonite mineral layer

Cation in artif icial seawater

Distance
between
montmorillonite
mineral layers
is relatively
small.

Distance between
montmorillonite
mineral layers at
upside of specimen
is relatively large.

In case of a large gap, the upper side of
bentonite specimen swells larger than the bottom
just after water supplying. Therefore, the distance
between montmorillonite mineral layers at upside
of specimen is relatively large, so that cations in
artificial seawater can infiltrate easily into
interlayer of montmorillonite mineral. According to
infiltration of cations into the montmorillonite
interlayer, self-sealing capability of bentonite in
the case of large gap is degraded.

Figure 8. Image showing infiltration/filtration mechanism of cations in 
seawater into bentonite specimen. 

5 CONCLUSIONS 

Results of this study demonstrated the following. 
1) Self-sealing capability experiments using sodium bentonite 

of three kinds in artificial seawater show lower self-sealing 
capabilities for wider gaps and increased artificial seawater 
ion concentrations. For narrow gaps and artificial seawater 
of low ion concentrations, the bentonites’ self-sealing 
capability is almost constant. 

2) Chemical analyses of the compositions of exchangeable 
Na+ and Ca2+ in bentonites before and after self-sealing 
capability experiments reveal little or no change for 
different compositions of exchangeable cations. Highly 
compacted bentonites can filter seawater cations and 
prevent infiltration of cations from beyond the bentonite. 

3) Consequently, these results show that highly compacted 
bentonite can provide effective self-sealing ability, even 
for HLW disposal facilities constructed in coastal areas. 

REFERENCES

Drever, J. I. 1988. The geochemistry of natural waters (Second edition), 
Prentice Hall Inc. 265-268. 

Inoue, A. 2000. Two-dimensional variations of exchangeable cation 
composition in the terrigenous sediment, eastern flank of the Juan 
de Fuca, Marine Geology 162, 501-528. 

Komine, H., and Ogata, N. 2003. New equations for swelling 
characteristics of bentonite-based buffer materials. Canadian 
Geotechnical Journal, 40, No. 2, 460-475. 

Komine, H. and Ogata, N. 2004. Predicting swelling characteristics of 
bentonites. Journal of Geotechnical and Geoenvironmental 
Engineering, American Society of Civil Engineers (ASCE), 130, 
No. 8, 818-829. 

Ogata, N., Kosaki, A, Ueda, H., Asano, H. and Takao, H. 1999. 
Execution techniques for high level radioactive waste disposal: IV 
Design and manufacturing procedure of engineered barriers. 
Journal of Nuclear Fuel Cycle and Environment 5, No. 2, 103-121. 


