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ABSTRACT

Buffer (a mixture of 50 wt.% Na-bentonite and 50 wt.% silica sand compacted to a dry density of about
1.68 g/cm3) would surround waste containers in a Canadian nuclear fuel waste disposal vault. The initial
heat and radiation output from these containers would likely prevent significant microbial activity at or
near container surfaces for some time after disposal, thereby limiting effects such as microbiaUy-
influenced corrosion. Microbial repopulation of buffer as conditions improve with time may not occur
because of its small pores. Experiments with irradiated buffer plugs (2.2 cm in diameter and 5-cm long;
at dry densities of 1.68 and 1.80 g/cm3) were performed to assess the ability of microbes to migrate in
buffer. Viable bacteria (Pseudomonas stutzeri), in a suitable growth medium, were brought in contact
with one end of the plugs. After 2,4,8,16 and 20 weeks, the plugs were sectioned and tested for
moisture-content and viable bacteria. Results showed that the plugs were slowly wetting and that
moisture levels were sufficient to sustain microbes. No evidence of P. stutzeri was found, however, in
all but the first 0.5 cm of the plugs (smallest distance sampled) over a 20-week period. The results
suggest that microbial migration in buffer is limited or even completely prevented because of its
relatively small pores.
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RÉSUMÉ

Le matériau tampon (un mélange de 50 % en poids de Na-Bentonite et de 50 % en poids de sable
siliceux compacté à une densité sèche d'environ 1,68g/cm3) entourerait les conteneurs de déchets
dans une enceinte de stockage des déchets de combustible nucléaire au Canada. La chaleur et le
rayonnement qui se dégageraient au départ de ces conteneurs empêcheraient vraisemblablement
toute activité microbienne importante à la surface des conteneurs ou près de celle-ci pendant un
certain temps après le stockage, limitant par là même les effets comme la corrosion microbienne.
Le repeuplement microbien du matériau tampon au fur et à mesure que les conditions
s'améliorent avec le temps ne peut pas se produire en raison de ses petits pores. On a effectué
des expériences avec des bouchons de matériau tampon irradié (2,2 cm de diamètre et 5 cm de
longueur, à des densités sèches de 1,68 et 1,80 g/cm ) pour évaluer la capacité des microbes à
migrer dans le matériau tampon. On a mis en contact des bactéries revivifiables (Pseudomonas
stutzeri) dans un milieu à croissance convenable avec une extrémité des bouchons. Après 2,4, 8,
16 et 20 semaines, on a sectionné les bouchons et on les a mis à l'essai pour connaître leur teneur
en humidité et la présence de bactéries revivifiables. Les résultats ont indiqué que les bouchons
s'imprégnaient lentement et que les niveaux d'humidité étaient suffisants pour assurer la
subsistance des microbes. Toutefois on n'a trouvé aucune évidence de P. stutzeri dans toutes les
parties du bouchon à l'exception de la première longueur de 0,5 cm (plus petite distance
échantillonnée) sur une période de 20 semaines. Les résultats semblent indiquer que la migration
microbienne dans le matériau tampon est limitée ou même tout à fait impossible en raison de ses
pores relativement petits.

Laboratoires de White^hell
Pinawa (Manitoba) ROE 1L0

1997
AECL-11866



CONTENTS

Page

1. INTRODUCTION

2. MATERIALS AND METHODS

3. RESULTS AND DISCUSSION

4. CONCLUSIONS

ACKNOWLEDGEMENTS

REFERENCES

FIGURES 11



LIST OF TABLES

Page

1 Presence of P. Stutzeri in the Buffer Plug Segments 5
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1. INTRODUCTION

AECL has developed a concept for the permanent disposal of Canada's nuclear fuel waste in an
engineered vault 500- to 1000-m deep in plutonic rock of the Canadian Shield (AECL 1994).
The concept is based on a multi-barrier system. The fuel waste, isolated in corrosion-resistant
titanium or copper containers, would be emplaced directly in disposal rooms or in boreholes
drilled in the floor of disposal rooms. The containers would be surrounded by buffer (a mixture
of 50 wt.% Na-bentonite and 50 wt.% silica sand compacted to a dry density of about
1.68 g/cm3) that would swell upon contact with groundwater and ensure that contaminant
transport was diffusion controlled. After the waste and buffer are emplaced, the remaining
excavation would be backfilled with a mixture of 75 wt.% crushed and graded host rock and
25 wt.% glacial lake clay, or a similar material. The potential for microbial activity within such a
vault has been reviewed (Stroes-Gascoyne and West 1994, 1996) and includes effects such as
radionuclide transport by microbes, gas production, and microbially-influenced corrosion of
containers (e.g., under biofilms).

The buffer is designed to limit contaminant transport to diffusion. It is likely that such a compacted clay-
based layer will also limit, or even prevent, radionuclide transport by microbes because of its small pores
(Stroes-Gascoyne and West 1994). Furthermore, the buffer immediately surrounding the waste
containers in a vault may be depleted of microbes for some rime after disposal because of high levels of
radiation, temperature and desiccation (King and Stroes-Gascoyne 1997). Microbially-influenced
corrosion during this period is, therefore, unlikely because of the expected absence of viable biofilms on
container surfaces. Microbial activity in buffer near the containers may increase again as conditions
improve, but it has been suggested that this repopulation may not occur because of the small buffer pores
through which microbes must move (Stroes-Gascoyne and West 1994).

The pore size distribution of compacted Na-bentonite has been measured by mercury intrusion
porosimetry (Choi and Oscarson 1996). Most pore diameters are around 0.01 um with very few larger
pores present. The pore size distribution of buffer, on the other hand, is trimodal (Wan et al. 1995). On
average, the large and intermediate pores are about 20 and 2 um in diameter, respectively; these are
considered to be inter-aggregate pores. The smallest pores - considered to be intra-aggregate pores - are
between 0.006 and 0.02 um in diameter, the same order of magnitude as the thickness of bentonite
particles. Microbes generally range from 0.1 um to several micrometers in diameter (Stroes-Gascoyne
and West 1996).

Initial experiments were performed at AECL's Whiteshell Laboratories to assess the ability of microbes
to migrate in buffer (Stroes-Gascoyne et al. 1996(a)). These experiments involved irradiated, unsaturated
5-cm-long buffer plugs at three dry densities (1.20,1.68 and 1.80 g/cm3). Viable bacteria {Pseudomonas
stutzeri), in a suitable growth medium, were brought into contact with one end of these plugs for up to
eight weeks. After the reaction periods, the plugs were sliced into 1 -cm segments and tested for viable
bacteria. The results showed a complete absence of P. stutzeri beyond the first 1-cm segment (the
smallest distance sampled) in all plugs. However, the moisture content of the plugs was not measured^
It could not, therefore, be determined if the bacteria were absent because;
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1. They could not move in the plugs under any conditions;

2. They could only move with the water front and the water had not moved beyond the first
centimeter of the plugs; or

3. They had migrated but they were not viable at the moisture levels in the plugs.

Moreover, it was suspected that migration occurred along the interface of the plugs and the walls of the
migration cells in which the experiments were performed. If so, the circumferential surface of each
segment could potentially contain P. stutzeri, and the slicing process could spread microorganisms over
the cut surface. The practice of incubating each entire segment could then give false positive results with
respect to P. stutzeri being present in the plug's interior. This paper describes similar, but longer,
experiments in which moisture contents and water activities were measured in addition to the presence of
P. stutzeri, and in which the core and periphery of the plug segments were analyzed separately.
Duplicate segments were also flamed to avoid cross-contamination.

2. MATERIALS AND METHODS

The buffer used in this study was mixed in 1992 in a large batch according to specifications (Dixon et al.
1992). The clay component of this material was Avonlea bentonite; its nature and properties are given
by Oscarson and Dixon (1989). The buffer's initial moisture content was about 14 wt.%. The
migration cells used were of the design by Oscarson et al. (1994), but were modified such that the
stainless steel inner sleeve was 2.2 cm in diameter and 5-cm long, giving a total volume of 19 cm3.
The buffer was statically compacted into the sleeve with a hydraulic press to dry densities of 1.68
and 1.80 g/cm3. The sleeve was placed into the polysulphone housing and a porous Ni disk was
placed on each end of the sleeve and held in place by threaded polysulphone inserts. To reduce the
numbers of naturally-occurring bacteria in the buffer, each unit was sealed in a plastic bag and
irradiated in a gammacell 220 to a total dose of 25 to 30 kGy. The actual dose in the center of the
assembled plugs was probably lower, but still high enough to considerably reduce the number of
viable bacteria (Lucht and Stroes-Gascoyne 1996).

The cylindrical migration cells were placed on end in 1-L nalgene bottles containing 100 mL of
Tryptic Soy Broth (TSB) (Difco Laboratories 1984) inoculated with P. stutzeri (NCTC 10475,
obtained from the Department of Microbiology, University of Manitoba, Winnipeg, MB). The
initial inoculum level was 1.8 x 104 colony-forming units/mL. Pseudomonas stutzeri was chosen
because it was found to be one of the most abundant culturable microbes present in buffer subjected
to disposal vault-relevant heat and moisture-content conditions during the full-scale in-situ
buffer/container experiment (BCE) at AECL's Underground Research Laboratory (Stroes-
Gascoyne et al. 1996(b)). Bergey's Manual (Sneath 1986) describes this microorganism as being
0.7 to 0.8 urn in diameter and 1.4- to 2.8-um long. On average, the culture grown in the laboratory
for this study was about 5-um long.

Two experiments were performed at room temperature. Experiment 1 covered a period of eight
weeks with the plugs analyzed at 2,4 and 8 weeks, and experiment 2, a period of 20 weeks with



- 3 -

plugs examined at 16 and 20 weeks. Two migration cells (one for each buffer density) placed in
sterile TSB served as negative controls to determine if any surviving microorganisms could migrate
out of the plugs. Experiment 2 also included two positive controls (one for each buffer density) in
which P. stutzeri was added to sterilized buffer before it was compacted in the migration cells such
that the bacteria were in the center sections of the plugs (exact placement of the bacteria was not
possible because compaction occurred after inoculation). These experiments served as controls for
the survival of P. stutzeri in the buffer, and as another test of their mobility in the plugs.

On the test dates, two migration cells (one for each buffer density) were assayed for P. stutzeri.
The migration cells were placed into a specially-designed jig such that the clean end of the plug
(i.e., the end that had not been in contact with the inoculum) was extruded first. The plug was
sliced approximately every centimeter to 4 cm with a sterile knife. The final 1-cm segment at the
inoculum end was cut in half to produce a total of six segments for each plug; these were
designated 1, 2, 3, 4,4.5 and 5 cm. To eliminate cross-contamination from slicing, the segments
from one plug at each density were dipped in alcohol and flamed before incubation. The segments
from the other (duplicate) plug at the same density were not flamed. Each segment (flamed or
unflamed) was then cut to produce a core ('a') and four periphery pieces ('b'). The core, and
periphery pieces (together) were placed in two 20-mL tubes with TSB and incubated for 48 h at
35°C. After this, the broth was streaked onto Tryptic Soy Agar plates and incubated for 24 h to
allow colony development. Colonies resembling P. stutzeri were positively identified using API™
strips (bioMerieux, St-Laurent, QC). Figure 1 shows the experimental protocol schematically.
Additional tests conducted on the sampling dates included;

1. An examination of the TSB from the negative controls for sterility;

2. Checking the TSB from the positive controls for the presence of/*, stutzeri; and,

3. Testing the TSB from two randomly chosen inoculated experiments to ensure continued
viability of P. stutzeri.

One plug at each density was used to obtain the water activity (ajand moisture content. The plug
was extruded from the cell with a specially-designed jig and sliced every centimeter to give five
slices. For each slice, ^ was measured with a Decagon® CX-1 water activity meter (Decagon
Devices Inc., Pullman, WA) and the moisture content was determined by drying overnight at
110°C. Water activity was measured because the results from the BCE showed the critical role of
â , in determining the viability of bacteria in a buffer environment in a full-scale in-situ experiment.
Virtually no viable bacteria were found in buffer in the Buffer/Container Experiment at moisture
contents <15 wt.% and â , values <0.96 (Stroes-Gascoyne et al. 1996(b)). (Brown (1990) discusses
s^ and its influence on microorganisms).

One plug at each density was used to determine the pore size distribution of the buffer, with respect
to the apparent diameter of the pore entrances, using a Autopore II9220 Mercury Intrusion
Porosimeter (MIP), as described by Choi and Oscarson (1996).

Each plug dry density was obtained from the total dry weights of the five segments.
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3. RESULTS AND DISCUSSION

Results of the tests for the presence of microbes in the plug segments are shown in Table 1. Most
of the 0.5-cm segments that were in contact with the inoculum tested positive for P. stutzeri.
Hence, from these experiments, it can not be stated with certainty that microbes did not migrate a
short distance into the plugs. It is likely, however, that the presence of microbes in the first 0.5 cm
of the plugs is an artifact of the sampling, i.e., if a thinner segment had been sampled, it would have
tested positive for P. stutzeri, but not the segments beyond it. Seven periphery ('b') samples (out of
a total of 100 periphery samples) beyond the first 0.5 cm tested positive for P. stutzeri. It is likely,
however, that microbes were carried over from the interface of the plug and the migration cell wall
during slicing because these segments that tested positive were not flamed. Only four core pieces
('a') beyond the first 0.5 cm of the plugs tested positive for P. stutzeri, and these were not flamed.
Their flamed duplicates were negative. Three of these four positive segments were at the top end of
plugs (5a) (with respect to their position in the nalgene bottles) in contact with the porous disks. It
is likely that this end of the plugs was contaminated from condensation drops in the nalgene bottles
during the reaction periods. At eight weeks, the 1.80 g/cm3 plug core segment between 1 and 2 cm
tested positive, but again this is likely due to contamination during slicing because this segment
was not flamed. The corresponding flamed segment was negative. No flamed segments tested
positive except in the first 0.5 cm at the inoculum end. These results substantiate the conclusions
from the initial experiments (Stroes-Gascoyne et al. 1996(a)), i.e., P. stutzeri can migrate along the
interface between the buffer plug and the migration cell but not into the core of the plug.

The TSB of the negative controls remained sterile throughout the experiments. These controls in
fact constituted an additional migration experiment since not all bacteria originally present
(naturally) in the buffer plugs were killed during the irradiation treatment before the start of the
migration experiment. Some surviving microorganisms (of a Bacillus sp. type that probably
survived the irradiation treatment as spores) were found in some plug segments at the various
reaction times, but the TSB remained sterile over the entire 20-week period. Therefore, these
controls show that no bacteria migrated out of the plugs into the sterile growth medium during the
course of these experiments. The positive controls showed surviving P. stutzeri in the center
segments where they had been placed before the test, but they did not move into the TSB. These
control experiments provide convincing evidence that microbes moved very little, if at all, in these
plugs.

Tables 2 and 3 and Figures 2 and 3, show the moisture content values for the various plug segments
as a function of time, and of distance from the inoculum site. The data show that the plugs at both
densities wetted slowly, and that except for the segments at the inoculum end, the buffer was
unsaturated throughout the reaction periods. The buffer's saturated moisture content at 1.68 g/cm3

is 23 wt.%, and at 1.80 g/cm3, 19 wt.%. The fact that the plugs were wetting, albeit slowly, yet no
microbes were present beyond the first 0.5-cm segment indicates that they did not move with the
moisture front. The moisture content was >15% in all segments tested, which would have been
sufficient to support viable microbes, as determined from the BCE results (Stroes-Gascoyne et al.
1996(b)).
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TABLE1

PRESENCE OF P. Stutzeri IN THE BUFFER PLUG SEGMENTS

Reaction
Period
(Weeks)

2

4

8

16

20

Buffer
Dry
Density
(g/cm3)

1.68 f
1.68
1.80 f
1.80

1.68 f
1.68
1.80 f
1.80

1.68 f
1.68
1.80 f
1.80

1.68 f
1.68
1.80 f
1.80

1.68 f
1.68
1.80 f
1.80

Distance from Inoculum End of Plugs (cm)

5a 5b 4a 4b 3a 3b 2a 2b 1.0a 1.0b 0.5a 0.5b

+c + +
- nd nd + +

- - + +
- - + +

- - + +
- - + +

- - - +

+ - + - + - + + +
- - - +

+ + - - - + +

- - +
+ + - - - +

+
- - + +

- - +
+ + - - - +

- - +
. + +

c Segment not flamed, a = core of segment, b = periphery of segment, f = flamed segment, nd = not
determined, + = confirmed P. stutzeri.

Tables 2 and 3 and Figures 4 and 5 show the aw values for the various plug segments, as a function
time, and of distance from the inoculum site. All â , values for the 1.68 g/cm3 density plugs (with
one exception, the segments farthest removed from the inoculum site at 2 weeks) were > 0.96
(Figure 4); this value is considered to be the lower limit for viable microbes in buffer as determined
from the BCE (Stroes-Gascoyne et al. 1996(b)). This implies that â , values throughout the
1.68 g/cm3 density plugs were sufficient to sustain viable microbes, had they been able to move in
the plugs. Also, a«, values were suitable for viable microbes throughout the 1.80 g/cm3 dry density
plugs at 8 weeks (Experiment 1) and 20 weeks (Experiment 2) (Figure 5). Therefore, it can be
concluded that P. stutzeri did not move in compacted buffer plugs to any measureable extent within
20 weeks, even though the plugs were slowly saturating (moving water front) and moisture contents
and â , values were adequate for supporting viable microbes.



TABLE 2

MOISTURE CONTENT AND a. VALUES FOR BUFFER SEGMENTS AT

TARGET DENSITY = 1.68 g/cm3

Distance81

(cm)

1
2
3
4
5

Dry density15

0
0
0
0
0

Week

aw

.984

.982

.969

.963

.956
1.67

2
Moisture
content
(wt.%)
21.89
21.66
18.13
17.43
16.16

g/cm3

Week

a*

0.988
0.984
0.982
0.977
0.971

1.69

4
Moisture
content
(wt.%)
22.99
22.50
20.87
19.57
18.91

g/cm3

Week

a«

0.988
0.988
0.985
0.984
0.981

1.71

8
Moisture
content
(wt.%)
22.77
22.43
21.03
19.97
18.15

g/cm3

Week

a«

0.981
0.988
0.985
0.981
0.978

1.74

16
Moisture
content
(wt.%)
19.32
21.55
21.07
19.58
17.45

g/cm3

Week
aw

0.992
0.987
0.982
0.978
0.976

1.75

20
Moisture
content
(wt.%)
20.29
21.04
20.19
18.97
18.63

g/cm3

a Distance from the inoculum end of the buffer plugs

b Measured dry density of the buffer plugs at the end of the experiments



TABLE 3

MOISTURE CONTENT AND a. VALUES FOR BUFFER SEGMENTS AT

TARGET DENSITY = 1.80 g/cm3

Distance*
(cm)

1
2
3
4
5

Dry density"

Week

a*

0.972
0.967
0.962
0.952
0.944

1.80

2
Moisture
content
(wt.%)
19.93
18.52
17.35
16.19
14.93

g/cm3

Week

K

0.975
0.971
0.966
0.950
0.951

1.82

4
Moisture
content
(wt.%)
17.96
17.96
18.03
16.42
15.33

g/cm3

Week

a*

0.979
0.973
0.969
0.974
0.974

1.76

8
Moisture
content
(wt.%)
18.31
18.69
17.21
18.66
18.89

g/cm3

Week

a«

0.962
0.952
0.950
0.957
0.968

1.87

16
Moisture
content
(wt.%)
19.92
15.55
15.16
15.30
16.82

g/cm3

Week 20

a*

0.982
0.974
0.966
0.961
0.968

Moisture
content
(wt.%)
18.59
16.12
17.39
16.67
16.16

1.84 g/cm3

a Distance from the inoculum end of the buffer plugs.

b Measured dry density of the buffer plugs at the end of the experiments.
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The pore-size distribution, with respect to the apparent diameter of pore entrances, of the plugs at
1.68 g/cm3 is shown in Figure 6. The data obtained at 1.80 g/cm3 are essentially the same as shown
in Figure 7. A fraction of the pores are >5 |am in diameter. (The range of apparent pore diameters
for which mercury intrusion porosimetry is applicable is fixed by the operating pressure range of
the instrument. This range is typically about 0.003 urn to 100 urn. Pores >100 urn may be present
in the buffer plugs used here, but they can not be measured by mercury intrusion porosimetry.)
Since the bacteria used in this study are smaller (about 1 um in diameter and 5-um long) than the
largest measurable interconnected buffer pores, they can potentially move in the plugs. Again, the
data suggest, however, that by and large microbes are immobile in the plugs, at least during the
20 weeks of the experiments.

The limited movement of microbes in buffer is consistent with the extremely slow migration of
colloids and other large solutes in dense clay-based materials. Nowak (1984) reported that colloidal
gold (mean particle diameter = 16.4 nm) did not diffuse into bentonite compacted to a density of
0.9 g/cm3. The results obtained by Vilks et al. (1993) suggest that a clay layer around the Cigar
Lake uranium deposit in Saskatchewan, Canada has also been an effective barrier to colloid
migration. Moreover, because of their size, diffusion measurements of large molecules in
compacted bentonite are relevant to an evaluation of microbial transport. Eriksen and Jacobsson
(1982) found that there was no measurable movement of large organic molecules (molecular
weights ranged from about 350 to 30 000 g/mol) in compacted bentonite, and concluded from this
that the diffusion coefficients for these solutes were <10'15 mVs. This is at least three orders of
magnitude lower than the diffusion coefficients of Cs+ and Sr2* in the same clay (Oscarson 1994).
Since microbes are orders of magnitude larger than the colloids and other solutes noted above, the
apparent immobility of microbes in buffer is not surprising.

The results of this study corroborate the argument of Stroes-Gascoyne and West (1994) that
repopulation of initially microbially-depleted buffer around waste containers in a nuclear fuel waste
disposal vault may not occur as conditions improve. Additional experiments with smaller (starved)
bacteria should be conducted over longer periods of time to determine if their movement is also
restricted in buffer. However, the negative controls contained surviving bacteria of a Bacillus sp.
type inside the clay plugs, and these microbes (likely smaller than the well-fed P. stutzeri) did not
move out of the plugs into the TSB.

4. CONCLUSIONS

Moisture levels in the buffer plugs were sufficient to sustain P. stutzeri, and survival of these
microbes was demonstrated in the positive controls. Despite this, the microbes moved very little, if
at all, during a 20-week period. It is likely that intrusion and migration of microbes did not take
place because of the relatively small buffer pores. This suggests that radionuclide transport by
microbes through buffer will be limited or even prevented. It also strengthens the argument of
Stroes-Gascoyne and West (1994), that repopulation of initially microbially-depleted buffer around
waste containers in a nuclear fuel waste disposal vault may be limited because of the small buffer
pores; this, in turn, would reduce the likelihood of microbially-influenced corrosion of waste
containers.
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FIGURE 1: Schematic of Migration Experiment and Microbial Analysis Protocol



- 12-

1.68 g/cm3

1.00

0.99

0.98

0.97

0.96

0.95

Contact Time
— • — 2 weeks
- o — 4 weeks
— A — 8 weeks

— 16 weeks
20 weeks

0.96

2 3 4

Distance from inoculum site (cm)

FIGURE 2: Moisture Content Profiles in Clay Plugs of Dry Density 1.68 g/cm3 as a Function of
Contact Time and Distance from Inoculum Site
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FIGURE 3: Moisture Content Profiles in Clay Plugs of Dry Density 1.80 g/cm3 as a Function of
Contact Time and Distance from Inoculum Site
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FIGURE 4: Water Activity ( a j Profiles in Clay Plugs of Dry Density 1.68 g/cm3 as a Function
of Contact Time and Distance from Inoculum Site
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