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TABLE 11

INVENTORY OF TOTAL AMOUNTS OF C. N. S. P. 0 AND IN THE VAULT. IN g/CONTAINER
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TABLE 13

CALCULATION OF MICROBIAL DENSITIES IN A WASTE VAULT

Emplacement
Design

1n-rni|ip

organic C only
inorganic and organic C
inorganic C only

Borehol*

organic C only
inorganic and organic C
inorganic C only

Influx Dfir Yfifti
(0.034 L)

organic C only
inorganic and organic C
inorganic C only

C inventory
(g/container)

7.7 x 10*
2.2 x 10S

1.4 x 10*

9.7 x 10*
2.7 x 10*
1.7 x 10*

6.1 x 10"*
5.1 x 10"*
4.5 x 10"*

Limiting
Nutrient

N
N
N

N
N
N

C,P
P,N

P

'Usable* C*
(g/container)

2.7 x 10*
2.7 x 10*
2.7 x 10*

3.0 x 10*
3.0 x 10*
3.0 x 10*

6.1 x 10"*
6.1 x 10
6.1 x 10

Energy
(J/container)

3.4 x 10*
3.4 x 10*
3.4 x 10*

3.8 x 10*
3.8 x 10*
3.8 x 10*

7.8
7.8
7.8

Number of cells
per container

2.7 x 10IT

2.7 x 1017

2.7 x 101T

3.0 x 101T

3.0 x 101T

3.0 x 101T

6.1 x 10*
6.1 x 10*
6.1 x 10*

Number of cells.,
per cubic metre

7.6 x 1 0 "
7.6 x 1 0 "
7.6 x 101S

8.7 x 101S

8.7 x 1 0 "
8.7 x 10 IS

1.7 x 107

1.7 x 107

1.7 x 107

Number of celjg/,
mL groundwater

3.1 x 1010

3.1 x 1010

3.1 x 1010

4.4 x 1 0 -
4.4 x 10
4.4 x 1010

1.8 x 107

1.8 x 10
1.8 x 107

"Usable* C is corrected for the limiting nutrient.
Energy needed to convert all usable C to cells.
V of buffer + backfill is 35.5 m* 'ror in-room and 34.6 m* for borehole emplacement.
Groundwater volumes from Table 4, assuming 90% saturation.
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RÉSUMÉ

Des études récentes ont permis de conclure que la contamination microbienne d'une
enceinte de stockage permanent de déchets de combustible nucléaire est inévitable. Les facteurs qui
influent sur le développement d'une population importante de micro-organismes comprennent:

i) la tolérance physiologique des microbes;
ii) la circulation des fluides dans l'enceinte;
iii) la disponibilité d'éléments nutritifs;
iv) la disponibilité de sources d'énergie.

Il est difficile de déterminer si la croissance microbienne influe sur le comportement d'une
enceinte de façon positive ou négative. Une des étapes nécessaires permettant de finalement
résoudre cette question consiste à évaluer la possibilité de croissance microbienne dans une enceinte
de stockage permanent à partir d'un budget d'éléments nutritifs et d'énergie. Ce rapport présente un
inventaire quantitatif (prudent) des éléments nutritifs et des sources éventuelles d'énergie présents
dans une enceinte canadienne de stockage permanent de déchets de combustible nucléaire qui
pourraient hypothétiquement soutenir la croissance de micro-organismes. On a calculé les densités
maximales de population à partir de cet inventaire et en supposant que les conditions de croissance
microbienne sont optimales, bien que cela ne sera certainement pas le cas. Des études en laboratoire
sont effectuées dans des conditions correspondant à celles de l'enceinte en vue d'imposer des limites
réalistes aux valeurs calculées. Les premiers résultats de ces études, qui sont combinés avec les
données provenant du site d'un analogue naturel indiquent que les densités de population calculées
pourraient être surestimées d'un facteur de 10 000 à 100 000. Les données limitées montrent que la
présence de microbes n'a aucun effet sur la migration du Te, de l'I et du Sr dans les colonnes de sable
de remblai. Des travaux supplémentaires sont nécessaires pour examiner les effets de la migration sur
les colonnes d'argile de remblai et de matériau tampon.
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ABSTRACT

Recent studies have concluded that microbial contamination of a
nuclear fuel waste disposal vault is inevitable. Factors that will affect
the development of a substantial population of micro-organisms include

i) physiological tolerance of microbes,
ii) fluid movement in a vault,

iii) availability of nutrients, and
iv) availability of energy sources.

It is difficult to resolve whether microbial growth will either
positively or negatively affect the performance of a vault. One of the
necessary steps towards ultimately answering this question is to assess the
potential for microbial growth in a disposal vault, based on a nutrient and
energy budget. This report gives a quantitative (but conservative)
inventory of nutrients and potential energy sources present in a Canadian
nuclear fuel waste vault, which hypothetically could support the growth of
micro-organisms. Maximum population densities are calculated based on
these inventories and assuming that all conditions for microbial growth are
optimal, although this will certainly not be the case. Laboratory studies
under vault-relevant conditions are being performed to put realistic
boundaries on the calculated numbers. Initial results from these studies,
combined with data from a natural analogue site indicate that the
calculated population densities could be overestimated by four to five
orders of magnitude. Limited data show no effect of the presence of
microbes on the transport of Tc, I and Sr in backfill sand columns.
Additional work is needed to address transport effects on buffer and
backfill clay columns.
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1. INTRODUCTION

In Canada, studies to develop a safe concept for the permanent

underground disposal of nuclear fuel waste are focussed on disposal in

plutonic rock (granite) of the Canadian Precambrian Shield (Dormuth and

Nuttall, 1987). The disposal facility would consist of an engineered

excavation (vault) at a depth of 500 to 1000 m in plutonic rock and the

associated surface facilities to handle and package the nuclear fuel waste.

The disposal vault would consist of arrays of rooms, each several metres

high and wide, connected by haulageways for transportation of the excavated

rock, waste containers and backfill materials. Fuel wastes would be

isolated in corrosion-resistant metal containers (ASTM Grade-2 titanium is

the current reference material). The reference emplacement scenario is

emplacement in boreholes drilled in the floor of the disposal rooms

(Dormuth and Nuttall, 1987). Another option is emplacement of the

containers in the rooms (Johnson et al., 1987).

A minimum container design lifetime of 500 years has been speci-

fied to ensure isolation of the fuel waste during the period of high fis-

sion product activity. The containers would be surrounded by a compacted

buffer material (50 wt% sodium bentonite and 50 wt% silica sand) that would

swell on saturation with groundwater and ensure that transport of contami-

nants from the containers is controlled by diffusion. After the waste

emplacement, the rooms would be backfilled with a mixture of 75 wt£ crushed

and graded host rock and 25 vt% glacial lake clay. On completion of vault

operations, the remaining volume, including all the shafts and exploratory

boreholes, would be backfilled and sealed. Once the facility is sealed, no

further actions are required to ensure adequate isolation of the waste

(Dormuth and Nuttall, 1987).

The safe disposal of nuclear fuel waste has traditionally been

evaluated from the perspective of chemists, physicists, geologists and

engineers. Until recently, the potential of microbes to play an important

role in the geological containment system for radioactive waste has
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received relatively little attention, particularly in the case of high-

level wastes (HLU), which are heat-emitting, extremely radiotoxic and

usually designated for deep geological disposal (West et al., 1987).

However, recent studies by West and co-workers (West and

McKinley, 1984; Christofi et al., 1984 a,b, 1985; West et al., 1985,

1986a,b) show that a high-level nuclear fuel waste disposal facility deep

underground will not be sterile. Although it is difficult to determine

with absolute certainty whether or not such a deep underground environment

contains an autochthonous microbial population, this question becomes

academic when one considers that construction of a disposal vault will

necessarily introduce a wide array of allochthonous micro-organisms.

Moreover, any zones that may have been sterilized by hostile conditions can

be repopulated, given a long enough time period and some fluid movement

(Champ, 1984). Therefore, one has to assume that there will be a potential

for microbial life in a disposal vault. Whether or not a thriving

population will develop to the extent that it vill modify the chemical

conditions of the vault environment is much more difficult to answer. It

depends on a number of factors (not in order of importance):

(i) Physiological tolerance of microbes in relation to the hostile

vault environment, with its high temperatures and pressures, and

radiation fields;

(ii) Fluid movement in the vault;

(iii) Availability of macro-nutrients (such as C, H, 0, N, S and P) and

micro-nutrients (K, Na, Mg, Ca, and Fe and trace amounts of

certain metals, such as Mn, Cu, Zn, Co, and Mo) for biosynthesis

and adequate electron donors (dissolved organic C, H2, S, NH3,

Fe(II)) and acceptors (O2, NOi, S04', S2", Fe3+, C02, etc.) for

energy generation (Champ et al., 1979); and

(iv) Availability of energy sources that can be used by micro-

organisms.

This report attempts to assess mainly factors (iii) and (iv) by

making a quantitative inventory of available nutrients and potential energy-

producing reactions in a Canadian nuclear fuel waste disposal vault.
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Table 1 and Figure 1 (modified after Stumm and Morgan (1981)) give

a summary of important microbially mediated oxidation and reduction reac-

tions, and their sequential occurrence in nature. Despite being thermo-

dynamically favoured, these reactions generally proceed extremely slowly,

unless catalysed by microbes (Champ et al., 1979). Table 1 and Figure 1

illustrate the complex nature of microbially mediated reactions, but do not

specifically cover the situation of very low water flow expected in a highly

compacted clay-based material, deep underground in a disposal vault. How-

ever, for the purpose of this report, it is assumed that these reactions

will be important in a waste vault.

Recently, a number of studies have been performed to determine the

presence of micro-organisms in boreholes and mine waters (Champ and Kmet,

1983; Christofi et al., 1983, 1984b, 1985). A wide variety of micro-

organisms was found in these studies. No attempt was made to identify these

organisms as either allochthonous or autochthonous. McKinley et al. (1985)

proposed that the basis of the food chain in the near field of a nuclear

waste vault would be formed by chemoautotrophic micro-organisms. However,

heterotrophic bacteria (or at least facultative autotrophs) could be impor-

tant for a long time period after vault closure, given the surprisingly high

organic carbon levels observed in deep groundwaters (Mayfield and Barker,

1982b) and the presence of organic matter in the buffer and backfill materi-

als (Oscarson et al., 1986)

Heterotrophic bacteria obtain their energy from the oxidation of

organic material and, although they do not require CO2 for cell material,

many, in fact, do fix CO2. Chemoautotrophic bacteria obtain their struc-

tural carbon from inorganic sources such as CO2 and carbonates. They are

classified on the basis of the reduced element, such as H2, H2S, NH«, NO2,

Fe2+, and Mn2+, whose oxidation provides the energy for growth and cell

synthesis (e.g., Thiobacillus ferrooxidans converts Pe(II) to Fe(III)).

Most chemoautotrophs are strict aerobes; those capable of proliferating in

the absence of O2 require the presence of an oxygen-rich substance (e.g.,

NO3 for Thiobacillus denitrificans or CO2 for Methanobacterium spp.).
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The following describes a number of organisms found in mines by

Christofi et al. (1984b), and the specific reactions in which they are

involved. Some of these reactions are obviously directly detrimental to

vault performance (e.g., acid production), whereas others produce

substances that can be used by other groups of bacteria, which in turn may

affect vault performance. The organisms found in mines by Christofi et al.

(1984b) include the following:

(i) Sulphur-oxidizing bacteria (Thiobacillus sp.)

Specific reactions (Schlegel, 1972; McKinley, 1985) are

s2-
s°
S2O

+ 202

+ H20 +

V + H20

•» sor
3/202 +

+ 2o2 -•• 2SO4'

v 2H+

+ 2H +

Thiobacilli are chemoautotrophs and obtain the energy to build

cell material from C02 from the above reactions. Thiobacilli

are obligate aerobes (i.e., they require 02 as an electron

acceptor in their metabolic reactions), except for 1. denitri-

ficansf which grows anaerobically using NO3 as an electron

acceptor. Thiobacilli produce sulphuric acid, which would

detrimentally affect the corrosion performance of containers,

as well as influence the adsorption of radionuclides onto

geological materials.

(ii) Nitrifying bacteria (Nitrpsomonas, Nitrobacter)

Specific reactions (Schlegel, 1972) are

NH4 + 3/202 + NOi + 2H+ + H20 (Nitrosomonas)

NO; + I/2O2 -> N05 (Nitrobacter)

These organisms derive energy from the oxidation of NH4 or

NOi and satisfy their carbon needs by fixation of C02. All

require 02. Nitrate can be used as an electron acceptor by

Thiobacillus denitrificans, a sulphur-oxidizing bacterium, or by



- 5 -

denitrifying bacteria (see (iii)), which produce H2 gas (see also

Table 1, Reactions B and D).

(iii) Denitrifying bacteria (many species)

Specific reactions (Schlegel, 1972) are

8[H] + H+ + NOi -»• NH4 + OH" + 2H20 (some species)

10[H] + 2H+ + 2N0i + N2 + 6H20 (many species)

These organisms oxidize organic material to C02 and H20 using

NO3 as an electron acceptor in the absence of 02. This pro-

cess yields only 10£ less energy than the one involving 02.

In the presence of 02, denitrifying bacteria grow actively

without NO3. Production of N2 gas is of concern with regard

to vault performance.

(iv) Sulphate-reducing bacteria (Desulfovibrio)

Specific reactions (Schlegel, 1972; McKinley et al., 1985) are

1) 4Fe + 4Fe2+ + 8e" (at the anode)

2) 8H20 • 8H+ + 80H"

3) 8H+ + 8e" + 8H

4) SO4" + 8H •* S2' + 4H20 (cathodic depolarization by

bacteria)

5) Fe2+ + S2" + FeS

6) 3Fe2+ + 60H- + 3Fe(0H)2

The overall reaction is

4Fe + SO2" + 4H20 + 3Fe(0H)2 + FeS + 20H"

or

8Fe + SO4" •* FesO4 + FeS (assuming that magnetite is the

thermodynamically stable product)
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Sulphate reducers require an anaerobic environment together

with either H2 or an adequate supply of organic matter. The

energy produced from H2 metabolism is used for assimilation of

CO2 and synthesis of cellular organic matter. Some species

metabolize at elevated temperatures, e.g., Clostridium

nigrificans (optimum 55°C). Sulphate reducers are particular-

ly important with regard to anaerobic corrosion of steel; they

can also oxidize Fe (II) (McKinley et al., 1986):

8FeO + SO2;' + 4Fe2O3 + S
2'

(v) Iron-oxidizing bacteria (Gallionella crenothrixT and Thiobacillus

ferrooxidans)

The specific reaction (Schlegel, 1972) is

4Fe2+ + 4H+ + 02 •* 4Fe3+ + 2H2O

Iron-oxidizing bacteria are chemoautotrophs requiring O2 to

oxidize Fe2+ to Fe3+. It should be noted that the oxidation

proceeds at relatively low pH values (2 to 4.5). Thiobacillus

ferrooxidans are found in acidic mine waters and do not

require organic materials for cell growth. Iron-oxidizing

bacteria are important for vault performance because of their

ability to affect the pH and redox conditions.

1.1 POSSIBLE EFFECTS OF MICRO-ORGANISMS ON NUCLEAR FUEL WASTE

ISOLATION

The existence of the discussed groups of micro-organisms in mine

waters reflects the diverse metabolic capabilities with respect to avail-

able 02, organic material, and specific compounds and elements such as NOi,

SO2' and Fe. All of these groups could affect nuclear fuel waste

isolation. Possible negative effects could include the following

(Christofi et al., 1984a):
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(i) Deterioration of container materials and waste forms by direct

corrosion, mediated by micro-organisms, or production of inor-

ganic or organic acids that may accelerate corrosion.

(ii) Enhancement of radionuclide mobility by various means, such as

the production of acids, which will affect solubilities; the

production of excretion products, which can complex

radionuclides; the metabolism of anions (i.e., NOi, S0|', etc.),

which may free complexed radionuclides; and adsorption on, or

absorption in, motile micro-organisms. Production of radioactive

gases (CO2, CH4) may also occur if 14C or 3H, which are

components of used nuclear fuel waste, are involved.

On the other hand, development of a viable population of micro-

organisms in a vault environment can also have some beneficial effects

(Christofi et al., 1984a):

(i) Sorption of microbes or their by-products on surfaces could pro-

vide additional sorption sites for radionuclides; and

(ii) Prolific microbial growth could occlude flow channels.

There is very little concrete evidence reported in the literature

of microbial growth and effects in deep geological environments akin to

those relevant to the Canadian Nuclear Fuel Vaste Management Program

(CNFVMP) (i.e., plutonic rock located on the Canadian Shield, which is geo-

logically very stable, with very little groundwater movement). Recently, a

number of potential host rock formations were surveyed in Europe and the

United States for the presence of microbes, and the existence of microbes

was shown in various relevant geological formations (e.g., clay, granite,

salt) (West et al., 1987). This, together with the following examples of

microbial effects observed in subsurface environments, serves to illustrate

that the potential effects of microbial activity in a nuclear fuel waste

vault cannot be disregarded considering the current state of knowledge.
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According to McKinley et al. (1985), sulphate-reducing bacteria

can contribute to anaerobic corrosion of steel and have been implicated in

cases of failure of oil-well casings (9-mm-thick steel pipe) at depths

between 270 and 2100 m (Doig and Wachter, 1951). Booth (1964) estimates

that, in the United Kingdom, at least 50% of failures of underground steel

pipes is due to microbial action. According to Bigham and Tuovinen (1985),

laboratory experiments have provided ample evidence for the role of microbes

as catalysts of localized corrosion in water distribution systems. In terms

of realistic disposal vault conditions, studies have been conducted

(Philp et al., 1986) on the effects of sulphate-reducing bacteria on carbon-

steel, using model systems to simulate low groundwater flow in deep rock

formations. Steel discs were subjected to a synthetic granite water/bento-

nite environment, and corrosion was monitored electrochemically for

12 months. The results showed that corrosion in the presence of sulphate-

reducing bacteria was almost three times higher than in their absence.

Production of organic and inorganic acids by micro-organisms is

well documented. Of special importance is the production of sulphuric acid

by sulphur-oxidizing bacteria (Thiobacillus sp.), which could enhance

container corrosion and influence radionuclide speciation.

Biomining (Brierley, 1982) makes use of sulphur-oxidizing micro-

organisms to leach elements such as Cu and U from low-grade ores. The

growth of these bacteria results in the extraction of metals from rocks in

two different ways (Brierley, 1982). Direct bacterial leaching entails an

enzymatic attack by the bacteria on components of the mineral that are

susceptible to oxidation, making them more soluble by oxidizing them.

Indirect bacterial leaching involves the oxidation by the bacteria of

soluble ferrous iron to ferric iron. Ferric iron is a powerful oxidizing

agent that reacts with other metals in the mineral, transforming them into

the soluble, oxidized form. Ferrous iron is again produced and rapidly

reoxidized by the bacteria. Indirect leaching can be used for the

extraction of uranium from low-grade ores. The bacteria generate ferric

iron from pyrite and soluble ferrous iron. Under acidic conditions, ferric

iron readily attacks minerals incorporating quadrivalent uranium (U 4 +),

converting this ion into hexavalent uranium (U6+), which is soluble in the
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dilute sulphuric acid environment created by these micro-organisms

(Brierley, 1982). The most robust of these leaching micro-organisms are the

extremely thermophilic and acidophilic species of the genus Sulfolobus.

Ordinarily, oxygen is required by Sulfolobusr as the ultimate electron

acceptor in its metabolic processes. However, these bacteria can also grow

anaerobically, with Mo6+ and Fe3+ serving as electron acceptors. Minerals

that resist most micro- organisms, such as chalcopyrite (CuFeSa) and

molybdenite (M0S2), are readily attacked by Sulfolobus. and the resulting

soluble metals are not toxic to the organisms (e.g., Mo concentrations as

high as 750 ppm* can be endured) (Brierley, 1982). Recent work by Francis

and Dodge (1988) shows that dissolution of water-insoluble metal oxides by

anaerobic microorganisms can occur either directly by enzymatic reduction of

the metals in the oxides from a higher to a lower oxidation state (e.g., for

Fe2O3, Mn02) or indirectly through an environmental change caused by

microbial metabolites or acids (e.g., for CdO, CuO, PbO and ZnO).

Copper will be subject to attack if sulphide, iron or even arsenic

are present (McKinley et al., 1985). The oxidation of Cu below 200°C by

sulphate is negligible, even over geologic time scales, in the absence of

catalysts but in the presence of sulphate-reducing bacteria, sulphide is

formed rapidly and then it can react anaerobically with Cu (Swedish

Corrosion Research Institute, 1983).

The production of mineral acids such as sulphuric acid by sulphur-

oxidizing bacteria (Thiobacillus sp.) and the catalysis of metal oxidation

will necessarily have an impact on the overall Eh/pH regime of groundwater

and, hence, affect the solubility of various species. For instance, acti-

nide solubility in natural waters is largely determined by redox properties,

pH and the carbonate concentration of the aqueous system (Allard, 1983).

Microbially generated organic acids such as dicarboxylic acids,

polyhydroxy acids, 2-ketoglutonic acid and phenolic compounds (proto-

catechuic and salicylic acids) are effective chelating agents of heavy

1 ppm = 1 /ig/g, 1 mg/L
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metals and are known to accelerate the movement of metals in soils

(Francis, 1984). For instance, Bolter et al. (1975) found that organic

acids from decaying leaf litter in soil increased the solubility of heavy

metals deposited from smelters. Barnhart et al. (1980) reported enhanced

dissolution of PuO2 in the presence of Desferol, a polyhydroxamate chelate

produced by micro-organisms. Francis (1984) reports that Pseudomonas

aeruginosa, which is known to bioaccumulate Pu and U, produced Th and U

complexing agents in culture medium. Champ (1984) reviewed literature data

of microbial influences on the mobility of a number of elements, such as Pu,

Am, Cs, Sr, Ra, I and Tc, and concluded that micro-organisms can signifi-

cantly alter the mobility of important nuclides. Work by West et al.

(1986a) shows that the presence of microbes can lower the distribution coef-

ficient for 137Cs on rock, in a laboratory system consisting of groundwater,

rock, microbes and 137Cs.

Chelating agents are produced by micro-organisms with a specific

need for essential metal(s), such as Fe, for growth (Francis, 1984). Much

is known about the chemistry, biochemistry, type of micro-organisms and the

rate of production of these complexing agents (siderophores) that chelate

iron and transport it into the cell. Since chemical similarities have been

observed between Pu(IV) and Fe(III) and between Th(IV) and Pu(IV), the

siderophores would likely also complex Pu and Th, but with different

degrees of binding strength. However, most studies on microbial chelation

concentrate on aerobic organisms, and there is little information on

anaerobic microbial production of complexing agents that is of particular

importance in the mobilization of radionuclides in subsurface environments.

Micro-organisms have anionically charged cell walls and metal

accumulation can be substantial within the wall fabric. Beveridge (1985)

reports that, in general, the more unstable (i.e., insoluble) the metal in

aqueous solution (e.g., the lanthanides) the more often metal precipitates

are encountered within the fabric of the wall. The large adsorption capac-

ity of microbial cell walls causes microbes to play an important role in

mineral deposit diagenesis in depositional environments.
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Gas production by micro-organisms may also occur. This could

mean that the gas pressure in a disposal vault due to both abiological

container corrosion (H2) and microbial gas production (CH4, C02, H2) may

become so high that the gas will find a way out of the disposal vault

forcefully, for instance, via higher permeability zones (e.g., damaged

tunnel walls). However, Neretnieks (1985) suggests that buildup of

excessive pressures in a geological vault due to container corrosion is not

likely to occur. He reports that recent corrosion experiments with iron in

which H2 gas was formed, have demonstrated that the larger pores in the

bentonite buffer are emptied of water by a slight pressure buildup. Gas

can then escape by flow (which is much faster than by diffusion), before

excessive gas pressures can build up. The same argument can be made for

microbially produced gases.

Microbial effects that would have a negative influence on the

performance of a waste vault were discussed above. There are, however,

also effects that could possibly improve the performance of a waste vault.

Champ (1984) discusses how adsorption of radionuclides on, or in, microbial

cell walls (e.g., Beveridge, 1985) could lead to retardation of contami-

nants if the micro-organisms are bound to surfaces, or if, following cell

death, the radionuclides remain bound to cellular debris that is bound to

surfaces. Another process that could enhance retardation is the physical

trapping of microbes in the barrier system. For instance, Pusch and

Forsberg (1983) estimate that the average pore size of highly compacted,

saturated bentonite is ~50 nm. Bacteria sizes generally range from 1 to

10 pm (Stanier et al., 1976) although "ultra microbacteria" and resting

bacteria found in sediments can be smaller than 1 /im, but are much larger

than 50 nm. Therefore, because of their size, microbial mobility would

likely be very limited in the compacted sealing material (Oscarson et al.,

1986). The same argument, which is supported by the work of Neretnieks and

Skagius (1978), can be made with regard to high-molecular-weight organic

complexing agents produced by micro-organisms. They found that the

diffusivity of Na-lignosulfonate (MW = 24 000) in highly compacted

bentonite was <3 x 10'14 m2/s, at least three orders of magnitude lower

than the diffusivities of Sr2+ and Cs+ in that clay (Oscarson et

al., 1986).
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Perhaps the most fundamental aspect concerning the importance of

microbes with regard to disposal vault performance is the metabolic activi-

ty of microbial populations, or, stated differently, population density in

relation to the specific effects discussed above. However, very little

is known about the specific or potential in situ metabolic activities

of microbes found in subsurface environments such as aquifers (106 to

107 organisms per gram aquifer material, Balkwill and Ghiorse (1985)) or at

the Cigar Lake natural analogue site studied for the CNFWMP (105 to

106 organisms/mL in groundwater from various depths (Champ, 1986; Goyette,

1987; Cramer et al., in prep.)- Metabolic activities will vary widely and

depend on a number of factors, which makes it difficult tc relate microbial

population densities to effects on vault performance. There are no direct

studies in the literature regarding in situ metabolic activity of sub-

surface populations. At present, only laboratory studies are used to

attempt to relate microbial causes and effects. Specifically, for the

CNFWMP, vault simulation laboratory studies have been performed, involving

polyethylene columns of buffer and backfill materials, equilibrated with

radionuclide-spiked synthetic saline groundwater, prior to the addition of

microbes, to assess the effects of microbes on elution profiles (transport

and speciation) of radionuclides such as 1 2 9 I , 99Tc, 90Sr and 3H. Natural

microbial populations (e.g., from saline sediments) and very low flow rates

are used (Goyette, 1987). The results show no detectable effects of micro-

organisms on elution profiles of the radionuclides, and the microbial popu-

lation levels in the columns stabilize at 105 to 106 organisms/mL,

comparable to levels found naturally. This work is discussed in more

detail in Section 5.2.

1.2 CONTEXT OF THIS STUDY

The previous discussion serves to illustrate the complexities and

uncertainties related to microbial activity in a waste vault. McKinley

et al. (1985) give an analytical overview of the consequences of microbial

activity in a Swiss HLW repository. They conclude that, for the Swiss

case, the most important constraint on microbial activity in the near-field

is probably available energy. Radionuclide complexation by organic by-
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products produced by microbes is likely the most serious effect, from a

safety analysis viewpoint. Their general conclusion regarding microbial

effects on the safety of a HLW disposal vault is that they seem to be very

small. However, this conclusion is valid only for the very specific case

of the Swiss repository, where one is dealing with reprocessed waste in

thick-walled steel containers (no 7 radiolysis) and fairly high initial

temperatures (160°C). Initial potential high production of micro-organisms

(~2 x 1018 organisms/50 m3 around a single container) as a result of an

initial energy pulse caused by oxidative corrosion of the steel containers,

which uses up trapped oxygen, is discounted on the grounds that the

temperatures around the containers are in excess of 160°C. It is argued

that most of the chemical energy produced by oxidative corrosion is in fact

lost as heat and cannot be used to produce biomass by microbes because of

the high temperatures. This initial oxic corrosion is assumed to be

followed by much slower anoxic corrosion plus corrosion caused by a-

radiolysis products after container failure. Assuming that these energy-

producing reactions are sustained over a period of 106 a, a much lower

steady-state production of 2.6 x 1013 organisms/a per container is

calculated. Arguments, such as the fact that most chemical energy from

container corrosion would be lost as heat, the disperse nature of organic

nutrient sources, and the continual loss of organic byproducts

necessitating utilization of inorganic nutrients at a considerable energy

penalty, are used to show that these production rates are very likely

overestimated. The process of direct uptake of radionuclides by microbes

and, hence, enhanced transportation, is discounted on the grounds of the

large microbial diameters compared to the small pore sizes in high-density

bentonite. Complexation processes are quantified in a simplified manner by

assuming that the initial peak production of microbial material can be

neglected at the time of container failure and that the steady-state

production of organic material can be translated into organic complexants

with an average molecular weight of 104 daltons. It is estimated that

strongest complexation of these ligands is likely to occur with the

actinides, many of which are released at concentrations below those

expected from the corrosion rate of the waste glass matrix because of their

inherently low solubilities. Complexation of some of these elements (e.g.,
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U, Np) by organic complexants could increase their solubilities by about

two orders of magnitude at the most.

Based on their analysis of the Swiss repository, McKinley et al.

(1985) state that, although microbial processes cannot be discounted for

HLW, the probability that they could significantly affect disposal vault

safety is very small. Work in progress suggests that more realistic but

still conservative modelling would allow them to discount most of the

processes identified.

The study presented here first assesses the potential for micro-

bial growth in a Canadian waste vault, purely on the basis of overall

nutrient and energy budgets, because at the current state of knowledge no

identified processes can be discounted with absolute certainty. Several

factors are then discussed to indicate that the analysis is likely too

conservative. More realistic estimates can only be made on the basis of

relevant research, such as column studies in the laboratory and field

studies at natural analogue sites, which are needed to validate the results

obtained from laboratory model systems.

2. THE PHYSIOLOGICAL TOLERANCE OP MICRO-ORGANISMS

IN RELATION TO THE VAULT ENVIRONMENT

West and co-workers (West and McKinley, 1984; West et al., 1985,

1986a, b; Christofi et al., 1984a, b, 1985) have concluded that microbial

contamination of a disposal vault is inevitable, and that, even for high-

level nuclear fuel waste, the near-field environment will not be extreme

enough to ensure complete sterilization. Also, if there is any water

movement, repopulation with time of initially "sterilized" zones is

inevitable (Champ, 1984). Although the Canadian disposal concept differs

considerably in certain aspects from the Swiss disposal concept, studied by

McKinley, Uest and co-workers (McKinley et al., 1984a, 1985; McKinley,

1985), arguments with regard to the tolerance of micro-organisms to high

temperature, pressure and radiation fields apply to both.
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Table 2 (from McKinley et al., 1985) summarizes the enormous

tolerance of some known microbes to extreme environments. It is clear that

conditions in a Canadian nuclear fuel waste disposal vault (100°C maximum

temperature at the container skin and in buffer/backfill, ~12 MPa maximum

pressure and a maximum dose rate of 30 Gy/h at the container skin

(Baumgartner, in prep.)), m^y not be extreme enough to inhibit all

microbial growth. Discussions by Loewen and Flett (1984) and Champ (1984),

specifically for the Canadian concept, also support this argument.

West et al. (1986a) concluded from their laboratory studies that

microbial populations will tolerate relatively high temperatures, pressures

and radiation fields, but the extent of resistance varies between groups

and species. They found, for example, that sulphate-reducing bacteria,

isolated from mine waters, were very tolerant to environmental extremes,

whereas sulfur-oxidizing bacteria, also isolated from mines, were quite

intolerant. However, this may not be the case if the microrganisms are

introduced slowly to the extreme conditions, as would be the case in a

vault under construction.

3. FLUID MOVEMENT

Fluid movement will be addressed concurrently with the assessment

of the nutrient inventory in a waste vault.

4. THE AVAILABILITY OF NUTRIENTS

4.1 CONTRIBUTIONS FROM BUFFER AND BACKFILL MATERIALS

Macro-nutrients for microbes are C, H, 0, N, S and P. From that

perspective, a granitic environment can be considered "nutrient-poor" (see

Table 5). However, this geochemically "nutrient-poor" state of the granitic

environment in which a waste disposal vault may be placed in Canada (see
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Section 1) will be greatly altered upon vault construction and operation.

The amounts of container and sealing materials assumed to be placed in the

vault are given in Tables 3 and 4, respectively. These amounts are based on

an early disposal vault design, described in Uardrop et al. (1985).*

However, any differences in buffer and backfill volumes between the early

and the current vault design do not materially affect the analysis given

here.

Mayfield and Barker (1982b) discuss environmental conditions in a

waste vault and the influence of adding large quantities of natural clays

as buffer and backfill components. They conclude that natural clays or

shales would provide sufficient nutrients to support significant microbial

activity. This was confirmed in preliminary experiments on candidate back-

fill materials (Mayfield and Barker, 1982a). Loewen and Flett (1984)

discuss qualitatively the major nutrients present in deep groundwaters, and

conclude that labile (i.e., degradable) organic carbon, capable of support-

ing microbial metabolism, is a likely factor limiting microbial activity in

groundwaters in the Canadian Shield.

Some natural organic materials, such as lignins and humins are

highly resistant to decomposition by micro-organisms in anaerobic environ-

ments. Most of the organic materials found in clays may or may not be in

such a stable state (this would depend on the "ecological age" of the

clay). Mayfield and Barker (1982a) studied the types and numbers of

bacteria present in some candidate buffer and backfill materials. They

found that the candidate materials all contained substantial quantities of

micro-organisms. On incubation, both with a synthetic groundwater and a

mineral salts solution, significant microbial growth occurred in almost all

the materials. This implies that at least some of the organic material

present can be used by microbes.

The studies mentioned have been largely qualitative in estimating

sources and availability 6t nutrients. This report attempts to provide a

quantitative inventory of nutrients and energy sources present in a nuclear

More recently, a reference disposal vault design has been developed for
the CNPWMP (Baumgartner and Simmons, 1987) that incorporates changes to
the design described by Wardrop et al. (1985).
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waste disposal vault in the Canadian Shield. Essentially, the method

followed was that used by McKinley and co-workers for the Swiss Program

(McKinley et al., 1984a,b, 1985, 1986). Limiting growth factors were

identified based on the inventory data, and a conservative estimate was

then made of maximum microbial population densities that could occur in a

Canadian vault.

It should be stressed that many assumptions needed to be made to

obtain a quantitative analysis. Every attempt was made to make these

assumptions as reasonable as possible. However, where there were large

uncertainties, very conservative estimates were used. With the ongoing

research in the CNFWMP, some of these assumptions will undoubtedly be

changed in the future.

Nutrients from vault excavation processes (N from explosives; C

from drilling) could reenter the vault with the crushed rock used as back-

fill material. Since it is difficult to estimate quantities for this

source of nutrients, and since the rock will be washed prior to crushing

and backfilling, which will remove large quantities of residual nutrients

(Atomic Energy of Canada Limited, CANDU Operations, in preparation), the

contribution from this source is not included in this assessment.

In the CNFWMP, two emplacement designs have been considered: in-

room and borehole emplacement (Johnson et al., 1987, Oscarson and Cheung,

1983). Wardrop et al. (1985) give details of design dimensions for the

vault itself as well as for the containers.

Table 4 (Wardrop et al., 1985; Dixon and Gray, 1985) summarizes

volumes and masses of buffer and backfill needed for both in-room and bore-

hole emplacement, assuming a buffer composition of 50% clay (Avonlea bento-

nite) and 50% sand and a backfill composition of 25% clay (Lake Agassiz)

and 75% crushed granite. Table 5 gives amounts of major nutrients and iron

in the buffer and backfill materials. Table 6 combines the data in

Tables 4 and 5, and gives the inventory of major nutrients and iron in the

buffer and backfill materials in grams per container. Mayfield and Barker

(1982b) and McKinley et al. (1985) give the nutrient composition of an
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"average" microbial cell, based on percentage of dry weight. If the amount

of C is set at unity, the major nutrient formula for a microbial cell is

C1N0.2sPo.oeSo.o2Feo.004• Table 7 shows which of the major nutrients in

buffer and backfill materials is limiting with respect to microbial growth.

Three possibilities are evaluated in Table 7: (i) only organic C can be

used by micro-organisms, (ii) both organic and inorganic C can be used and,

(iii) organic C is removed and only inorganic C is available. It can be

concluded from this table that microbial growth in the buffer and backfill

materials of a waste vault will be controlled by the amount of N.

4.2 CONTRIBUTIONS FROM GROUNDUATER AND ENTRAPPED AIR

Buffer and backfill materials emplaced in the waste vault will

have entrapped air associated with them and will become saturated with

groundwater. The following gives an assessment of the total amount of

major nutrients in the groundwater and entrapped air that will be asso-

ciated with the buffer and backfill materials.

The UN-1 saline solution, whose composition is based on the

analysis of groundwater from the Uhiteshell Research Area (Abry et al.,

1982) is taken as a reference groundwater. The WN-1 solution composition

does not specify values for P, organic C, or O2, which are all components

of groundwaters. Suitable values need to be chosen to incorporate these

microbial nutrients into the reference groundwater.

There is very little information available on the levels of

organic matter in groundwater, particularly in crystalline rocks. Concen-

trations of organic matter obtained from groundwater samples are often

underestimates, since many organics are sorbed onto rock surfaces.

Mayfield and Barker (1982b) present data on organic C content of

groundwaters from various environments. For groundwaters from crystalline

terrains, the organic C content is surprisingly high: a mean value of

5.2 mg organic C/L and a median value of 1.8 mg organic C/L are reported.

The latter value is chosen here as the most representative value for deep

granitic groundwaters. Data for P in groundwater are scarce and not well
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defined. Mayfield and Barker (1982b) give selected analyses of

groundwaters associated with crystalline rocks, but P data are reported

only for Stripa groundwater and are <0.01 mg PO4/L. Gascoyne (1988)

reports values <0.5 mg PO4VL for groundwaters associated with the Canadian

Shield. For this report, a suitable P concentration for the WN-1 reference

groundwater is estimated from the organic C content assumed present

(1.8 mg C/L), based on the assumption that this organic material has the

composition of an average microbial cell. The concentrations of N and S

were also adjusted by adding an organic contribution in the same manner.

If C = 1.8 mg/L, then org N = 0.5 mg/L, org S = 0.04 mg/L, and

org P = 0.11 mg/L. Based on the above discussed values for PO4", the

inorganic contribution to the overall P concentration is assumed to be

negligible.

Upon emplacement, the buffer and backfill materials will be

water-saturated up to 80 to 902 (Gray and Cheung, 1986). For this study,

saturation of 90% with WN-1 saline solution is assumed, while pore water

associated with the buffer and backfill material prior to saturation with

groundwater is ignored. Taking into account the total void volumes shown

in Table 4, major nutrients associated with water and air entrapped in the

buffer and backfill materials can then be calculated. Emplacement of

groundwater-saturated buffer and backfill materials implies the presence of

02 in this water. Therefore, it is assumed that the O2 concentration in

the water associated with the buffer and backfill materials is 10 mg O2/L,

estimated from O2 saturation of surface water at 10°C (American Public

Health Association, 1976).

Entrapped air fills 10% of the void volumes given in Table 4.

Assuming the composition of air to be 78% N2, 21% O2 and 0.05% C02, at a

temperature of 10°C and a pressure of 2 atm (ambient mine pressure during

emplacement, based on an estimate by McKinley et al. (1985)), the amount of

N, C and O2 in the trapped air can be calculated.

The hydraulic conductivity of the buffer and backfill in the near

field will be 10"1X to 10"12 m/s, and the hydraulic gradient 10'2 to 10"3
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(Gray and Cheung, 1986). The annual flow of groundwater can be calculated,

conservatively, assuming a hydraulic conductivity of 10"1X m/s and a

hydraulic gradient of 10"2, which yields a flow rate of 10"13 m/s or

3.15 x 10"6 m/a, which implies that diffusion will dominate solute movement

as long as a concentration gradient is present. There are about 36 m3 of

buffer and backfill per container in the disposal vault. If one assumes

this amount to be arranged in a cube (with 3.3-m sides) around the

container, and if one assumes one-directional groundwater flow (across a

3.3 m by 3.3 m plane), then the resulting flow is about 0.034 L/a per

container. Annual inputs of major nutrients due to a groundwater flow of

0.034 L/a per container are negligible compared to the nutrients present in

water and trapped air associated with buffer and backfill, as shown in

Table 9.

Table 8 gives a summary of groundwater nutrient concentrations,

while Table 9 gives the inventories of major nutrients in the vault arising

from the annual groundwater influx and the groundwater and air associated

with the buffer and backfill materials. Table 10 evaluates the limiting

nutrient(s) in the same way as was done in Table 7 for buffer and backfill

materials. From Table 10, it can be concluded that P is the limiting

nutrient in all cases considered. It should be kept in mind that P concen-

trations were estimated only from organic C contents, which were also esti-

mated. However, even if there were an inorganic contribution to the P

concentration in groundwater, it would have to be quite large to make P a

non-limiting nutrient. Based on literature data (Mayfield and Barker,

1982b) this seems unlikely. Table 10 shows that both C and P can be

considered limiting when micro-organisms are assumed to use only the

organic C.

Table 11 combines the data from Tables 6 and 9, and summarizes

the total inventory of major nutrients associated with buffer and backfill

materials present in a waste vault. Table 12 evaluates the overall limit-

ing nutrient in the vault in the same way as was done in Tables 7 and 10.

Table 12 shows that, in the vault, N will be the limiting factor control-

ling microbial growth and not the availability of C. Removing organic C is
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not likely to inhabit microbial growth because there are micro-organisms

that thrive on inorganic C, as discussed previously. The following discus-

sion gives an estimate of maximum possible microbe densities in the vault,

based on the inventories in Table 11 and the limiting factors in Table 12.

4.3 MAXIMUM MICROBIAL DENSITIES

McKinley (1985) assumes that the volume of one bacterium is

1.5 x 10"19 m3 (Lundgren et al., 1972), with a water content of 992, while

50% of the dry weight is C. Therefore, the weight of one bacterium is

about 1.5 x 10"13 g, the dry weight about 1.5 x 10"15 g/cell, and one

bacterium contains 0.75 x 10"15 g C. Conversely, 1 g C can make up

1.33 x 1015 cells. However, McKinley (1985) also states that the estimates

for water content and volume are very conservative (i.e. low) and that E.

colif for example, has a dry weight of 2.5 x 10"13 g/cell. This implies

that, using the above data, one could overestimate cell numbers by more

than two orders of magnitude. Taking this into account, it was assumed in

this report that 1 g C produces 1013 cells and the volume of a cell is

2 x 10"17 m3.

Nutrient and energy fluxes are linked by the following set of

assumptions for "average" anaerobic chemotrophic bacteria (McKinley et al.,

1985; Thauer et al., 1977):

(i) 0.1 mol adenosine triphosphate (ATP) is required to synthesize

1 g of dry bacterial cells (catabolic processes). ATP is the

universal transport system that transports chemical energy from

energy-yielding to energy-using reactions.

(ii) 0.1 mol ATP/1 g dry bacterial cells is required for "maintenance

energy" (anabolic processes).

(iii) Production of ATP (i.e., from adenosine diphosphate (ADP):

ADP + P —> ATP) in the cell requires 32 kJ/mol ATP.
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(iv) The microbial efficiency of chemical energy utilization for the

production of ATP is 10Z.

Combining the above assumptions yields an external chemical energy require-

ment of 64 IcJ/g (dry) cell material. This calculation is probably reason-

ably valid for "organic" nutrient sources, but additional energy is likely

required if the nutrient has to be obtained from the gaseous phase (e.g.,

CO2, N2) or extracted from a solid matrix (e.g., S from pyrite or P from

apatite). Also, the "maintenance energy" depends on the metabolic state of

the organisms and a value of 0.1 mol ATP/g dry bacterial cells may be

incorrect for geomicrobial communities with a very low activity. However,

the above data are the best available at the present time (McKinley, 1985).

Table 13 combines the inventories of C, the limiting nutrients,

cell volumes and weights, and energy requirements in an attempt to calcu-

late maximum microbial densities, if energy were not a limiting factor.

The next section will evaluate what kind of chemical reactions in the vault

may produce usable energy for microbes and whether these reactions would

provide enough energy to obtain the microbial densities calculated in

Table 13.

5. THE AVAILABILITY OF ENERGY

It is difficult to predict which reactions will actually take

place in the vault. McKinley et al. (1985) conclude that the main energy-

producing reaction(s) taking place in the Swiss repository would be the

corrosion of the steel container. Corrosion of steel and microbial

mediation of steel corrosion are well documented in the literature,

although not fully understood (McKinley et al., 1985). In the Canadian

program, titanium and copper are being evaluated as container materials

(Table 3). These materials are very resistant to corrosion, and microbial

enhancement of titanium corrosion has not been reported. The Swedish

disposal concept uses copper containers, and Swedish researchers have
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studied Cu corrosion extensively. They report enhancement of Cu corrosion

by sulphate-reducing bacteria (Swedish Corrosion Research Institute, 1983).

Unlike the Canadian program, the Swiss disposal concept uses

self-shielding containers. In the Canadian concept, both 7 radiolysis (for

the first 300 year after emplacement) and a radiolysis (after container

failure) will produce oxidizing products, such as H2O2. This has to be

taken into account when analysing a sequence of possible energy-yielding

reactions in the vault.

Although many other reactions may occur, it seems likely that the

following reactions will play an important role in the overall energy

balance of a disposal vault in the Canadian Shield.

(1) Oxidation of Fe(II) by entrapped 02:

2Fe2+ + \02 + 2H20 •» Fe203 + 4H
+

AG = -110.2 kJ (see Table 14)

It is assumed that all 02 present upon vault closure is consumed

by Fe(II).

(2) Oxidation of Fe(II) by sulphate-reducing micro-organisms

(McKInley et al., 1986):

jnicro-
r,

AG = -181.1 kJ

8FeO + SO4" organisms' 4Fe2O3 + S
2"

For the energy-yield calculations (Table 15), it is assumed that

all S in the groundwater associated with the buffer and backfill

and in the buffer and backfill material itself is sulphate,

because the candidate clays are gypsum-rich and their organic S

contents are negligible (Oscarson and Dixon, 1989).

(3) Oxidation of Fe(II) by H202 from 7 radiolysis:

2Fe2+ + H202 + H20 •> Fe2O3 + 4H
+

AG = -213.4 kJ
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The reference disposal container holds 72 used CANDU * fuel

bundles in 4 arrays of 18 bundles and the reference fuel bundle

design is the 37-element Bruce bundle (Baumgartner and Simmons,

1987). The 7-radiation dose rate at the surface of such a

container is given by Baumgartner (in preparation) as 30 Sv/h

(8.4 x 10"3 Gy/s).

Assuming (conservatively) that

(i) there is no diffusion of gaseous species out of the

buffer,

(ii) there is no diffusion of H2O2 out of the buffer zone, and

(iii) there is no decomposition of H2O2 by Fe2+ or other metal

ions in groundwater,

it can be calculated that, at a 7-irradiation dose rate of

8.4 x 10"3 Gy/s, the H2O2 concentration will reach a steady state

of approximately 3 x 10'8 mol/L (J.C. Tait, pers. comm.). If Cl"

acts as a radical scavenger (scavenging 0H»), then the H2O2

concentration could increase, but as yet this has not been

confirmed experimentally. Iron(II) in solution would decrease the

H2O2 concentration. For the calculations in Table 15, it is

conservatively assumed that there will be enough H2O2 produced by

7 radiolysis to oxidize all Fe(II) present in a vault (see Table

11) before the 7-emitting radionuclides have decayed away. It is

further assumed that no additional Fe(II) is added.

(4) In the case of titanium containers:

Anaerobic corrosion of titanium:

Ti + 2H20 + TiO2 + 2H2

AG = -415.1 kJ

Corrosion of Ti by H2O2 can be assumed to be negligible because

of the very low H2O2 concentrations produced by 7 radiolysis

CANada Deuterium Uranium. Registered in the U.S. Patent and Trademark

Office.
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(see also (3)), and because at elevated temperatures Ti is likely

to decompose H2O2 catalytically. Also, a radiation field

interferes with the cathodic reaction, decreasing the corrosion

rates. Anaerobic corrosion of Ti is extremely slow, and the

average lifetime of a 6-mm-thick (see Table 3) titanium container

is estimated to be approximately 20 000 year (LeNeveu, 1986).

So, if one assumes uniform corrosion, the above reaction yields

about 39.4 kJ/a per container. However, some containers may fail

much sooner because of localized corrosion, which makes their

internal structural material (see Table 3) available for energy-

yielding reactions (see also (6)).

(5) In the case of copper containers:

Anaerobic corrosion of Cu in the presence of H2S produced by

sulphate-reducing bacteria (Swedish Corrosion Research Institute,

1983):

2Cu + H2S + Cu2S + H2

AG = -58.9 kJ

Anaerobic corrosion of Cu due to the high concentrations of Cl"

expected in the groundwater occurs only at pH < 2, (Swedish

Corrosion Research Institute, 1983) and is ignored here.

Corrosion of Cu by H2O2 produced from 7 radiolysis is also

assumed to be negligible because of the very low H2O2

concentrations.

(6) Upon container failure, metallic Fe from the internal structure

(a considerable inventory, see Table 3) becomes available for

reactions.

There are several possibilities:

a. Oxidation of Fe by sulphate reducing bacteria:

4Fe + SO?' + 4H20 + 3Fe(0H)2 + FeS + 20H"

(McKinley et al., 1985)

AG = -354.9 kJ.
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b_. Anaerobic corrosion of Fe, coupled with the reaction of H2O2

(from a-radiolysis) with corrosion products:

3Fe + 4H20 + Fe304 + 4H2 (McKinley et al., 1985)

2Fe3O4 + H202 -•• 3Fe2O3 + H20 (McKinley et al., 1985)

The overall reaction is

6Fe + 7H2O + H202 + 3Fe2O3 + 8H2

AG = -432.8 kJ

(It is assumed that glass particulates or lead proposed to

fill the void space in the containers (Table 3) do not take

part in reactions yielding energy that could be used by

microbes.)

£. Upon fuel sheath failure, oxidation of UO2 to UO3 (or inter-

mediates) by Fe3+ could occur if conditions are acidic

(compare the section on biomining in the introduction):

6Fe + 7H20 + H202 + 3Fe2O3 + 8H2

3Fe2O3 + 3U02 + 6FeO + 3U03

6FeO + 3H202 + 3Fe2O3 + 3H20

The overall reaction is

6Fe + 4H20 + 4H202 + 3U02 + 3U03 + 3Fe2O3 + 8H2

AG = -1086.36 kJ

Comparing the energy requirements calculations in Table 13 with

the energy production calculations in Table 15 shows the following:

(i) The total amount of energy produced per container by Reactions 1,

2, and 3, i.e., the reactions involving the Fe(II) initially

present in the buffer and backfill, is 1.9 x 108 J for in-room

emplacement and 4.8 x 108 J for borehole emplacement. This is a

factor of ~10 to 4 lower than the energy requirements per

container in Table 13. This suggests that microbe densities

fairly similar to those calculated in Table 13 could be obtained

if all conditions were optimal, which is unlikely. This is

further discussed in Section 5.1.
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(ii) Reaction 4, the corrosion of the Ti container over 20 000 years,

produces 7.9 x 108 J/container, only a factor of ~2 below the

energy requirements given in Table 13.

(iii) Corrosion of the Cu container by H2S, ignoring corrosion by Cl",

yields only a few percent of the maximum energy requirements per

container in Table 13.

(iv) Corrosion of the Fe supporting structures in the containers has

the potential of yielding large amounts of energy if H2O2 is

abundant. Microbially mediated corrosion of the Fe structures

(due to sulphate-reducing bacteria) can also yield considerable

amounts of energy for the in-room emplacement case. The annual

influx of SO4" in the groundwater appears to yield only a small

amount of energy per year, amounting to a dry-weight biomass of

~2 x 10"3 g/container. Oxidation of UO2 by Fe(III) formed by the

reaction of Fe and H2O2 can potentially yield sufficient energy

to meet the requirements (see Table 13) to convert all usable C

into microbial cells. It should be emphasized that this can only

occur if there is abundant H2O2 present, and all fuel sheath

material has been breached.

5.1 MITIGATING FACTORS

It can be argued that, although the energy requirements in

Table 13 and the energy-production in Table 15 are comparable for certain

reactions or reaction sequences (e.g., Reactions 1, 2 and 3), the microbial

densities given in Table 13 would not be reached in a vault environment

because of a number of factors:

(i) The microbial densities in Table 13 are based on the assumption

that micro-organisms can and will make optimal use of the energy

produced by the reactions in Table 15. In reality, much of the

chemical energy produced would probably be lost as heat.
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(ii) As mentioned, the external chemical energy requirement of

64 kJ/g (dry) cell material is probably reasonable for directly

available nutrients. If, however, nutrients are dispersed and/or

have to be extracted from a solid source, as will be the case in

a waste vault, the energy penalty will be considerable.

(iii) Except for Reactions A and 6b in Table 15, no time scale can be

estimated with any confidence for the energy production

calculated in Table 15. If the kinetics of the reactions in

Table 15 are very slow, then energy would become available for

microbial use at a very slow rate, and population densities as

high as those shown in Table 13 would not be obtained.

(iv) Related to reaction kinetics mentioned under (iii) is the contin-

ual loss of carbon and other nutrients from the vault environment

due to dissolution and transport in groundwater flowing through

the vault. In Appendix A, calculations are performed to estimate

these losses. In this analysis, it appears that, even after

1 000 000 years, less than 7% of the total C present in the vault

would be lost because of groundwater flow. However, the crucial

parameter determining the magnitude of the losses is the

groundwater flow rate in the vault. The flow rate was estimated

from hydraulic gradient and hydraulic conductivity estimates and

is very low, implying that diffusion will dominate solute

movement as long as a solute concentration gradient is present.

A greater flow rate would increase nutrient losses and decrease

potential biomass production. Other potential mechanisms of

nutrient loss, which have not been quantified here, are diffusion

of nutrients out of the vault and loss of gases from corrosion,

and microbial reactions in the vault due to flow (see

Section 1.1).
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5.2 LABORATORY STUDIES

The previous analysis, yielding the microbial population densi-

ties in Table 13, is based on calculations and best estimates, and is

considered to be very conservative. Also, it was emphasized that the

effects of a microbial population on vault performance are unknown. In an

attempt to address both issues, studies have been performed in which the

biogeochemical environment of a radioactive waste disposal vault was simu-

lated in the laboratory, to evaluate the development of a microbial popula-

tion and its effects on the transport behaviour of technetium, iodine and

strontium. These studies are reported in detail by Goyette (1987) and

Champ and Goyette (in prep.). The following gives a description of the

work performed, results obtained, and some tentative implications for vault

performance.

Polyethylene columns packed with either backfill-sand- or

backfill-clay (Lake Agassiz)-coated polyethylene beads (to improve the

permeability of the columns) were used to simulate the physical environment

of a vault. Standard Canadian Shield Saline Solution (SCSSS, Abry et al.

(1982)) was equilibrated with the backfill materials, filtered and pumped

through the columns. Continuous fractions of column effluent were

collected, and the entire system was contained in an environmental chamber,

which was continuously flushed with nitrogen. The columns were injected

with Tc, Sr and I, and the resulting breakthrough curves were analyzed

together with the microbiology and geochemistry of the system.

The microflora of the sand and clay columns was then altered by

using precolumns, packed with sediments from saline lakes. The backfill-

equilibrated-SCSSS was pumped through these columns prior to going through

the sand or clay columns. Tc, I and Sr were again injected into the

columns, and the effects of the altered microbiology on the breakthrough

curves were analyzed.

The results showed that, prior to microbial alteration, the

micro-organisms growing on the sand columns were different from those on
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the clay-coated bead columns. Only six colony types could be identified in

total on both columns. After microbial alteration, seventeen new colony

types were identified, accompanied by decreases in nitrate concentrations

from 50 mg/L to <0.2 mg/L and in dissolved organic carbon concentrations

from 9.4 mg/L to 2.6 mg/L in the sand columns and to 6.8 mg/L in the clay

columns. Also, the redox potential decreased by 30 mV in the environmental

chamber containing the columns, suggesting that the diversified microflora

increased the use of available oxygen.

Microbial population numbers in solution were assessed both by

ATP (i.e., energy production) analysis and a plating technique (YPA-black

agar). The latter technique (in which microbes are grown on a solidified

nutrient solution) is selective; not all species of micro-organisms grow

equally well on this plating medium. The ATP technique measures the ATP

content of the whole population in the sample. Assuming an average content

of 1.5 x 10"15 g ATP/cell (commonly used for laboratory cultures,

Wilson et al. (1981)), population numbers can be derived.

Plate counts averaged 7.6 x 105 and 5.0 x 105 organisms/mL for

the sand and clay columns, respectively, prior to microbial alteration.

After microbial alteration, plate count numbers dropped an order of

magnitude or more to averages of 8.1 x 104 and 2.2 x 104 organisms/mL,

respectively, for the sand and clay columns. This indicated that the now

diversified microbial population could not grow well on YPA-black agar,

because ATP levels did not change with microbial alteration or radionuclide

injection. Population numbers as derived from ATP analysis varied from

1.2 x 105 to 3.3 x 105 organisms/mL for both the sand and clay columns.

The population numbers obtained in the laboratory compare well

with the levels found naturally in groundwater at the Cigar Lake natural

analogue site (i.e., 105-106 organisms/mL, see Section 1.1) and are four to

five orders of magnitude lower than the microbial densities calculated in

Table 13. This again emphasizes the very conservative nature of the

analysis (which is based purely on the presence of nutrients and energy

sources in the vault). It seems likely that, if a microbial population
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develops in the vault, population numbers in solution would be in the range

of 105-107 organisms/mL. However, this does not take into account the fact

that microbes tend to concentrate on surfaces, and therefore, total

population numbers could very well be higher.

In the experiments of Goyette (1987), the effects of a microbial

population on radionuclide transport were assessed by injecting the sand

and clay-coated bead columns with I, Tc and Sr before and after microbial

alteration. Based on breakthrough curves, no microbial effects were

observed on the transport of these radionuclides, in the sand columns. The

studies performed with the clay-coated bead columns were inconclusive,

because of hydraulic problems due to the column to particle diameter ratio

being too small. The studies will be repeated.

6. CONCLUSIONS AND RECOMMENDATIONS

The materials that will be placed in a disposal vault are

undoubtedly capable of supporting a microbial population over time. Based

on nutrient and energy budget calculations only, such a population could be

quite significant. However, such calculations are necessarily very conser-

vative. Comparison with populations found naturally at a site that

approaches the proposed vault environment quite closely (i.e., the Cigar

Lake site) and with populations developed in the laboratory under simulated

vault conditions indicates that the calculated population numbers could be

overestimated by four to five orders of magnitude. However, the natural

and laboratory findings have only analyzed solution concentrations of

microbes. It is recommended that future studies should also attempt to

analyze the amount of micro-organisms in the solids, because microbes tend

to concentrate on surfaces, and total population numbers will likely be

higher than the solution numbers suggest.

It is difficult at the present state of knowledge to correlate a

given population density (or indeed, even the presence of microbes) with
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effects on vault performance, because of uncertainties regarding metabolic

activities. Limited laboratory studies showed that the transport of radio-

nuclides such as I, Tc and Sr in backfill sand columns under vault-relevant

conditions was not affected by the presence and subsequer-c alteration of a

microflora. These studies are very useful because they allow a more

quantitative analysis of microbial effects and should be expanded to

include a clay environment under more reducing conditions- Lengthening the

time frame of such experiments and sectioning the columns afterwards for

microscope studies could provide further data on the time dependence of

microbial population development, the accessibility of nutrients in the

buffer and backfill materials and the impact on vault performance.
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TABLE 1

REDUCTION AND OXIDATION REACTIONS THAT MAY BE COMBINED TO RESULT

IN BIOLOGICALLY MEDIATED EXERGONTC PROCESS fnH = 7ï*

Reduction Oxidation

1 + 1
(A) - O2(g) + H+(W) + e = - H2O

(B) y NO3 + ~ H+(W) + a = ±jj- N 2 (g) + y H2O

(C) - MnO2(s) + - HCO3(10'3) + - H+(W) + e = - MnCO3(s) + H2O

1 - 5 4. 1x3
(D) - NO3 + - H+(W) + e = - NHÎ + - H2O

8 4 8 8

(E) FeOOH(s) + + 2 H+(W) + e = F « C O 3 ( s ) + 2 H2O

1 . 1

(F) - CH2O + H (W) + e « - CH3OH

(G) - s o j - + - H+(W) + e « j HS" + - H2O

(H) - CO2(g) + H+(W) + e - - CH4(g) + - H2O
1 4 +

- M2 + - H+(W)

1 1 1 ,
(L) - CH2O + - H2O = - C O 2 ( g ) + H+(W) + e

1 . 1 1 +
( L - l ) — HCOO = — C O 2 ( g ) + — H (W) + e

£• £, 2

1 1 1 3 j .
( L - 2 ) — CH2O + — H2O = — HCOO" + — H (W) + e

1 1 .
( L - 3 ) — CH3OH = — CH2O + IT (W) + e

1 1 1 +
( L - 4 ) — C H 4 ( g ) + — H2O = — CH3OH + H (W) + e

2 2 2

(M) — HS" + - H2O = - %o\~ + - H+(W) + e
8 2 8 8

(H) F e C O 3 ( s ) + 2 H2O = FeOOH(s) + HCO3UO" 3 ) + 2 H+(W)+ e

(0) - NH| + \ H20 = 7 N05 + - H+(W) +
0 8 8 4

I

N3

( P ) — M11CO3 ( s ) + — H 2 0 = — Mno2 ( s ) + —
2 8 2 2

i u +H (W) + e

modified from Stumm and Morgan (1981)
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1MUK-Z

TOLERANCE OF MICROBES TO EXTREME ENVIRONMENTS

(from McKinley et al. (1985))

Condition

High temperature

Low temperature

High pH

Low pH

High salinity

Low salinity
dissolved salts

High pressure

Radiation

Chemical Toxins
e.g. PbCl2**

CuS04

Examples of Organism

"Black smoker" bacteria

Sporotrichum carnis

Nitrobacter spp.
Nitrosomonas spp.

Thiobacillus ferrooxidans

Halobacterium halobium

Salmonella oranienburg

Vibrio desulfuricans
(Desulfovibrio desulfuricans)

Micrococcus radiodurans

Aspergillus niger

Pseudomonas C-1

Limit of Growth

250°C(at 26.5 MPa)+

-20»C

13

0

50£ salt by weight

70 ppb

180 MPa

Single dose
5 x 105 rad*

67 mg mL'1

103-10-4 M

+ Serious questions remain about "black smoker" bacteria growing at 250°C.
Stetter's isolates are more unequivocal and grow at 12O-17O°C.

* Ehrlich (1978)
1 rad = 10 mGy
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TABLE 3

MATERIAL INVENTORY PER CONTAINER

Mass
(kg/container)

Mass titanium shell

Mass copper shell

Mass fuel+

Mass glass++

Mass steel+++

Mass lead++++

Packed
Particulate

91 (3/16

-

1721

567

445

-

Container Design (TEC-II)

Structurally
Supported

151 (1/4")

995 (1")

1721

328

972

-

Metal per
Matrix***

160 (1/4")

1056 (1")

1721

-

~300

4900

* *

* * *
+

+ +

+ + +

Teper (1985)
Cooper and Tough (1984)
Ko and Hosaluk (in prep.)
Based on Bruce fuel, including sheath end caps and fittings
Packing material inside container
Supporting material
For metal matrix container only



TABLE A

VOLUMES AND MASSES OF BUFFER AND BACKFILL MATERIALS*

(Wardrop et al., 1985; Dixon and Gray, 1985, D. Dixon pers. comm., 1986)

Baplaceaent
Design

In-rooi

buffer
backfill

Bo^r ejio, JL#

buffer
backfill

Total Voluae
per Container

(•3)

15.33
20.16

4 .06
30.57

Volu
per

ae of Clay
Container
(a3)

4 .74
3.99

1 . 26
6 .06

Weight of Clay
per Container

(Mg)

12.80
10.79

3.39
16.35

Volume of Sand
per container

(a3)

4 .83
12 .21

1.28
18 . 51

Weight of Sand
per Conta ine r

(Mg)

12 .
32.

3 ,
49

. 80

. 35

.39

.06

Void
per

Vo lum
container
(n3)

5.76
3 .96

1.53
6 . 00

i

I

Buffer coaposition of 50% clay (Avonlea bentonite) and 50% sand (composition of granite assumed)
Backfill coaposition of 25% clay (Lake Agassiz) and 75% crushed granite



TABLE 5

WF.TftHT PERCENTAGES OF MAJOR NT1TRTF.NTS IN BUFFER AND BACKFILL MATERIALS

Element Weight in clay Reference
Weight % in

Granite Reference

Avonlea bentonite/Lake Aoassiz

inorganic C
organic c
S total
N total
P total
Fe(II)
netallic F«

0.29
0.12
0.27
<0.01
0.059
0.27
0.3 ag/ko

0.95
0.57
0.08
0.04
0.15
0.73

Oscarson
Oscarson
Oscarson
Oscarson
oscarson
Oscarson
Oscarson

et al.
et al.
et al.
et al.
et al.

(1986)
(1986)
(1986)
(1986)
(1986)

and Dixon (1989)
and Dixon (1989)

-
<0.00

-
<0.09
M3.78

Analytical Science Branch (1979)

Analytical Science Branch (1979)
Analytical Science Branch (1979)

It is assumed that the composition of crushed granite and sand are identical



TABLE 6

INVENTORY OF MAJOR NTTTRTF.NTS TM BUFFER AND BACKFILL MATERIALS ( g / c o n t a i n e r 1

Eaplacaaant Inorganic C Organic C H
Dasign (g/containar) (g/containar) (g/containar) {g/containar )

P Fe(II) Metallic Pe
(g/container) (g/containar) (g/container)

In-raam

buffar:
clay coaponant 3.7 x 10
sand coaponant

backf i l l : e
clay coaponant 1.03 x 10~
sand coaponant

4 1.5 x 104 <1.28 x 103

6.15 x 10' 4.32 x 10J

3.46 x 10*
£6.4 x 102

8.63 x 10*
<1.62 x 103

7 .55 x
" 4x ?.O4

1.62 x
<2.91 x

3.4 x 10'
9.98 x 104

7.9 x 10^
2.52 x 10-

3.84

3 .24

In-roo« t o t a l 1.4 x 1 0 5 7 .7 x 1 0 4 <5 .6 x 1 0 3 4 . 3 x 1 0 4 < S < 4 . 5 x 1 0 4 2 .4 x 1 0 4 < P < 6 .5 x 10 4 4 . 6 x 1 0 5 7.08

Borahola

buf far:
c l a y coaponant 9.83 x 1 0 3 4 .09 x 10 3 <3.39 x 1 0 2

sand coaponant - -

backfill:
clay coaponant 1.55 x 105 9.32 x 104

sand coaponant
6.54 x 10J

9.15 x io;
a.70 x 102

1.31 x 10*
<2.45 x 103

2.00 x 10;
<3.05 x 10-

2.45 x 10*
<4.42 x 104

9.15 x 10J

2.64 x 104

1.19 x 10;
3.82 x 10-

1.02

4.91

Borahola total 1.7 x 10S 9.7 x 104 <6.9 x 103 2.2 x 104 < S < 2.5 x 104 2.7 x 10* < P < 7.4 x 104 5.4 x 10£ 5.93
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TABLE 7

LIMITING NUTRIENTS IN BUFFER AND BACKFILL MATERIALS

In-room or Borehole
Emplacement

Organic C only

Organic + inorganic C

Inorganic C only**

Average micro-organism

Elements*

C

1

1

1

1

N

0.07

0.03

0.04

0.28

S

0.56 < S < 0.58

0.20 < S < 0.21

0.31 < S < 0.32

0.02

P

0.31 < P < 0.83

0.21 < P < 0.29

0.17 < P < 0.46

0.06

Fe

6.0

2.1

3.3

0.004

The limiting nutrient is underlined. The "accessibility" of the
elements is not taken into account; it is assumed that each element
present is available to the same extent to micro-organisms.

For this assessment, only organic C is removed; N, S, P and Fe are kept
at the original values, because it is not know how much of the N, S, P
and Fe in buffer and backfill materials is from organic and inorganic
origin.

TABLE_8

CONCENTRATION OF GROUNDWATER NUTRIENTS

Species
(WN-1)

HCOi
org. C
NO a

sol"
P

o2
Fe(II)

Concentration
(mg/L)

68
9

33
1040

?
?

Element

inorg. C
org. C
total N
total S
org. P
0

Fe(II)

Concentration
(mg/L)

13.2
1.8
7.9

352
0.11
5

0.56

Reference

Abry et al. (1982)
Mayfield and Barker (1982b)
Abry et al. (1982)
Abry et al. (1982)
estimated from org. C content
estimated from surface water

at 10°C
Abry et al. (1982)



TABLE 9

INVENTORY OF MAJOR NUTRIENTS ASSOCIATED WITH GROUDWATER AND

TRAPPED^ ATR IN THE VATTLT (g/container^

Org C Inorg C Fe(II)

Anwul innufc
(0.034 L)

water in buffer
air in buffer
water in backfill
air in backfill

total in-rooi

6.1 x 10"5 4.5 x 10"4 2.7 x 10*4 1.2 x 10*2 3.7 x 10'6

15.6 115.7 1897 3078 0.93 616

1.9 x 10-5

9

6

.6

.0
_

68.4
0.30
46.8
0.20

40.6
1083.6

28.0
744.8

1824
-

1254.4

0

0

.56

.37

25
332
17
240

.6

.8

.6

2

2

.9
-
.0

4.9

I

Borehole

water in buffer
air in buffer
water in backfill
air in backfill

2

9

.4

.6

18
0

70
0

.08

.8

.31

11.2
288.4
42

1128.4

483

1900

.2
-
.8

0.

0.

15

59

6.
88
27.

347.

4

2
2

0

3

.77
-
.02

total borehole 12.0 $9.2 1470 2384 0.74 469 3.8
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TABLE 10

LIMITING NUTRIENTS IN WATER AND AIR ASSOCIATED WITH

BUFFER AND BACKFILL MATERIALS

Elements

N Fe

Groundwater Annual
organic C only
organic + inorganic C
inorganic C only**

In-room or borehole
emplacement
organic C only
organic + inorganic C
inorganic C only**

Average micro-organism

1
1
1

1
1
1

1

4.4
0.25
0.60

122
14.4
16.4

0.28

196
11.3
26.7

197
23.4
26.6

0.02

0.06
0.007
0.008

0.06
0.007
0.008

0.06

0.3
0.02
0.04

0.3
0.04
0.04

0.00

The limiting nutrients are underlined. The
"accessibility" of the nutrients is not taken into
account; it is assumed that each element present is
available to the same extent to micro-organisms.

For this assessment, only organic C is removed, N, S, P
and Fe are kept the same, because organic contributions
to these are estimates, and for S and N are only small.



TABLE 11

TNVF.NTORY OV TOTAL AMOUNTS OF C.f N. S. P. 0 AND FefTIÏ IN THE VAULT.

Org C Inorg C N S P O F«(II)

iTi-roo» Mclict»»nt

buffer ând backfill 7.7 x 10* 1.4 x 105 5.6 x 103 1.3 x 104 < s < 4.5 x 104 2.4 x 104 < P < £.4 x 104 • 4.6 x 1O5

watar and air 15.6 115.7 1897 3078 0.93 616 4.9

In-roo« total 7.7 x 104 1.4 x 105 7.5 x 103 4.6 x 104 < S < 2.5 x 104 2.7 x 104 < P < 7.4 x 104 - 5.4 x 105

watar and air 12.0 89.2 1470 2384 0.74 469 3.8

Borahol« total 9.7 x 104 1.7 x 105 8.4 x 103 2.4 x 104 < S < 2.7 x 104 2.7 x 1O4 < P < 7.4 x 104 4.7 x 10"2 5.4 x 105
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TABLE 12

LIMITING NUTRIENTS IN THE VAULT

In-room or borehole
emplacement

Organic C only

Inorganic + organic C

Inorganic C only

Average micro-organism

C

1

1

1

1

N

0.10

0.03

0.05

0.28

0.

0.

0.

60

21

33

S

< s

<: S

< s

Element:

i

<

<-

0.02

0

0.

0.

62

22

34

*

0.

0.

0.

31

11

17

P

< P <

< P <

< P i

0.06

0.

0.

0.

83

29

46

Fe

6.0

2.1

3.3

0.004

The limiting nutrients are underlined. The "accessibility" of the
nutrients is not taken into account. It is assumed that each element
present is available to the same extent to micro-organisms.

Only organic C removed; N, S, P and Fe concentrations kept constant.



TABLE 13

CALCULATION OF MTCKOBTAI. DENSITIES IN A WASTE VAULT

Emplacement c inventory Limiting "Usable" c Energy
Design (g/container) nutrient (g/container) (J/containcr)

Number of cells
per container

Number of cells^^ Number of
per cubic metre oL groundwater

In-roo»
organic C only
inorg and org C
inorganic C only

7.7 x 10J
2.2 x 10;
1.4 X 10*

2.8 x 10*
2.4 X 109

2.5 x 104

1.79
1.54
1.60

2.24
1.86

X

X

X

X

X

10
10
10

10
10

2.8 X
2.4 X
2.5 x 10

17
17
17

7.9 x
6.8 x
7.0 x 10

15
15
15

3.2 X 10
2.7 x 10
2.9 x 10

10
10
10

ftnrehol«
organic C only
inorg and org C
inorganic C only

2.7 x
1.7 x 10-

3.5 x 10* 2.24 x 10* 3.5 x 10
2.9 x 104 1.86 x 10* 2.9 x 10
3.0 X 104 1.92 x 109 3.0 x 10

17
17
17

1.0 x 10
8.4 x
8.7 x

16
15
15

5.2 X 10
4.3 X 10
4.4 x 10

10
10
10 I

Tnflun p«r year
(0.034 L)

organic C only
inorg and org
inorganic C on

6.1 x 10
5.1 x
4.5 x

-5
-4
• 4

C,P
P,N
P

6.1 X 10
6.0 X 10
6.0 x 10

-5
-5
-5

3.9
3.8
3.8

6.1 x 10
6.0 x 10
6.0 x 10

8 1.7 x 10'
1.7 x
1.7 x

10
10'

1.8 x 10'
1.8 x 10^
1.8 x 10'

tt "usable" C is corrected for the limiting nutrient
ttt energy needed to convert all usable C to cells

,4,t V of buffer + backfill is 35.5 a for in-rooa and 34.6 m3 for borehole emplacement
groundwater volumes from Table 4, assuming 90% saturation
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TABLE 14

THERMODYNAMIC DATA

(from Wagman et al. (1982))

Species

Fe (metal)
Fe2 + (aq)
Fe (aq)
FeO (s)
Fe (OH)2 (precip.)
oFe203 (haematite)
Fe3O4 (magnetite)
FeS (pyrrhotite)
Ti (metal)
TiO2 (rutile)
Cu (metal)
Cu2S (s)
CuO (s)
CU2O (S)
CuCl (s)
S2" (aq)
H2S (aq)
SOl" (aq)
Cl" (aq)
H+ (aq)
H2 (g)
H2O (1)
H2O2 (aq)
O2 (g)
OH" (aq)
U02 (s)
UO3 (S)

G? (kJ/mol)

0
-78.90
-4.7

-251.1
-486.5
-742.2
-1015.4
-100.4

0
-889.5

0
-86.2
-129.7
-146.0
-119.86
85.8
-27.83
-744.53
-131.23

0
0

-237.13
-134.03

0
-157.24
-1031.7
-1146.5

(from McKinley et al. (1985))
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TABLE 15

ENERGY PRODUCTION IN THE VAULT (J/container^

1) 2Fe2+ + {02 + 2H20 • Fe203 + 4H
+ AG = -110.2 kJ

In-Room Emplacement Borehole Emplacement

total 0 available 38.8 mol 29.4 mol
total Fe(II) available 8.24 x 103 mol 9.67 x 103 mol
Fe(II) oxidized 77.5 mol 58.7 mol
residual Fe(II) (for Reaction 2) 8.16 x 103 mol 9.61 x 103 mol
ENERGY YIELD 4.28 x 106J 3.24 x 106 J

2) 8FeO + SO2/ + 4 Fe2O3 + S
2" AG = -181.1 kJ

In-Room Emplacement Borehole Emplacement

total SO 4 available 1.47 x 103 mol 7.97 x 102 mol
total Fe(II) available 8.16 x 103 mol 9.61 x 103 mol
Fe(II) oxidized 8.16 x 103 mol 6.38 x 103 mol
residual Fe(II) (for Reaction 3) 0 3.23 x 103 mol
residual SO4 for Reaction 6a) 4.5 x 102 mol 0
ENERGY YIELD 1.9 x 108 J 1.4 x 108 J

3) 2Fe2+ + H2O2 + H20 + Fe2O3 + 4H
+ AG = -213.4 kJ

In-Room Emplacement Borehole Emplacement

total H2O2 available unknown, but assumed sufficient to
oxidize all Fe(II) available

total Fe(II) available 0 3.23 x 103 mol
Fe(II) oxidized 0 3.23 x 103 mol
residual Fe(II) (for Reaction 6) 0 0
ENERGY YIELD 0 3.4 x 108 J

4) Ti + 2H20 •> TiO2 + 2H2 AG = -415.1 kJ

amount of Ti (packed particulate container. Table 3) = 91 kg = 1900 mol
ENERGY YIELD (over 20 000 year) = 7.9 x 108 J.

5) 2Cu + H2S •+ Cu2S + H2 AG = -58.9 kJ

In-Room Emplacement Borehole Emplacement

amount of H2S available 1.02 x 103 mol 7.97 x 102 mol
(from Reaction 2)

total Cu available (Table 3, 1.56 x 104 mol 1.56 x 104 mol
structurally supported container)
Cu oxidized 2.04 x 103 mol 1.59 x 103 mol
Cu left for anaerobic reactions

with U, not considered here 1.36 x 104 mol 1.40 x 102 mol
ENERGY YIELD 6.0 x 107 J 4.7 x 107 J

continued...
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TABLE 15 (concluded)

6) a 4Fe + SO4 + 4H20 + 3Fe(OH)2 + FeS ,y 20H"

In-Room Emplacement

SO4' available (from Reaction 2) 4.5
Fe available (Ti container,
Fe available (Cu container,
Fe oxidized
ENERGY YIELD

b_ 4Fe + SO4" + 4H20 *

Annual influx of SO4"
Fe available (Ti container)
Fe available (Cu container)
Fe oxidized per year

ENERGY YIELD PER YEAR

£ 6Fe + 7H20 + H202 +

amount Fe present

Table 3) 7.97
Table 3) 1.74

1.8
1.6

x 102

x 103

x 104

x 103

x 108

mol
mol
mol
mol
J

3Fe (OH)2 + FeS + 20H'

3.
7.
1.

14.

3Fe2O3 + 8H2

7 x
97 x
74 x
8 x
117

Ti container

7.97 x 103

total H2O2 available: unknown, but assumed
ENERGY YIELD

d 6Fe + 4H20 + 4H202 +

amount Fe present
amount U02 present
amount UO2 oxidized
residual U02

residual Fe

5.7 x 108

mol

10-4

AG = -354.8 kJ

Borehole Emplacement

0
7.97 x 10:

1.74 x 10'
0
0

AG = -354.8

mol
103 mol
10" mol
lO'4

J

sufficient
J

3UO2+ 3UO3 + 3Fe2O3

Ti container

7.97 x 103

5.68 x 103

3.99 x 103

1.69 x 103

0
total H202 available: unknown, but assumed
amounts of U02 calculated
ENERGY YIELD 1.44 x 109

mol
mol
mol
mol

t 8H2

mol

AG = -432.8

Cu container

1.74 x 104 mol
: to oxidize all
1.25 x 109 J

AG = -1086.4

Cu container

1.74 x 104 mol
5.68 x 103 mol
5.68 x 103 mol

0
6.04 x 103 mol

sufficient to oxidize the

J 2.06 x 109 J

3 mol
J mol

kJ

kJ

Fe

kJ
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APPENDIX A

CALCULATION OF CARBON LOSSES DUE TO FLOV

To keep the model manageable and within the scope of this report,

the vault is treated in two extreme ways:

A Model 1 treats the vault as a "continuously stirred tank

reactor" (Thomann, 1972):

tank:

IN
•» C

OUT

dC

dt t

in which: t

V
Q

C

Co

C

t

= residence time = V/Q

= void volume/container

= inflow = 0.034 L/a per container

= concentration in tank at time t

= concentration in tank at time t = 0

Ci = concentration in inflow

= Co for t i 0

= Ci for t > 0

Co t COUT i Ci at any time

this yields: C = Ci (1 - e"t/t) + Coe"
t/t

total loss of mass at any time t = (C - Co)V.
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B Model 2 treats the vault as a "fluid conduit" in which no

mixing, but so called "plug flow" occurs. Diffusion at the plug

front is ignored

fluid conduit

-IN COUT

conditions: = residence time = V/Q

= void volume/container

= inflow = 0.034 L/a per container

= original concentration

= &iu &t t = t

= Co at t ̂  t

total loss of mass at any time t = (Co - CiN)tQ

t

V

Q

Co

Table A-l calculates carbon losses for both in-room and borehole

emplacement using both models. For the calculations, it is

assumed that the volume of water per container is equal to the

void volume (Table 4), and that 102 of total C (Table 11) is in

solution. This implies that all C originally present in the water

and air trapped in the buffer is in solution, plus almost 10Z of

total C in the buffer and backfill materials. Although experi-

ments have shown that very little organic C detaches from buffer

materials upon short-term exposure to water (Oscarson et al.,

1986), microbial growth would certainly increase the C concentra-

tion in solution, and, therefore, a value of about 10X of total C

in solution seems feasible.
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TABLE A-l

TOTAL CARBON LOSSES (PER CONTAINERS DUE TO FLOW

In-room Emplacement Borehole Emplacement

Annual flow 0.034 L/a 0.034 L/a
Total C in annual flow 1.5 x 10'2 g/L 1.5 x 10"2 g/L
Volume per container (Table 4) 9720 L 7530 L
Total C in solution (10% of total C

in Table 11) 2.23 g/L 3.55 g/L

Model
total

Model
total

1
loss

2
loss

of

of

c

C

at

at

20
100

20
100

500
000
000

500
000
000

years

years

1
15

1
7

37
458
323

37
506
531
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