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ABSTRACT

A nuclear fuel waste disposal vault would not likely be a sterile environment. Bacterial activity
would be expected in those areas of the vault conducive to bacterial life, i.e., where effects of
heat, moisture content, radiation and compaction would not prevent or severely restrict bacterial
life and where suitable and sufficient nutrients would be present. An inventory of bacterial
nutrients that would be emplaced 'intentionally' with vault materials (fuel waste, waste
containers, buffer and backfill materials) has been made previously. This report assesses
bacterial nutrients that would be added 'inadvertently' to a vault in the form of residues of
materials used to excavate and operate a vault. Measurements of blasting material residues in the
various water supplies, excavated broken rock (muck) and in cores drilled in old and new tunnel
walls were made at AECL's Underground Research Laboratory. Results show that the largest
potential nutrient addition (both carbon and nitrogen) to a vault would result from using
untreated excavated broken rock as part of the backfill.
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RESUME

Une installation de stockage permanent de déchets de combustible nucléaire ne constituerait
probablement pas un milieu stérile. On peut s'attendre à un développement de l'activité
bactérienne dans les zones de l'installation propices à la vie bactérienne, c'est-à-dire dans les
endroits où les effets de la chaleur, du degré d'humidité, des rayonnements et du compactage
n'interdiraient pas ni ne s'opposeraient rigoureusement à la vie bactérienne et où se trouveraient
des nutriments utilisables en quantité suffisante. On a déjà établi antérieurement un inventaire
des nutriments bactériens qui seraient mis en place «intentionnellement» avec les matériaux de
l'installation (déchets de combustible, conteneurs de déchets, matériau tampon et remblai). Dans
le présent rapport, les auteurs évaluent les nutriments bactériens qui seraient ajoutés «par
inadvertance» dans une installation sous forme de résidus de matériaux utilisés pour creuser et
exploiter un stockage. On a effectué au Laboratoire de recherches souterrain d'EACL des
mesures de résidus de matériau de dynamitage dans les diverses arrivées d'eau, dans la roche
excavée (déblais) et dans des carottes obtenues par sondage dans des parois de galeries anciennes
et récentes. Les résultats indiquent que l'apport le plus important de nutriments (carbone et
azote) dans un stockage pourrait provenir de l'emploi de roche excavée non traitée dans le
remblai.
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1. INTRODUCTION

AECL has developed a concept for the permanent disposal of nuclear fuel waste in plutonic rock
of the Canadian Shield (AECL 1994). The concept involves the disposal of nuclear fuel waste in
an engineered excavation (vault), at a depth of 500 to 1000 m in plutonic rock of the Canadian
Shield. The disposal vault would consist of arrays of rooms, connected by access tunnels for
transportation of the excavated rock, waste containers and backfill materials. Fuel wastes would
be isolated in corrosion-resistant metal containers, which would be emplaced, surrounded by
compacted buffer material, either in the disposal rooms, or in boreholes drilled in the floor of the
rooms. After waste emplacement, the rooms would be backfilled with a mixture of 75 wt %
crushed and graded host rock and 25 wt % glacial lake clay. Such a vault would not be sterile
and microbial activity could potentially affect the integrity of the multiple barrier system on
which this concept is based. Therefore, a program was initiated which focuses on answering
specific questions in areas such as the existence and survival of microbes in a vault environment
(Stroes-Gascoyne and West 1995, 1996).

Microorganisms can grow in any environment in the presence of liquid water if their nutrient and
energy requirements are met and if that environment can be tolerated physiologically. The
conditions in a Canadian used fuel disposal vault (100°C maximum temperature at the container
skin; -12 MPa maximum pressure in the buffer/backfill and a maximum radiation dose rate of
52 Sv/h at the container skin (Simmons and Baumgartner 1994)), may not be extreme enough to
inhibit the survival of either introduced or naturally present organisms in all parts of a disposal
vault, both during the pre- and post-closure phases (Stroes-Gascoyne and West 1994). However,
it is probable that during the preclosure phase, the environment close to the waste containers
would alter so rapidly in such a variety of ways (e.g., radiation, heat, moisture content, pressure)
that the evolutionary changes needed in microbes for their survival in this environment would not
occur fast enough. Also, survival would be limited spatially because of the compacted nature of
the buffer material surrounding the waste containers (Stroes-Gascoyne and West 1994).
Conditions would be less harsh further away from the waste containers (i.e., in the backfill)
where microbes might be able to survive and where the presence of suitable nutrients and energy
sources would largely determine the extent and activity of the microbial population.

This report examines a particular aspect of the potential for microbial activity and growth in a
used fuel waste disposal vault, namely the sources and quantities of nitrogen (N) and carbon (C)
that may act as nutrients and be inadvertently incorporated in a vault. Estimates are given based
on experiences gained in excavating tunnels in AECL's Underground Research Laboratory
(URL), near Lac du Bonnet, Southeastern Manitoba.

2. SOURCES OF NUTRIENTS IN A VAULT ENVIRONMENT

The presence of nutrients and energy in a used-fuel disposal vault would be governed largely by
two sources, both introduced during the preclosure phase. These sources are (1) the emplaced
waste and barrier materials (Stroes-Gascoyne 1989) and (2) any other material that would be
introduced 'inadvertently' during construction, operation and closure of a disposal vault.
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Stroes-Gascoyne (1989) performed an analysis of the total nutrient and energy inventories of the
materials (i.e., container materials, buffer, backfill and associated groundwater and air) that
would be 'intentionally' emplaced in a Canadian disposal vault. Sources and sinks of nutrients as
a result of groundwater movement in a sealed vault were also considered. On the basis of this
analysis it was concluded that N and/or P (phosphorus) would be the growth-limiting nutrients.
A maximum microbial population size was calculated on the basis of the limiting nutrient,
considering three scenarios, heterotrophy only, chemolithotrophy only, and a mixture of these
two. A sequence of reactions involving components of the emplaced materials was proposed that
could provide sufficient energy to sustain such a population. The analysis did not take into
account that most likely not all of the nutrients and energy present would be available for use by
microbes, nor were any reaction or growth kinetics considered, because of a lack of pertinent
data. This analysis was, therefore, conservative and probably overestimated microbial population
size by several orders of magnitude.

Another factor that was not taken into account in the analysis by Stroes-Gascoyne (1989) is the
amount of nutrients that could inadvertently be introduced to a vault environment during the
excavation and construction stages. In particular, nutrients introduced during vault excavation
processes, such as N and C from explosives and process water, need to be assessed. A recent
article by Forsyth et al. (1995) discusses how the main source of nitrate pollution in mine water
and mine water effluent are the explosives used in the mining process. Nitrates can be
introduced into water either in the mine or at the waste rock disposal site. Nitrate contamination
results from spillage during explosives transport and charging of the blastholes, from leaching of
the explosives in wet blastholes or from undetonated explosives in the broken rock after a blast.
In a nuclear fuel waste disposal vault, water is ubiquitous in the environment and in construction
processes. Nitrate contamination of water sources will, therefore, be present if explosives are
used for excavation.

In addition to spills and undetonated material in the broken rock, dissolved nitrate and/or gaseous
N products could enter microscopic fractures in tunnel walls (i.e., in the excavation damage
zone) and in the broken rock. In a nuclear fuel waste disposal vault, this broken rock may be
recycled and emplaced in the vault as part of the large amount of backfill needed to fill the
cavities of the vault (backfill would consist of 75 wt % crushed and graded host rock).

Recently, Gascoyne and Thomas (1996) have examined the introduction of nitrate into
groundwater present in permeable fractures near excavations as a result of blasting and pressure-
driven transmission through microfractures in the damaged rock. Although small
amounts of nitrate (< 1 mg/L) were observed in the groundwater shortly after a blast, these
appeared to be transient and insignificant in comparison with potential sources described in this
report.

Because of the potential importance of explosives in introducing nutrients to the vault
environment, their composition and use are examined in detail below. Estimates of their content
in water supplies, broken rock and tunnel walls are then made based on experience gained and
measurements taken at the URL.
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2.1 COMPOSITION OF EXPLOSIVES

Modern commercial explosives generally contain a fuel and an oxidizer. Oxidizing agents are
typically ammonium nitrate (NH4NO3), calcium nitrate (Ca(NO3)2> and sodium nitrate (NaNO3>.
Commonly used explosives can be divided into three groups: ANFO (Ammonium Nitrate and
Fuel Oil), watergels/slurries and emulsions. All contain significant amounts of N, but have a
different resistance to water and, therefore, varying degrees of capacity to introduce N into the
water system (Forsyth et al. 1995).

A basic ANFO mixture consists of 94% NH4NO3 and 6% fuel oil and a total of 33 wt % of N in
two highly water-soluble forms (NH/ and NO3" ions). ANFO has no water resistance and its N
is readily soluble upon exposure to water. In addition, NH4NO3 is hygroscopic and will pick up
moisture from the air if left exposed. If ANFO absorbs too much water it may become
desensitized, fail to detonate and result in residual explosive in the broken rock (Forsyth et al.
1995). Typical watergels/slurries contain 20 to 30 wt % N, as highly water-soluble NlV" and
NO3 ions. The water resistance of a watergel/slurry mixture is good due to a gelling gum that
forms a barrier between the oxidizing agents and any external water. The long-term stability of
the gelling agent is finite and the N can eventually be exposed to external water. A typical
emulsion also contains 20 to 30 wt % N, as soluble N H / and NO3" ions. The water in oil
emulsion is highly water resistant because a thin film of oil surrounding the salt solution
minimizes contact with external water sources (Forsyth et al. 1995).

2.2 EXPLOSIVES USED AT AECL'S U N D E R G R O U N D RESEARCH LABORATORY

As part of the Canadian Nuclear Fuel Waste Management Program, AECL has constructed the
Underground Research Laboratory (URL) in the Archean granitic Lac du Bonnet Batholith,
100 km northeast of Winnipeg, Manitoba, Canada, to develop site characterization and disposal
techniques. The ongoing development of the URL has involved the frequent use of a number of
blasting materials, described below.

Amex II is a free-flowing mixture of prilled NH4NO3 (AN, fertilizer) and diesel oil. It is loaded
into 41-mm-diameter blastholes using an Anoloder pneumatic loader. Amex II contains
approximately 94% AN by weight and is not water resistant.

Lomex III is a free-flowing mixture of prilled AN, emulsion explosive and polystyrene beads.
The beads reduce the relative weight strength of the product. It is loaded into 41-mm-diameter
blastholes again using an Anoloder. Lomex III contains half the percentage of AN of that of
Amex II, or about 47 wt %. Lomex is not water resistant, but the emulsion explosive part is
(Section 2.1). The polystyrene beads are a filler material.

Primaflex is a reinforced detonating cord comprised of a mixture of pentaerythritoltetra nitrate
(PETN) and trinitrotoluene (TNT). The diameter of the detonating cord is 11 mm, producing a
decoupling effect when used in a larger 41-mm-diameter blasthole. It has excellent resistance to
side penetration of water.
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Xactec is a semi-gelatin dynamite (nitroglycerin-based) supplied in cartridges that are 19 mm in
diameter and 600 mm long. It has a good water resistance.

Forcite 75% is a general purpose ammonia gelatin dynamite (nitroglycerine-based). It comes in
cartridge form (25 x 200 mm), and has a good water resistance.

CXA-Nonel detonators are non-electric detonators with nominal firing times ranging from 0 to
8050 ms.

2.3 ACCESS TUNNEL DEVELOPMENT AT THE URL

Access tunnel excavation in granitic rock (typical of proposed future vault construction), is
carried out frequently at the URL. Recently, two periods of excavation took place at the
240 m level of the URL (Figure 1). In the first period (November 1993 to March 1994), about
120 m of access tunnel with a 3.3-m by 3.3-m cross section was excavated to give Rooms 214,
215 and 216 for the solute transport in Moderately Fractured Rock Experiment (MFRE). In the
second period (July to November 1994), about 40 m of tunnel of similar dimensions, ending in a
larger room for the construction of a laboratory, was excavated. This excavation gave Rooms
217,218 and 219 for the Quarried Block Fracture Migration Experiment (QBFME). The blast
round lengths in these excavations varied from about 3.0 m to 8.6 m, although a typical length
was 3.2 m. The blastholes were percussion drilled with a single-boom drill jumbo using URL
service water as the drilling fluid.

Table 1 shows the specifics of the MFRE excavation, the progress made per round and the
amounts of blasting agents used. A typical blast design used for this excavation consisted of four
types of blastholes (i.e., production, cushion, perimeter and lifters). All blastholes were 41 mm
in diameter. The production blastholes made up the interior portion of the round where high-
energy explosive was used. Cushion blastholes were located along a ring 300 mm in from the
perimeter blastholes. The lifter blastholes were along the bottom of the round.

The production blastholes were loaded with Amex II. Amex II is detonator-sensitive; therefore,
no toe charge is required. Collar length, the start of the blasthole not containing explosives, for
the cut holes was 250 mm, and 300 mm for the remainder of the production blastholes. Cushion
blastholes were loaded with Lomex III, toe primed with one cartridge of Forcite 75% x 200 mm,
and had a collar length of 400 mm. The collars of the cushion blastholes were plugged with
plastic plugs and duct seal. Perimeter blasthole loads consisted of two cartridges of Forcite 75%
x 200 mm taped at the end of 4.0 m of Primaflex detonating cord, and had a collar length of 300
mm. The collars of the perimeter blastholes were stemmed with plastic plugs and duct seal. The
bottom lifter blastholes were loaded with cartridges of Forcite 75% x 200 mm, tamped, and had a
collar length of 200 mm.
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The fluids released in the operation of the drill jumbo were 70 L/min of URL service water (i.e.,
settled holding pond water) and 1.2 L/h of lubricating oil for the chuck of the drill. The drilling
rate for a blasthole was 1 m/min. A standard round of drill holes drilled for a length of 3.6 m
took about 6.5 h. Therefore, 27 300 L of water and 7.8 L of lubricating oil were discharged
during the drilling of a blast round. A typical blast round was drilled to a depth of
3.6 m and extended the excavation by 3.2 m. After each blast the newly exposed walls of the
excavation were washed, typically for about 10 min. at a rate of about 70 L/min. During 'mucking
out1 of the broken rock ('muck'), additional water is used, estimated at about 300 L per blast. The
total amount of water discharged during a complete blast is, therefore, 28 300 L per 3.2 m tunnel
advance, or about 8850 L per m tunnel advance.
The amount of water used for cleaning purposes after a blast in a future used fuel disposal facility
would be dictated by proper safety procedures. At the URL, the amount of wall washing is
dictated partially by geological mapping of the excavation surfaces. However, the amount of
water for cleaning in both cases is large, and, therefore, the URL practice used in this study is
qualitatively representative of a future used fuel disposal facility.

For an assessment of N contamination as a result of this particular excavation, only the non-water
resistant explosives are taken into account, i.e., the AN. Table 1 contains the total amounts of
AN used in this particular excavation.

3. MEASUREMENTS AND ESTIMATES NEEDED FOR A BLASTING
RESIDUE MASS BALANCE

As discussed above, nutrient introduction as a result of intentionally-emplaced materials was
dealt with in a previous report (Stroes-Gascoyne 1989). However, probably the largest source of
'inadvertently' introduced nutrients are blasting residues. Table 1 and Section 2.3 describe a
typical large excavation event (i.e., the MFRE excavation) at the URL, that took place over a
4-month period during 1993/94. In order to perform calculations for a complete mass balance for
the redistribution of chemicals from such a blasting event, detailed and specific information are
required on:

(a) The amount of blasting material used and its composition.
(b) The chemical reactions that occur during blasting.
(c) The effectiveness with which the blasting materials are consumed.
(d) The total surface area of the rock exposed to the blasting material.
(e) The quantity of gases generated in a blast.
(f) The amount of blasting residue that deposits on or enters the rock.

Each of the above items is further discussed below.



TABLE 1

MODERATELY FRACTURED ROCK EXPERIMENT BLAST SUMMARY AND
TOTAL ANFO TYPE BLASTING AGENTS USED

Blast #

214-10A

214-1 OB

214-11A

214-11B

214-12

214-13

214-14

214-15

214-16

214-17

214-18

214-19

214-20

214-21

214-22

214-23

214-24

214-25

214-26

Date

93-11-15

93-11-15

93-11-18

93-11-18

93-11-22

93-11-23

93-11-25

93-11-26

93-11-30

93-12-01

93-12-03

93-12-07

93-12-08

93-12-09

93-12-13

93-12-15

93-12-16

93-12-20

93-12-22

Type

Pilot

Slash

Pilot

Slash

Full Face

Full Face

Full Face

Full Face

Full Face

Full Face

Full Face

Full Face

Full Face

Full Face

Full Face

Full Face

Full Face

Full Face

Full Face +
Slash

Ave. Hole
Length (m)

3.4

3.6

3.2

3.8

3.5

3.4

3.5

3.6

3.6

3.5

3.6

3.5

3.5

3.6

3.5

3.6

3.4

3.5

3.5

Advance
(m)

3.4

3.4

3.0

3.0

3.3

3.3

3.2

3.4

3.2

3.4

3.4

3.5

3.4

3.6

3.5

3.2

3.3

3.5

3.4

AMEXII
(#bags) (kg) (kg AN)

4

0

3

0

3.7

3.5

3.5

3

2.5

2.5

3.5

3.5

3.25

3.25

2.75

2.75

3

4.5

3.75

100

0

75

0

93

88

88

75

63

63

88

88

81

81

69

69

75

113

94

94

0

71

0

87

82

82

71

59

59

82

82

76

76

65

65

71

106

88

LOMEX III
(#bags) (kg) (kg AN)

0

3.5

1.8

1.75

2.7

3.25

2.5

1.8

3.75

2.5

3.25

3

2.3

2.75

2.25

2

3

2.75

3

0

44

23

22

34

41

31

23

47

31

41

38

29

34

28

25

38

34

38

0

21

11

10

16

19

15

11

22

15

19

18

14

16

13

12

18

16

18

TOTAL AN
(kg)

94

21

81

10

103

101

97

81

81

73

101

100

90

93

78

76

88

122

106

continued.



TABLE 1 (Concluded)

MODERATELY FRACTURED ROCK EXPERIMENT BLAST SUMMARY AND
TOTAL ANFO TYPE BLASTING AGENTS USED

Blast #

214-27

214-28

214-29

215-01

215-02

215-03

215-04

215-05

215-06

215-07

216-01

216-02

216-03

216-04

216-05

TOTAL

Date

94-01-04

94-01-06

94-01-10

94-01-14

94-01-18

94-01-20

94-02-01

94-02-07

94-02-10

94-02-14

94-02-17

94-02-21

94-02-24

94-03-02

94-03-09

Type

Full Face

Full Face

Slash

Full Face +
Slash

Full Face +
Slash

Full Face

Full Face

Full Face

Full Face

Full Face

Full Face

Full Face

Full Face

Full Face

Full Face

Ave. Hole
Length (m)

3.6

2.5

3.8

2.4

3.6

3.5

4.8

4.9

5.5

3.2

2.8

3.8

6.5

7.7

8.5

-

Advance
(m)

3.4

2.3

3.8

2.5

3.5

3.3

4.7

4.8

5.5

3.0

2.8

3.6

6.5

7.7

8.6

121.8

AMEX II
(#bags) (kg) (kg AN)

3

2.25

3

2

3.5

3.5

5

4.5

7

4.25

4

4

7

10

11.5

130

75

56

75

50

88

88

125

113

175

106

100

100

175

250

288

3250

71

53

71

47

82

82

118

106

165

100

94

94

165

235

270

3055

LOMEX III
(#bags) (kg) (kg AN)

3

2

2.25

2

2

3

3

2.5

5

3

2.7

3

16

10

10.5

118

38

25

28

25

25

38

38

31

63

38

34

38

200

125

131

1475

18

12

13

12

12

18

18

15

29

18

16

18

94

59

62

693

TOTAL AN
(kg)

88

65

84

59

94

100

135

120

194

118

110

112

258

294

332

3748

NOTE: The mass of AN in the above table is calculated based on the assumption that AMEX II contains 94% AN by weight and LOMEX I
contains half that of AMEX II. This is a rough estimate at best, exact compositions could not be obtained.
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3.1 AMOUNT AND COMPOSITION OF BLASTING MATERIALS USED

The amount of blasting material and its composition can be determined from general practices.
Although exact compositions of explosives are generally proprietary, reasonably accurate
estimates of compositions can be used for a mass balance calculation. Data needed for the
analysis of the MFRE excavation are summarized in Table 1.

3.2 CHEMICAL REACTIONS OCCURRING DURING A BLAST

According to Cummins and Given (1973), an explosive or blasting agent is a compound or
mixture of compounds which, when initiated by heat, impact, friction or shock, undergoes a very
rapid self-propagating exothermic reaction. This reaction produces more stable products, usually
gases, which exert tremendous pressure as they expand at high temperature. For mixtures of
carbon, hydrogen, oxygen and nitrogen compounds, energy release is maximized at zero oxygen
balance, the point at which there is sufficient oxygen to completely oxidize all the fuels in the
mixture, but no excess to react with the N in the mixture to form nitrogen oxides. Theoretically,
at zero oxygen balance, the gases produced upon detonation are H2O, CO2 and N2, although in
reality small amounts of NO, NO2, CO, NH3, CH4 and other gases are generated. The simplest
blasting agent is a mixture of ammonium nitrate (AN, NH3NO3) and fuel oil (FO, CH2).
Simplified reactions between oxidizers (AN) and fuel-sensitizers (FO and aluminium) (ignoring
all other additives such as antacids, absorbents, stabilizers, paper cartridges, paraffin coatings,
plastic borehole liners etc., which are mostly consumed by the detonation) are (Cummins and
Given 1973):

3NH4NO3 (94.5%) + CH2 (5.5%) —> 7H2O + CO2 + 3N2 + -0.94 kcal/g (1)

2NH4NO3 (92.0%) + CH2 (8.0%) —> 5H2O + CO + 2N2 + -0.82 kcal/g (2)

5NH4NO3 (96.6%) + CH2 (3.4%) —> 11H2O + CO2 + 4N2 + 2NO + (3)
-0.61 kcal/g

Equation (1) represents the ideal reaction of an oxygen-balanced mixture containing 94.5% AN
and 5.5% FO in which none of the detonation products are poisonous and about 0.94 kcal of heat
are released for each gram of ANFO detonated. Equation (1) is used to describe the reaction
during the typical excavations at the URL considered in this report.

3.3 EFFECTIVENESS OF BLASTING MATERIALS CONSUMPTION

The effectiveness with which blasting materials are consumed during a blast varies with the type
and hardness of the rock, the skill of the blast round designer and the care taken in drilling,
loading, wiring and initiating the blast. Blastholes may fail to detonate for a variety of reasons
(such as dislodgement or desensitization, poor design or execution of the blast). Forsyth et al.
(1995) state that advanced blast monitoring routinely shows that 10 to 20% of blastholes misfire
(so called misholes) in a given blast. In the case of losses, Wiber et al. (1991) reported that these
could amount to between 5 and 15% of total ANFO used. Golder associates, as quoted by
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Forsyth et al. (1995) found that, in a particular mine, as much as 5% of total ANFO used ended
up in the water system per month. For typical URL excavations we have estimated that no more
than 4% of the total ANFO used is spilled as a result of loading and misholes.. This percentage is
low due to stringent handling procedures and careful blast design and implementation.

3.4 TOTAL SURFACE AREA EXPOSED DURING A BLAST

The total surface area of the opening created by the blast can be calculated from the opening
geometry. However, the broken rock provides a much higher surface area which requires the
assumption of a bulk factor. Also, the muck particles may have microfractures, which add an
unknown amount of surface area exposed to blasting residues, contaminated water and gases. In
addition, venting of gases exposes the surfaces of the ventilation pathways in the underground
facility. Total surface area exposed will therefore be difficult to calculate. For this report,
calculations are, therefore, done on a rock mass basis rather than on a surface basis, largely
because of the unknown extent of penetration of blasting residues into muck and tunnel walls.
Using mass rather than surface area is justified because actual measurements of residues in
broken rock and tunnel walls were obtained from finely ground rock (Sections 4.2 and 4.4).

3.5 GASES GENERATED DURING A BLAST

The quantity of gas generated during a blast can be calculated from equation (1). This gas is
removed via a ventilation pathway. In the blasting operations at the URL assessed in this report,
ventilation occurs via the already existing tunnels at the 240 m level and the upper ventilation
shaft (vent raise). At the URL, seepage water enters the vent raise at a rate of about 5 L/min.
This water will be exposed to the venting gases and some dissolution will occur. Because of the
high airflow, equilibrium conditions between the water and the gases may not develop and only a
small amount of gas may in fact dissolve in the water entering the vent raise during venting after
a blast. However, the vent raise water flows along the vent raise walls and may also pick up any
residues that have somehow deposited on the vent raise walls. Gases such as CO2, NO2 and NH3
react with water and produce acid or base as they dissolve, whereas N2 does not react with water
but remains dissolved as a gas. The vent raise water with dissolved residues and gases drains
into the underground cavity and is pumped to the surface into the holding pond, where
equilibrium with the atmosphere will determine the amount of (unreacted) dissolved gases that
will actually remain dissolved in the water. Shifts in the pH of vent raise water are expected and
could indicate the magnitude of gas dissolution during venting after a blast.

The above discussion illustrates that all information needed for an accurate mass balance is not
available. Therefore it would be very difficult to predict accurately where the blasting residues
would be deposited. The quantity of blasting residue (i.e., either unexploded or spilled material
or gases created during the blast) that deposits on the exposed rock surfaces, enters the rock (via
fractures or fissures) or would dissolve in the service water, can at present only be determined
from direct measurements on exposed rock samples.
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The following section of this report describes work done to estimate the amount of blasting
residues remaining in excavated rock, wall rock and service water, such that a mass balance of
nutrients (N and C) can be obtained and the quantity of residual nutrients estimated.

4. DETERMINATION OF RESIDUES: EXPERIMENTS AND RESULTS

Estimates of the quantity of residues that might be retained or emplaced in excavated rock, wall
rock and service water have been made at the URL by measuring:

1. The amount of nitrate (from AN) and organic carbon (from FO) entering the service
water at the URL during the typical excavation period detailed in Table 1.

2. The amount of nitrate and organic carbon that can be leached from fresh and old
muck.

3. The pH shift and the amount of nitrate in vent raise water during and after venting of
gases after a blast.

4. The amount of nitrate (and organic carbon) that can be leached from dry-drilled cores
taken from newly exposed and old (exposed for several years) tunnel walls.

5. The influence of muck leachates on total bacterial cell numbers in URL Fracture
zone 2 groundwater.

6. Estimates of any other materials used during excavation and operation procedures.

A number of measurements and experiments have been made at the URL and in the laboratory to
attempt to quantify the contribution and significance of each of the above factors. The methods
and materials are described below:

4.1 NITRATE AND ORGANIC CARBON IN SERVICE WATER AT THE URL

During the course of the MFRE tunnel excavation described in Section 2.3 and Table 1, samples
were taken on a regular basis of water discharge from the holding pond water at the URL, the
mine service water (settled holding pond water) and the water ponded on the floor of the
excavated tunnel after washing the walls immediately after a blast. All service water used
underground during blasting activities (i.e., during drilling of the blastholes, washing walls and
mucking out after the explosions) is pumped up to the surface and, therefore, the concentrations
of nitrate and total organic carbon (TOC) in the holding pond provide a good estimate of how
much blasting material ends up in the service water. In addition, water seeping into the vent raise
is also pumped to the holding pond. This is further discussed in Section 4.3.
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Nitrate in the water samples was analysed using standard ion chromatographic techniques and
TOC in the water samples was determined with an Astro 2001 carbon analyzer. The results are
shown in Figure 2 (nitrate and TOC concentrations in discharged holding pond water during the
first month of blasting) and Figure 3 (nitrate concentrations in discharged holding pond water
during the entire 4 month period of blasting and 3 months after the blasting ended). Figure 4
shows a comparison of nitrate concentrations in discharged holding pond water, mine service and
wall wash water during the first month of blasting. Figure 5 shows the same comparison for
TOC concentrations.

4.2 NITRATE AND ORGANIC CARBON CONTENT OF MUCK

During the excavation of the QBME tunnel and rooms, samples were taken from: 1) the muck
directly following a blast (after venting of the gases, but prior to washing of the walls), 2) the
skips in which the muck was collected (after washing of the tunnel walls during the clearing
operation), 3) recent surface piles of muck, and 4) older surface piles of muck (one of which was
covered by thin soil and plant growth). The samples were dried, weighed and crushed to various
mesh sizes (> 106, 90 - 106,74 - 90, 63 - 74, 53 - 63,44 - 53, < 44) prior to leaching for 5 min.
in distilled, deionized H2O (5 g of crushed rock per 15 mL of DDH2O). The leachates were
stored at 4°C to minimize potential bacterial use of nitrate prior to analysis. Analysis of the
leachates for nitrates was then performed by ion chromatography. Sample descriptions and
leaching results for nitrate and nitrite are given in Table 2. Figures 6 and 7 show the variation in
nitrate and nitrite concentrations, respectively, in representative muck samples as they "age", i.e.,
the fresh muck (sample 808), muck from the skips (sample 814), recent surface muck piles
(sample 821) and older surface piles (sample 819). Table 2 contains the highest nitrate
concentration measured in the various mesh size fractions of each sample and these numbers are
used in subsequent calculations.

A second leaching experiment was conducted to determine the amount of organic carbon
associated with the muck samples. This experiment suffered initially from organic carbon
contamination, likely resulting from autoclaved Nalgene sample bottles or autoclaved lids of
glass sample bottles. The leaching experiment was repeated in organic-free sample bottles (10 g
of crushed rock in 30 mL of DDH2O) and leachates were analyzed for TOC as for the service
water samples. Results are given in Table 2.
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TABLE 2

LEACHING RESULTS FOR URL BROKEN ROCK (MUCK)

Sample

808

809

810

811

812

813

814

815

815

816

817

818

819

820

821

822

Description

Unwashed muck, top left pile

Unwashed muck, half down, near wall

Unwashed muck, right bottom pile

Unwashed muck, middle left pile

Unwashed muck, bottom left pile

Skip room muck, top

Skip room muck, side

Skip room muck, middle

Skip room muck, middle

Skip room muck, middle

Skip room muck, middle

Weathered muck, pinkish

Weathered muck, plants growing on surface, old?

Weathered muck, from back of dump lot, looked old
Weathered muck, grey rock may be newer?

Weathered muck, drier, older?

Concentration (UfJf rock)
NO2 NOj Total N Organic C'

36.1

31.1

3.1

42.4

<0.05

<0.05

0.3

-

<0.05

<0.05

<0.05

<0.05

<0.05

<0.05

<0.05

<0.05

605.7

101.4

161.8

156.6

795.3

715.2

900.3

334.8

569.8

971.6

456.6

127.8

3.6

1.8

305.8

31.3

148

32

37

48

180

162

204

71

129

220

103

29

0.8

0.4

69

7

117±1.8

52.2 ± 3.9

27.6 ±1.8

69.9 ±1.8

14.4 ±0.6

9.9 ±1.5

85.5 ±1.2

7.8 ± 0.6

30.3 ±1.2

16.2 ±1.2

14.1 ±2.4

21.3 ±0.9

56.7 ±1.2

17.4 ± 3.9

2.1 ±0.3

* Average of 2 or 3 analyses

4.3 NITRATE AND ORGANIC CARBON IN TUNNEL WALL ROCK

Four 1-m-long cores (~6 cm diameter) were drilled into the tunnel walls at various locations in
the URL, using only compressed air to cool the drill bit (the use of water as coolant might have
caused contamination and leaching of nitrate, carbon and other soluble salts). Figure 1 shows the
locations of these cores. SL1-1 and SL1-4 were drilled at the 240 and 420 levels of the URL
respectively and are from tunnels excavated in the last 2 years. SL1-2 and SL1-3 were drilled at
the 420 and 240 levels of the URL respectively and are from tunnels excavated more than 5 years
ago.

The cores were sampled at ~ 10 cm intervals in the laboratory, commencing at the rock face.
Each sample was crushed and sieved to < 130 (j.m. Of the resulting rock powder, 5 g was
leached for 5 min. in 15 mL DDH2O. The leachates were analyzed for nitrite and nitrate using
ion chromatography. Results are given in Table 3 and Figure 8. Gascoyne et al. (1996) give
details of the drilling and leaching procedures.
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TABLE 3

NITRITE AND NITRATE CONCENTRATIONS IN OLD AND NEW TUNNEL WALLS

Core*

SL1-1

SLl-2

SL1-3

Distance from Colar
(cm)

0

10

20

30

40

50

60

70

83

0

10

20

30

40

50

60

70

80

92

0

10

20

30

40

50

60

71

NO2 mg/kg

<0.3

<0.3

<0.3

<0.3

<0.3

<0.3

<0.3

<0.3

<0.3
<0.3

<0.3

<0.3

<0.3

<0.3
<0.3

<0.3

<0.3

<0.3

<0.3

<0.3

<0.3

<0.3

<0.3

<0.3

<0.3

<0.3

<0.3

NO3 mg/kg

1.2

<0.3

<0.3

<0.3

<0.8

<0.3

<0.3

0.3

0.5

<0.3

0.5

<0.3

<0.3

<0.3
<0.3

<0.3
<0.3
<0.3

<0.3

<0.3
0.9

<0.3

0.3

<0.3

<0.3

<0.3
0.7

continued.



- 14 -

TABLE 3 (concluded)

NITRITE AND NITRATE CONCENTRATIONS IN OLD AND NEW TUNNEL WALLS

Core*

SL1-4

Distance from Colar
(cm)

0

10

20

30

40

50

60

70

80

90

97

NO2 mg/kg

<0.3

<0.3

<0.3

<0.3

<0.3

<0.3

<0.3

<0.3

<0.3

<0.3

<0.3

NO3 mg/kg

8.9

0.5

0.9

<0.3

<0.3

0.4

<0.3

<0.3

<0.3

<0.3

16.5

* For locations of cores, see Figure 1
SL1-1 240 m level, newer wall (< 2 years) SL1-2 420 m level, older wall (> 5 years)
SL1-3 240 m level, older wall (> 5 years) SL1-4 420 m level, newer wall (<, 2 years)

In a separate leaching experiment, three samples each from cores SL1-2 and SL1-3 were leached
to determine if any organic material was associated with these tunnel cores. However, results
suggested severe contamination by organic carbon. This contamination could have come from
sample bottles or lids, but it is also possible that it occurred during dry drilling of the cores, via
the compressor used for air cooling. Since the source of the contamination could not be
determined with certainty and was possibly associated with the cores, the leaching experiment to
determine organic carbon in the tunnel wall cores was not repeated. Therefore, results for
organic carbon in tunnel walls were not obtained.

4.4 EFFECT OF VENTING ON pH. NITRATE AND NITRITE CONCENTRATIONS
IN VENT RAISE WATER

For one of the blasting events during the MFRE tunnel excavation (February 10, 1994),
measurements were made over time (20 h) of the pH and nitrate and nitrite concentrations in
water draining down the length of the vent raise. The pH of the vent raise water was determined
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at 5 to 15 min. intervals using a flowcell, pH sensor, and autoprinter to record the results.
Samples were taken over this period for NO2 and NO3 analysis using an automatic sampler, and
analyzed by ion chromatography. Results are shown in Figure 9.

4.5 INFLUENCE OF MUCK LEACHATE ON TOTAL BACTERIAL
CELL NUMBERS IN URL GROUNDWATER

In order to determine the potential impact of explosives residues on total bacterial cell numbers
in URL groundwater, an experiment was carried out in the microbiology laboratory, in which
equal amounts of muck leachates and fresh Fracture zone 2 groundwater from the URL were
mixed and incubated anaerobically at 25°C for 32 d. Complete results of this experiment are
reported elsewhere (Hamon and Stroes-Gascoyne 1996). Figure 10 gives a typical result,
showing the increase in total bacteria/mL in two mixtures of muck leachates and URL
groundwater, compared to groundwater only and groundwater enriched with a similar amount of
nitrate to what was contained in the leachates.

4.6 ESTIMATES OF OTHER CONTAMINANTS

Besides explosives a number of other materials (e.g., grease, paints and oils) are used on a
routine basis during excavation and operation of an underground excavation such as the URL,
and these can be considered typical of materials that would be used in a vault. Estimates of the
total consumption of these materials per m tunnel excavated are given in Table 4.

TABLE4

PRODUCTS USED DURING EXCAVATION AT THE URL

Product

Drill Water

EP100 Rock Drill Oil

NUTO 32 Hydraulic Oil

ATF for Air Line Lubrication

Grease

Spray Paint

Blasting Material

- Ammonium Nitrate

- Fuel Oil

Amount Used Per Meter Tunnel Excavated

8000 to 9000 L

2.6 L

1.8L

0.3 L

40 g

400 g

31 kg (Table 1)

1.6 kg (Table 1)
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Cementitious sealing materials would be used to grout fracture zones and seal boreholes,
emplacement rooms, shafts and tunnels in a used fuel waste disposal vault. High-performance
grouting materials studied at the URL contain a small amount (up to 1 wt %) of the
superplasticizer Disal (sulphonated naphthalene formaldehyde condensate). An experiment was
carried out recently in which the biodegradability of Disal by URL groundwater bacteria was
studied (Haveman et al. 1996). Results suggested that anaerobic degradation of Disal is possible.
However, the availability of Disal to microbes in a vault remains to be investigated. Leaching
studies by Onofrei et al. (1991) showed that very small quantities (~ 10"l6kg/m2 grout) could be
leached from these grouts. However, the total surface area of cementitious materials in a vault is
not known and must be estimated. In addition, deterioration of grouts with time would increase
this surface area. Additional studies are, therefore, recommended to more completely address the
potential for stimulation of bacterial activity as a result of very small quantities of
superplasticizer agents in cementitious materials in a used fuel waste disposal vault. Such an
assessment has not been carried out for this report.

In addition, an underground excavation may also contain rock bolts, wire screening and wood
beams. In mining environments, these items are generally left upon decommissioning of the
facility and could be considered contamination. In a vault environment, regulations would
require that these items be removed as much as possible prior to backfilling the cavity.
Therefore, the potential introduction of microbial nutrients as a result of rockbolts, screening and
wood beams in not included in this report. If, however, requirements for removing such items
are abandoned, an analysis of the potential effects on microbial growth and activity is
recommended.

5. DISCUSSION

5.1 NITRATE AND ORGANIC CARBON IN SERVICE WATER

The concentration of nitrate (Figure 2) in water discharged from the holding pond was below
5 mg/L at the start of the excavation described in Table 1. The TOC concentration was about
7 mg/L. Over the first 29 d (Nov. 15 to Dec. 13 1993 inclusive) of the excavation, when both
nitrate and TOC were monitored, 15 blasts were detonated, and the amount of nitrate in the
holding pond increased to >50 mg/L. The volume of the holding pond is 800 m3 (800 000 L). Of
this volume, approximately 10% was discharged at weekly intervals, thereby removing nitrate
from the URL system. Allowing for these losses, the total amount of nitrate increase was 54 kg,
or 12.2 kg N. The total amount of AN used during this period (Nov. 15 to Dec. 13 inclusive) was
1204 kg which contained 421 kg N. Of this amount, 12.2 kg or 2.9% of the total amount of N
used ended up in the holding pond water. The total length excavated during this period was
50 m, and therefore 0.24 kg N entered the holding pond water per meter of tunnel.

Figure 2 also shows that during this time, the TOC concentration in the water discharged from
the holding pond remained virtually constant between about 5 and 10 ppm. The total amount of
FO used during this period can be calculated from Table 1. Assuming FO is 6 wt % of the total
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amount of Amex II used, the amount of FO used is about 63 kg, which contains about 54 kg C.
Assuming that similar percentage as AN, i.e., 2.9% of FO entered the holding pond water, this
would have caused a TOC increase of about 1.6 mg/L. Such a small amount is not clearly visible
due to the large variabilities of the TOC measurements. For a definite increase to be measured,
the TOC would have to increase by about 5 mg/L, or -7% of the total amount of organic
C (54 kg) used. Therefore, the amount of FO released to the holding pond was less than -7% of
the total amount used during this period.

Over the full period of the excavation, holding pond nitrate concentrations increased to a
maximum of about 135 mg/L (Figure 3). The total amount of AN used in the entire excavation
event (Table 1) was 3758 kg AN, containing 1315 kg N. The total amount of nitrate collected by
and subsequently discharged from the holding pond over this period is 159 kg (Gascoyne et al.
1995). This corresponds to 36 kg N and represents 2.7% of total N used in the excavation. This
value compares favourably with the figure from Golder associates, as quoted by Forsyth et al.
(1995). They indicate that as much as 5% of total ANFO used entered the water system every
month at a particular mine.

Figure 4 shows nitrate levels in service water (settled holding pond water), wall wash water
(taken from ponded water in the URL tunnel after a blast and washing procedure) and holding
pond water. As expected, the nitrate concentrations in the service and holding pond water are
identical, because the water source is the same. The wall wash samples registered a range of
nitrate concentrations varying from service water levels (~40 mg/L) to concentrations as high as
2000 mg/L, with most values between 40 and 1000 mg/L.

During the period shown in Figures 2 and 4 (November 15 to December 13, 1993 inclusive) 15
blasts were detonated. Assuming that about 700 L water were used for wall washing after each
blast and another 300 L during the clearing (mucking out) procedure, the amount of water
pumped to the holding pond was 15000 L, containing from 40 to 1000 mg nitrate/L. The total
amount of N that was, therefore, pumped to the holding pond was between 0.1 and 3.4 kg N.
However, the total increase of the holding pond content of N during this period was about
12.2 kg N, considerably larger than indicated by this calculation. Causes for this include the
possibility that the amount of water used for wall washing and mucking procedures may have
been underestimated, or that the lower nitrate concentrations found in some of the wall wash
water samples were not representative. Alternatively, there could have been another source of
nitrate containing water entering the holding pond. The contribution from vent raise water is
examined in Section 5.4.

Figure 5 shows TOC concentrations in service water, holding pond water and wall wash water.
These data are not as easy to interpret as the nitrate data. Although service water and holding
pond water are from the same source and are well mixed (as indicated by the nitrate data (Figure
4)), there appears to be a large difference in TOC concentrations. Holding pond TOC
concentrations vary between 6 and 9 mg/L, but service water TOC concentrations vary widely
between 7 and 20 mg/L. This could be due to contamination with oil or grease in the service
water line. The wall wash TOC concentrations vary from about 6 to 22 mg/L, with most values
between 10 and 22 mg/L. Assuming again that a total of 15000 L of this water was pumped to
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the holding pond, this would have carried a TOC load of 0.15 to 0.33 kg C. This would have
caused a holding pond TOC concentration increase of between 0.19 to 0.41 mg/L, again too
small to measure precisely.

5.2 NITRATE AND ORGANIC CARBON IN MUCK SAMPLES

5.2.1 Nitrates

The results from leaching of the muck samples are shown in Table 2 and Figures 6 and 7.
Table 2 and Figures 6 and 7 show that the amount of nitrite (NO2) is small (or zero) compared to
the amount of nitrate, especially in the samples taken after washing and mucking out and in the
surface muck piles. This is due to the fact that nitrite is very unstable in water and is rapidly
oxidized to nitrate. The total N concentrations.in the fresh muck samples taken underground
varied from 32 to 220 (Xg/g rock (with an average of 120 |Xg/g), whereas total N in the older
surface samples varied from 0.4 to 69 |ig/g rock (with an average of 21 Jig/g). Assuming a
circular tunnel with a diameter of 3.3 m, and a density of granite rock of 2700 kg/m3,23085 kg
rock is excavated per meter of tunnel. Assuming that the total N values of 32 to 220 g per g fresh
rock (muck) are typical of excavated fresh rock, between 0.7 and 5.1 kg N (average 2.8 kg N) is
associated with the mass of rock excavated per meter length of tunnel. From Table 1 it can be
calculated that 10.8 kg N is used in the excavation of one meter of tunnel. Therefore, between
6.5 and 47% (average 26%) of this N remains as a residue in the freshly excavated broken rock.
For the older surface muck samples, between 0.1 and 15% (average 4.5%) of the total N used in
the excavation remains. However, these calculations are based on an analysis of only a limited
number of samples (11 fresh and 5 older samples) and may not be typical. These calculations do
nevertheless demonstrate that the broken rock (which may be used for backfill in a disposal
vault) could contain large quantities of nitrate, which could stimulate bacterial growth in the
backfill (Section 5.5). Table 2 also shows that the nitrate associated with the surface muck piles
seems to disappear with time, presumably from either chemical leaching (rain water) or perhaps
biological reactions.

5.2.2 Organic Carbon

Organic carbon was measured in the muck samples in a separate set of leaching experiments
(Section 4.2). Results are given in Table 2. TOC concentrations in all fresh muck samples taken
underground varied from 8 to 120 ng/g rock (average 43 u\g/g). Assuming that these values are
typical of fresh muck, it can be calculated that between 0.18 and 2.8 kg organic carbon (average
1 kg C) is associated with the mass of rock excavated per meter length of tunnel. From Table 1 it
can be calculated that 1.85 kg fuel oil or 1.6 kg organic carbon is used in the excavation of one
meter of tunnel. The actual amount of organic carbon found associated with freshly excavated
rock ranges from 29 to 173% (average 62.5%) of the total amount of organic carbon used in the
blasting materials. This suggests strongly that there is another source of organic material
contaminating the fresh muck, because equation 1 (Section 3.2) shows that on a mass basis,
blasting materials contain seven times more N than C, and the calculations in Section 5.2.1 show
that only 6.5 to 47% of N remains in the fresh muck. Other sources of organic material
contaminating fresh muck could be some of the materials included in Table 4 (i.e., oils, paints
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(from marking blast patterns) and grease). Distinguishing between the various sources is not
possible in this experiment.

The actual amount of organic carbon found associated with the older muck samples ranges from
2 to 57 jig/g rock (average 22.3 M.g/g). Assuming that these values are typical of older muck, it
can be calculated that between 0.05 and 1.32 kg organic carbon (average 0.5 kg C) is associated
with the mass of rock excavated per meter length of tunnel, after some surface exposure time.
The actual amount of organic carbon found associated with older excavated rock ranges from 3.1
to 82.5% (average 31%) of the total amount of organic carbon used in the blasting materials.
This again suggests another source of organic contamination in addition to the blasting materials.

These results demonstrate again that the broken rock (which may be used for backfill in a
disposal vault) could contain large quantities of organic carbon, which could stimulate bacterial
growth in the backfill (Section 5.5).

5.3 WALL CORE LEACHING

Results from crushing and leaching of the 1-m-long dry drilled tunnel wall cores are given in
Table 3 and Figure 8. Duplicate analyses of the same leachates show good agreement (within
10%) but analyses of replicate splits of the powdered core show a marked decrease in nitrate
content after the first suite of samples had been analyzed. This may indicate contamination of
the first set of samples although blanks analyzed in parallel showed no nitrate was present in the
distilled deionized water used for leaching. To be fully conservative, however, the maximum
range of nitrate concentrations in the rock of < 0.3 to 16.5 mg/kg rock (or < 0.07 to 3.7 mg N/kg
rock) are used in the calculations below, although almost all values were < 0.3 mg/kg rock (Table
3). Assuming that an excavation damaged zone of one meter around the cavity contains this N,
the amount of rock in this zone is calculated as 36477 kg per meter of excavated tunnel. This
amount of rock would, therefore contain from < 10.9 to 602 g nitrate, or < 2.6 to 135 g N. Of the
total amount of explosives N used per m tunnel excavated (10.8 kg N/m), only < 0.02 to 1.25%
appears to have entered the rock, with most values < 0.02%. This illustrates that only very small
amounts of the N from explosives find their way into the rock wall excavation damage zone at
the URL. In addition, availability of these small amounts for microbial growth has not been
investigated here. Quantities of organic carbon associated with tunnel walls could not be
determined due to contamination problems as discussed in Section 4.4.

5.4 VENT RAISE WATER ANALYSIS

Changes in pH as well as concentrations of nitrate and nitrite in vent raise water are shown in
Figure 9, over a period of 20 h after a blast for the QBME, on February 10, 1994. During this
period, the total nitrate concentration increased from about 90 to 125 mg/L, with a distinct dip to
about 70 mg/L between 6 and 9 h. Nitrite concentrations increased sharply from a few mg/L at
the start of the blast to a peak of about 160 mg/L after 2 h and then reduced rapidly to around 30
mg/L after 20 h. The pH values varied considerably during the first 7 h after the blast (from pH
6.8 to 7.6), with a steady decline from pH 7.5 at 7 h to pH 6.9 at 20 h. The decline in pH and rise
in nitrate values after 7 h are likely caused by the conversion of nitrite to nitrate. However, the
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results in Figure 9 are not suitable for mass balance calculations because the blasting event had
been in progress for 3 months and nitrate contamination was likely present on the vent raise walls
and in water entering the vent raise at other locations. In order to perform a mass balance, (i.e., a
decrease in pH values should be matched by a balancing decline and rise in nitrite and nitrate
concentrations, respectively), careful measurements of carbonate need to be included because
CO2 is one of the residual gases and carbonate would tend to buffer pH shifts as a result of nitrite
to nitrate conversion in vent raise water.

Nevertheless, the results in Figure 9 illustrate that the vent raise water at this particular location
near the top of the vent raise carried considerable amounts of nitrate. Assuming a total nitrate
concentration of 70 to 120 mg/L (Figure 9), and a vent raise inflow rate of 0.1 L/min. at this
location, it can be calculated that over the first 29 d (November 15 to December 13, 1993
inclusive) a total of between 0.07 and 0.1 kg N entered the holding pond with vent raise water
from this location. The total inflow of vent raise water is 300 L/h, but most of this volume enters
the ventraise near the 240 m level and is therefore not expected to be contaminated with
significant levels of nitrate. In Section 5.1 it was calculated that the total increase in N
concentration in the holding pond over this period was about 12.2 kg N, of which between 0.1
and 3.4 kg resulted from washing and mucking procedures after a blast. These results indicate
that the service water used to clean up after an explosion is a much larger source of nitrates to the
holding pond than vent raise water. It is also likely that the amount of service water used for wall
washing and mucking out procedures is larger than 1000 L per blast, because the total increase in
N in the holding pond water was about 12.2 kg N over 29 d, whereas, using the estimate of 1000
L service water per blast only gives from 0.1 to 3.4 kg per blast and the total contribution from
the vent raise water is not more than about 0.1 kg for this period.

5.5 INFLUENCE OF ROCK LEACHATE ON TOTAL BACTERIAL CELL
NUMBERS IN URL GROUNDWATER

Figure 10 shows results from the experiment in which URL groundwater was incubated with
leachate from two batches of muck. The leachates were obtained from sample 808 (Table 2),
unwashed muck and sample 816 (Table 2), washed muck from the skip room. Fifty mL of
leachate was incubated anaerobically (to stimulate denitrification) at 25°C with 50 mL of fresh
URL groundwater from borehole zone HC24-2A. The total nitrate concentrations in the
experiments were 82 and 128 mg/L, respectively. In Figure 10, the increase in bacteria/mL in
these solutions over a 32-d period is compared with the increase in bacteria in unamended
groundwater and in groundwater amended with 104 mg nitrate/L. Figure 10 shows that both the
nitrate added from leachate and as pure nitrate increased the total bacterial cell count by a factor
of 15 (nitrate) to 30 (leachate) compared to the unamended groundwater. The total cell count in
the unamended groundwater increased by an order of magnitude within a couple of days after
incubation. This is an often observed phenomenon in unpreserved, stored samples (see for
example Haveman et al. 1996). This experiment and the results from the incubation of the other
leachates from the samples in Table 2 are discussed in more detail elsewhere (Hamon and Stroes-
Gascoyne 1996). Figure 10 illustrates that nitrate from blasting residues leached from broken
rock can increase total concentrations of bacteria in groundwater by more than an order of
magnitude. Figure 10 also shows that the effect is largely due to nitrate, and that leachates do not
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appear to stimulate bacterial numbers significantly more than the addition of nitrate only to
groundwater, despite the fact that these leachates contain considerable amounts of organic
material (Section 5.2). This suggests that bacterial growth is likely controlled by either the
availability of essential nutrients other than nitrate and carbon, or that the carbon in the leachates
is not suitable for microbial metabolism.

5.6 ESTIMATES FOR OTHER POTENTIAL CONTAMINANTS

Table 4 gives estimates of other products, used during excavation of the URL that could
potentially supply microbial nutrients in a vault if residues remained in the environment after
excavation and operation of such a vault. Table 4 shows that, in addition to blasting materials, a
number of other organic carbon products are used. A portion of this organic carbon could
potentially remain in a vault environment because of spills, attached to broken rock (i.e., spray
paint) or as exhaust residues (e.g., rock drill oil and hydraulic oil). However, it is not possible to
distinguish these products separately in the overall analysis of holding pond, service and wash
water, and broken rock and tunnel wall cores, carried out for this report. The analysis of each of
these materials showed that considerable amounts of organic carbon could be entering the system
via the broken rock and it was argued in Section 5.2.2 that some of this organic material likely
originated from products other than blasting material. It can, therefore, be concluded that the
products shown in Table 4, other than blasting materials, although not assessed separately, are
included in the overall assessment of blasting residues carried out in this study.

As already discussed, very small quantities of superplasticizer (SP) agents will likely be present
in cementitious materials in a used fuel waste disposal vault. Very low leach rates (1016

kg/m2)for SP have been established elsewhere (Onofrei et al. 1991), and small increases (one
order of magnitude) in microbial biomass of groundwater have been measured in the laboratory
in the presence of SP (Haveman et al. 1996). No further assessment of SP has been carried out
for this report.

In a vault environment, regulations would require that rockbolts, screening and wood beams be
removed as much as possible prior to backfilling the cavity. Therefore, the potential introduction
of microbial nutrients as a result of rockbolts, screening and wood beams in not included in this
report. If, however, requirements for removing such items are abandoned, an analysis of the
potential effects on microbial growth and activity is recommended.

6. SUMMARY. CONCLUSIONS AND RECOMMENDATIONS

A vault environment would not likely be a sterile environment and bacterial activity would be
expected in those areas of the vault conducive to bacterial life (i.e., where effects of heat,
moisture content, radiation and compaction are not preventing or severely restricting bacterial
life). Nutrient addition to a vault in the form of residues of materials used to excavate and
operate a vault have been estimated in this report. Results show that the largest potential nutrient
addition (both C and N) to a vault would result from using excavated broken rock (muck) as part
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of the backfill. The amount of N associated with freshly excavated rock ranged from 6.5 to 47%
of the total N contained in blasting materials used in a typical excavation of about 120 m of
tunnel at the URL. Excavated broken rock, which had been contained in surface piles for a
number of years, appeared to have lost most of this N, presumably through leaching by rain or
biological activity. The considerable amount of organic carbon measured in both fresh and older
broken rock (up to -120 ng/g) appears to originate largely from products other than blasting
materials used in excavation (oils, grease, paints).

Broken rock leachants stimulated the total amount of bacteria in URL groundwater by a factor of
30. It has been argued that stimulation of bacterial activity in a backfill environment may lead to
a decrease in the hydraulic conductivity of the backfill, thereby restricting radionuclide migration
through this barrier. However, the inherent effects of stimulating bacterial activity may lead to
the formation of complexing agents which could enhance radionuclide solubility and migration.
It could also lead to a stimulation of sulphate-reducing bacteria, and any resulting sulphide may
diffuse to the waste containers and create additional corrosion effects. Because the long-term
effects of stimulating microbial activity in a backfill environment on the performance of a
nuclear fuel waste disposal vault are not known and difficult to predict, it is desirable to keep this
activity to a minimum. If stimulation of microbial activity in backfill is not desired, then any
broken rock used for backfill should be exposed on the surface for a sufficient length of time to
remove residual nitrate and organics, or alternatively, if fresh broken rock is to be used, it should
be treated (leached) to remove these nutrients.

The amount of N entering the holding pond (i.e., service) water during this typical excavation
was in the order of 2.9% of the total amount of N used in the excavation. This N came for the
largest part from water used in cleaning procedures after explosions, with a much smaller
contribution from vent raise water. If holding pond water were to be used to prepare buffer and
backfill materials for a waste vault, this would contaminate these barriers with additional nitrate
(and some organic carbon) which would likely stimulate bacterial activity. Therefore, any water
used for buffer and backfill preparation should be treated to remove nitrate and as much TOC as
possible. It is recommended that groundwater (which at the URL contains no measurable nitrate
and only a few mg TOC/L) be used for buffer and backfill preparation instead of service water.

Concern was expressed that the excavation damage zone around rooms and tunnels in a vault
may harbour considerable quantities of blasting residues (Scientific Review Group 1995). In the
work reported here, 1-m-long dry-drilled cores from old and new tunnel walls at both the 240 m
and 420 m levels of the URL were analyzed for nitrates. These analyses were used to calculate
that of the total amounts of N used per m tunnel excavated, only < 0.02 to maximally 1.25%
would reside in the 1 -m excavation damage zone surrounding cavities and tunnels in a waste
vault. Such small amounts would not likely stimulate bacterial growth in a significant manner.
However, no cores were taken from the floors of existing tunnels at the URL. Prior to
concreting, these floors are likely covered with service water for some time and the excavation
damage zone at the base of tunnels may, therefore, be more contaminated with nitrates than
tunnel walls. This remains to be investigated.
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The analyses reported here implicitly include residues of other products such as paints and
grease. Assessments of total leached amounts of superplasticizer in cementitious sealing
materials are anticipated to be very small. Total quantities of rockbolts, screening and wood
beams were not determined because current decommissioning procedures call for the removal of
all such materials prior to vault sealing.

It should be stressed that the conclusions given here are of a preliminary nature, because they are
based on limited data (i.e., 2 blasting events; 15 muck samples; 4 rock wall cores). It is,
therefore, recommended that the types of analyses described in this report become part of an
ongoing development program at the URL, in order to quantify further the potential for
introducing bacterial nutrients into a future vault for the disposal of nuclear fuel waste.
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HGURE.: Plan View of the Underground Research Laboratory
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