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RÉSUMÉ

Les déchets radioactifs de bas niveaux enfouis à faible profondeur produisent du 14C02
gazeux qui peut être par la suite mobilisé dans l'environnement par l'entremise de deux
mécanismes: la diffusion en phase gazeuse dans les pores du sol vers l'atmosphère, et la
dissolution dans les eaux souterraines, entraînant la migration en phase aqueuse. Un individu
critique pourrait recevoir une dose radiologique plus élevée avec la mobilisation du 14CO2 en
phase aqueuse, surtout si le C-14 était converti et ingéré sous forme organique. La diffusion
en phase gazeuse dans les pores du sol pourrait donner une dose plus basse en raison de la
dispersion et la dilution atmosphériques.

Cette étude avait comme objectif principal de développer la capacité d'estimer lequel de ces
mécanismes est dominant pour un site de déchets localisé à faible profondeur. Le principal
paramètre manquant pour cet estimé était un coefficient de transfert de masse (£L) du 14CO2

dans les sols, qui a été déterminé expérimentalement à l'aide d'une benne remplie de sable.
Le KL ainsi obtenu était environ 10 à 20 fois inférieur à celui du transfert du CO2 dans un
liquide calme, ouvert aux gaz. Ceci suggère qu'il y a une résistance potentielle du transfert
de masse dans les sols, probablement causée par la frange capillake. Cette valeur de KL a été
incorporée dans un modèle simplifié du transport du CO2 dans les sols à proximité d'un site
typique de déchets enfouis à faible profondeur. Le modèle suggère que les flux du CO2 par
les deux mécanismes mentionnés ci-haut sont dans le même ordre de grandeur.
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ABSTRACT

Gaseous 14CO2 originating from buried low-level radioactive wastes (LLRW) in a near-
surface disposal site can be released to the environment via two major paths: gas-phase
diffusion through soils to the atmosphere, and dissolution in groundwater, followed by
aqueous migration. Aqueous migration would give the highest dose to an individual,
especially if C-14 was converted to an organic form and ingested. Gaseous diffusion would
give a lower dose, largely because of atmospheric dispersion and dilution.

The objective of this study was to develop the capability to estimate which of the two paths
will likely be dominant for typical near-surface disposal facilities. The main missing
parameter for making this estimate was a mass-transfer coefficient (Kj) of 14CO2 to
groundwaters, which was determined experimentally using a large sand box. The KL thus
determined was approximately 10 to 20 times smaller than for an open liquid surface. This
suggests that there is a potential resistance to mass transfer, probably caused by the capillary
fringe. The value obtained was incorporated into a simple model of C02 transport around a
typical near-surface disposal site. The model suggests that CO2 transport via both gaseous
release and aqueous migration paths are of similar magnitude for a repository located -2 m
above the water table.
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1. INTRODUCTION

Most of the carbon-14 present in near-surface low-level radioactive waste (LLRW)
repositories is expected to be in the form of carbonate and released as 14CO2 [1,2]. The latter
is displaced by CO2 from microbial degradation of the wastes and volatilization. Carbon
dioxide can escape the repository via two main pathways: gas-phase migration through soil
and into the air, and aqueous transport, which involves the dissolution of 14CO2 and its mass
transfer to groundwater. Conservative assumptions are applied for dose assessment where the
total inventory is assumed to enter both the gaseous and aqueous pathways. Using that
approach, a significantly lower dose would be expected from gas-phase diffusion (dose mostly
due to inhalation) than from aqueous migration (dose caused by ingestion). A more realistic
estimate can be generated if the split between the two pathways is quantified.

Gaseous migration of CO2 is the dominant transport mechanism in the vadose zone, because
of the high gas diffusivity [3]. In a humid climate, however, aqueous transport may be
important if the 14CO2 source is located near the water table. The capillary fringe, located
above the water table, may create a resistance to mass transfer to the groundwater [4,5], thus
possibly favouring gas-phase migration. Conventional gas-liquid exchange with an open
liquid surface applies to some extent, but specific values must be obtained experimentally in
soils because the process is complex, due to the capillary fringe acting as an interface.

The primary objective of the work reported here was to determine which path, gaseous
migration or liquid-phase migration, is dominant for CO2 release from a typical near-surface
disposal site. A secondary objective was to determine experimentally the mass-transfer rate
of CO2 to groundwater using a large sand box, as this parameter was unknown and is needed
to make C-14 transport calculations.

In an earlier study [4], the mass transfer rate to groundwater was determined using bench-
scale sand columns. In the columns, the porewater was static and there were no fluctuations
in the position of the capillary fringe. Subsequently, the experiment was scaled up using a
large sand box with a moving aquifer. This report provides preliminary results from the
experiment. We have also incorporated scoping calculations of C-14 transport around a near-
surface repository as an example.

The example is applicable to AECL's proposed IRUS (Intrusion-Resistant Underground
Structure) waste disposal vault [6]. The facility features an impermeable roof and walls, with
an engineered open bottom to allow drainage of any water that may enter the vault by
infiltration (Figure 1). The open bottom also allows gas release. The vault will be located
below the ground surface in unconsolidated material (sand), and the foundation will be
approximately 2 m above the average level of the water table. Although the calculations
performed here are specific to IRUS, equivalent calculations can be performed for any near-
surface storage or disposal facility.



2. EXPERIMENTAL

2.1 Description

A steel box (3.6 m long x 2 m wide x 1 m high) was used to determine the mass-transfer
coefficient of CO2 to a moving aquifer (Figure 2). The box was filled with sand to
approximately 0.8 m. Probe sets consisting of pre-cleaned porous ceramic samplers [4] were
placed in the sand along the length of the box, to sample the vertical profile of dissolved
inorganic carbon (DIG). In addition, plastic probes were installed on the sand surface and 15
cm below the surface, to monitor the gas composition. An adjustable water inlet and outlet
allowed the establishment of a saturated zone, which controlled hydraulic gradients and flow
rates. A 100-L plastic tank equipped with a float valve served as a source of water to the
box. The tank was sparged with CO2-free N2 gas, to minimize and maintain a constant
background DIG. A gas mixture of fixed composition (10% CO2 and 10% O2 in N2) was fed
under a polyethylene sheet that was placed and sealed above the sand surface.

2.2 Sampling and analysis

A plastic line was connected to a peristaltic pump from each ceramic cup sampler. One dead
volume of solution was slowly withdrawn from each probe and discarded, and a 1-mL water
sample was collected and analyzed immediately for pH and DIG. The DIG was measured
with a Dohrman DC-80 carbon analyzer. Only a few probes were pumped at one time, to
preserve the vertical profile of the aquifer, and to optimize analysis time with the instrument
The DIG concentrations were monitored at the inlet and the outlet of the box at each
sampling episode.

3. TREATMENT OF THE EXPERIMENTAL RESULTS

A fitting routine by which to model the DIG vertical profile would be very complex, because
the vertical groundwater velocity is not constant throughout the aquifer, especially in the
tension-saturated region. A complete solution will be published at a later date.

An alternate approach is to calculate a mass-transfer coefficient KL (in metre/annum, or m/a)
using a mass-balance approach. The basic equation of mass transfer through a gas-liquid
interface is given by [7]:

, (i)

where FGW is the direct mass-transfer flux of gaseous C02 to groundwater through the
capillary fringe (mole/time); Cg and Ct are the CO2 concentrations (mole/volume) in the gas
phase and the liquid phase, respectively; Hc is the pH-dependent Henry's law coefficient
(dimensionless [4]); and AR is the diffusional area under the repository (m2). The value of



FGW can be obtained independently using the difference in the total DIG mass in the box at
two time periods, plus the total mass that has left the box through the outlet in the same time
period. This amount has to be equal to the influx to balance the mass passing through the
system. The other parameters in Eq. (1) are known, thus KL can be calculated (Table I).
Note that Hc was calculated for pH 6.1 and 6.4, representing the two extremes observed near
the diffusion interface, at the top of the capillary fringe. This is strictly an interface condition
and it does not have any chemical significance. If KL is a measure of mass conductance
across the capillary fringe, then its reciprocal is analogous to resistance. A dimensionless
resistance factor fy is defined here for convenience:

(
v \-lï-M • (2)

L (open surface) )

where KL (open surface) is 41 m/a (Table I). The KL obtained using this approach corresponds to
Rf «10 to 20. This value is smaller than the Rf of -20-50 obtained for columns [4], but
larger than for an open water surface (Rf= 1). This difference is attributed to the moving
aquifer.

4. TRANSPORT OF 14CO2 AROUND THE REPOSITORY

The information needed to calculate the fate of 14CO2 around the repository is readily
available from the literature, except for KL, which was obtained in this experiment. The
approach presented here constitutes a preliminary estimate of the relative contributions of
different transport mechanisms.

Gases expected to be produced in a LLRW vault are CO2, CH4 and H2. We will simplify gas
generation by assuming that only CO2 is produced from degradation of organic material.
Methane production can be neglected, because its assimilation rate is high in dry
environments [8, 9], which is expected in the vault. We also assume that CO2 gas is
unreactive with the soil components. There is a small retardation factor for gaseous CO2 in
wet soils [10], but this is unimportant since the source of CO2 is constant.

The transport model is based on a steady-state flux of CO2 generated in the vault (Sr; Figure
1), equal to the flux released to the atmosphere (FA) and the total flux to groundwater, FGW
and Fwo, for the direct mass transfer to groundwater and the flux of CO2 equilibrating with
the infiltrating water, respectively (in moles/a):

Fwo-

FA can also be represented as:



F = F - F (4)CA rGD rwo > v '

where FGD is the flux of CO2 (moles/a) due to gas diffusion in the unsaturated soil. A term
for advection caused by gas generation is assumed to be negligible, as CO2 accounts for most
of the gas produced. Each one of these fluxes can be expressed using simple equations:

wo

The definitions and the values for most of these terms are listed hi Table E. Equation (1) is
the flux to groundwater for which KL was determined using the sand box. The term Hc is
used here assuming a groundwater pH of 6. Equation (5) is analogous to Pick's Law, using
the gradient between the concentration at the bottom of the vault (Cg) and the air above
ground (CJ. To simplify the calculations, we have assumed that the lateral diffusion area
under the vault AD (that is, 2 m above the top of the capillary fringe and the vault foundation
x the total length of the four walls) is also equal to the diffusional area from the vault to the
surface. In other words, CO2 will diffuse out to the atmosphere via the shortest path through
a "chimney" made of unsaturated sand. The term Dg is the gas-diffusion coefficient of CO2

in soils corrected for tortuosity [11]. In Eq. (6), the washout term Vc is the volume of the
dispersion "chimney", and (//«, x L'1) constitutes the fraction of the infiltrating water reaching
the aquifer per annum. The term CT is the DIG upper limit in the pore water, equal to:

CT = -^- . (8)T HCRT

In this situation, again, the pH of the infiltrating water is assumed to be 6, giving the same
value for Hc as above.

We have assumed that Cg in the soil volume below the repository is constant, because the
distance from the bottom of the repository to the water table is short. By combining Eqs. (1)
and (3-7), the variable Cg can be determined manually on a spreadsheet. Using a KL value of
4. 1 (Rj = 10), the CO2 gas released from the vault would travel via gas-phase diffusion and
aqueous migration in a relative proportion of 35-65%, respectively (Table H).



5. DISCUSSION

The influence of the capillary fringe as a barrier to diffusion is an important component of the
model. The KL value used corresponding to Rf = 10 still allows for a large amount of CO2 to
transfer to groundwater. A relatively small change in KL leads to a fairly large change in the
flux to groundwater, because of the large diffusion area under the repository.

The lateral area under the repository is the principal restriction for gaseous transport. It was
assumed that diffusion towards the surface was in one direction, and that the cross-section of
the soil "chimney" was the same as the lateral area under the vault. This is somewhat
restrictive, as diffusion takes place in a three-dimensional pattern, and CO2 has the tendency
to settle due to its molecular weight. This limitation suggests that the current calculation
underpredicts gas diffusion. On the other hand, unrestricted diffusion in soil would probably
give a higher figure for gas-phase migration, but this, along with CO2 layering, would imply a
larger contact area with groundwater, thus increasing CO2 transfer to groundwater. The
overall result of these competing effects is not clear. Increasing the distance between the
repository bottom and the water table would allow a higher proportion of gas to diffuse to the
atmosphere. The use of drain pipes or channels instead of an open-bottom configuration
would have a similar effect, due to a smaller contact area with groundwater. More detailed
calculations are needed to obtain a better estimate of these fluxes.

The washout flux from groundwater infiltration has a small impact relative to either of the
other two fluxes. This parameter is not very sensitive, as noted elsewhere [11]. In practice,
this term may be neglected.

This approach for determining the major CO2 path around the repository is essentially
independent of the CO2 production rate, ST, and its concentration below the vault, Cg. A 10-
fold increase in ST does not appreciably change the relative proportion of FA and FGW. Other
estimated parameters such as Dg, etc., (Table H) could vary by a factor of 2-3, but in our
example, one would not be able to clearly demonstrate the dominance of one path over the
other. Consequently, for the purpose of performance assessment calculations, the full 14CO2

inventory may have to be considered for both pathways (gas-phase diffusion, liquid-phase
migration) in a near-surface site located near the water table.

The approach given here is generic. The capillary fringe provides a physical barrier, and the
findings of this study should be applicable to other volatile unreactive contaminants. Only H
(Henry's law coefficient) needs to be known to apply this approach.

6. CONCLUSIONS

The mass-transfer coefficient obtained experimentally for the transport of CO2 across the
capillary fringe gave a value of 1.9 to 3.2 m/a, which is approximately 10-20 times smaller
than for an open water surface.



This mass-transfer coefficient was incorporated into a scoping model for CO2 transport around
a near-surface repository. Our calculations indicate that the gaseous and the aqueous paths
for 14CO2 release from a repository are of similar magnitude. The calculations would have
indicated a near-quantitative transfer to groundwater if the open-surface value of the mass-
transfer coefficient had been used. In our example, even in extreme but realistic cases, one
would still expect a significant proportion of 14CO2 to transfer to groundwater.

The distance between the contaminant source and the groundwater is important. If the source
is remote from the groundwater, then there is a gradient to the groundwater, and lateral
diffusion through soil is higher. Both these factors would favor gaseous migration.

This calculated result is nearly independent of the gas generation rate (i.e., source term) and
the CO2 concentration in the repository. This approach is generic and it could be extended to
other unreactive volatile contaminants.
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Table I: Values of KL obtained from mass-balance calculations.

Parameter Value Remark

FGY/IAR (mg C/m2h) 8.43 Determined from mass balance on the sand box (n=12)
KL (@pH 6.1) (m/a) 3.2 Hc = 0.74
KL (@pH 6.4) (m/a) 1.9 Hc = 0.53
KL (open surface) (m/a) 41 [4]
Rf (@pH 6.1) ( ) 13 This work
Rf (@pH 6.4) ( ) 22 This work



Table H: Notation and values of the parameters used in the model.

Parameter

Fixed parameters
Lateral diffusional area under the repository (AD) 200
Area under the repositoiy (Afi) 700
CO2 concentration in the air (C0) 0.0137
Depth of the soil column (from the bottom of the repository) (L) 12
Perfect gas constant (R) 0.082

2

m2

mole/m3

m
atm L K"1 mole"1

Estimated variable parameters

Concentration of C02 in the gas phase (Cp
Background dissolved C02 in the aquifer (Q
Gas diffusion coefficient (Dp
Conditional Henry's Law coefficient (Hc)
Infiltration rate of water into the soil (Z)
Mass-transfer coefficient (KL)
Liquid-filled porosity (n,)
Carbon dioxide production rate (ST~)
Temperature (T)
Volume of the soil column (Vc = AD x L)

4.26
1.13
100
0.8
0.3

. 4.1
0.15

16000
281

2400

mole/m3

mole/m3

m2/a
( )
m/a
m/a
( )
moles/a
K
m3
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Figure 1: Summary description of a near-surface disposal site, also showing the main fluxes.
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Figure 2: Schematic diagram of the sand box and the samplers used in this experiment.
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