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Abstract

Low-level radioactive waste often contains large quantities of inorganic chemical
substances. Due attention should therefore be given to the safety implications of both the
radiological and chemical substances in the waste. Our study develops the safety assessment
methodology for surface disposal with emphasis on the potential effects of inorganic non-
radiological elements on human health. Contamination of groundwater was considered as the
major exposure pathway. The applied methodology first screens all elements on the basis of
five criteria. Conservative screening calculations were used to screen out the elements that do
not pose danger to humans, and to select those that could have a negative impact and thus
require further analysis. The latter was done by first calculating the elemental mass fluxes out
of the repository and into the aquifer followed by the calculation of groundwater
concentrations. The results showed that on the basis of the screening calculations, 75% of all
elements could be classified as non-hazardous. The detailed calculations showed that the
majority of the remaining elements had groundwater concentrations below the drinking water
or groundwater standards. The results further showed that for a few elements the maximum
groundwater concentration was above the standard, but below the background concentrations.

1. INTRODUCTION

In Belgium two options for low-level radioactive waste disposal are studied, i.e., a
surface repository and an underground repository. The ongoing safety assessment studies for
both disposal options are dealing with several aspects such as effects of gas generation on
repository safety and consequence analysis for radiological and non-radiological substances
present in the waste. The safety analysis for inorganic non-radiological substances in case of
surface disposal are presented here.

Low-level radioactive waste also contains chemically toxic substances, such as
inorganic elements (e.g., heavy metals such as cadmium, lead, and mercury). We present the
safety analysis for inorganic non-radiological elements considering a state-of-the-art surface
disposal facility in combination with a generic setting. The surface disposal refers to
engineered concrete structures at ground level covered by a multi-layer barrier system [1]. In
the present study the only exposure pathway considered is by pollution of groundwater owing
to leaching of contaminants from the surface disposal. The analysis of the groundwater
pathway is considered generic because average, literature-based properties were used to
describe sorption onto sediment particles, together with flow parameters that were
representative for hydrogeological conditions in Northern Belgium.
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2. METHODOLOGY

The degree of pollution of the groundwater by leaching of contaminants from the
surface disposal was assessed in a two-step approach. First, a conservative screening
calculation was performed to assess the 41 inorganic non-radiological elements present in the
waste. Elements were screened on the basis of five criteria to decide whether they further
required detailed assessment. The first three criteria are quantitative whereas the next two are
qualitative: (i) comparison between estimated concentrations in groundwater and current
groundwater standards, (ii) comparison between chemical and radiological toxicity, (iii)
comparison between elemental solubility and current groundwater standards, (iv) abundance
in the geosphere, and (v) miscellaneous criteria. In a more detailed analysis, the groundwater
concentrations of the remaining elements were calculated by applying a numerical flow and
transport model to the disposal facility and the underlying aquifer.

3. SCREENING OF ELEMENTS REQUIRING DETAILED HAZARD ASSESSMENT

3.1 Conservative estimation of element concentrations in groundwater

In the conservative screening calculation we assumed that the entire inventory of all 41
inorganic elements would be released into a predefined volume of the groundwater in a very
short period of time. In this way the retarding effects of the waste matrix, waste package, and
the concrete disposal unit (the vault) on the release are neglected. In this first screening
criterion the solubility of the elements was also conservatively not considered in the
calculations. Another assumption was that linear equilibrium partitioning of the chemicals
between the groundwater and the solid materials (sand, loam, and clay) would exist.
Equilibrium concentrations thus calculated were compared with drinking water or
groundwater standards (further called "standards") for the Flemish and Walloon Region that
are largely based on the EC guidelines. Whenever the concentration was equal to or smaller
than the groundwater standard, we assumed the element could be considered as non-hazardous
and thus did not require further assessment. Based on this criterion, several elements (e.g., Ag,
F, P (PO43"), and Sn) were removed from the list of potentially hazardous chemicals.

3.2 Comparison of chemotoxicity and radiotoxicity

A large number of the elements present in radioactive waste are potentially dangerous
both from a radiological toxicity viewpoint and from a chemical toxicity viewpoint.
Therefore, the contaminant inventories were screened to identify those elements that, if
introduced into the biosphere, would result in radiological harm that is significantly greater
than their chemical harm. Whenever the radiotoxicity is the most important type of toxicity,
the elements are not further considered in this paper, because their potential hazard is more
properly treated in assessments based on radiological toxicity. Note, however, that direct
comparison between chemotoxicity and radiotoxicity is difficult, not to say artificial, because
the principles used to derive the chemical and radiological hazard are different. More
specifically, the chemical hazard is generally obtained from the mass of an element expected
to cause the death of a given percentage of the population, often 50 %, by acute uptake.
Radiological hazard, on the other hand, is derived from lifetime exposure to low doses of
radioactivity (since only low doses are expected for low-level waste disposal). In other words,
the short-term effects of uptake of high concentrations of non-radiological elements were
compared with the long-term effects of low doses of radiological elements.
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The mass of an element required to produce a chemical hazard is often calculated from
the LD50 values [2]. The LD50 is the dose of a material that is expected to cause the death of
50% of a population considering acute uptake by any route other than inhalation. At the level
of an individual this means that there is 50% chance that the considered dose causes death.

The radiological toxicity is expressed in terms of the mass required to exceed the annual
limit on intake via ingestion and inhalation (ALI). For atomic radiation workers (ARW),
intake of one ALI commits the recipient to an effective dose equivalent of 20 mSv/a to the
whole body over the next 50 years of the individuals' life (or 1 Sv over a lifetime of 50 years
[3]). For members of the public one ALI corresponds to 0.1 Sv/a for an entire lifetime.
Appropriate ALI values for the radiological elements that were also present in the non-
radiological inventory were taken from the ICRP-61 lists [3].

To compare the chemical toxicity with the radiotoxicity, an equivalent mass of a
radioactive element should be defined that may cause 50% death of a population (owing to
lethal- cancers). According to ICRP-60 [4], there is a 5 % chance for a lethal cancer
considering a lifetime dose of 1 Sv. A dose of 10 Sv over an entire lifetime (of an ARW)
would result in a 50% chance for lethal cancer. For an ARW, the annual maximum dose
resulting in 50% lethal cancer is 0.2 Sv. An annual dose of 0.2 Sv corresponds to 10 ALI. For
members of the public receiving a maximum lifetime dose of 0.1 Sv, there is a ten times
smaller chance (i.e., 0.5%) for a lethal cancer. A 50 % chance for a lethal cancer would
require 100 ALIs for the public. Because the ALI for the public is 10 times smaller than the
one for the workers (the acceptable total dose for the public is 10 times smaller than for
workers), 100 ALIs for the public have the same lethal effect as 10 ALIs for workers.
Therefore, considering the public, radiological toxicity hazards are more important than
chemical toxicity hazards if the chemical lethal dose is larger than 10 times the ALT mass for
workers. The results from this comparison of radiological and chemical toxicity showed that,
according to this criterion, only two elements are more radiotoxic than chemotoxic, i.e., Co
and Sr.

3.3 Elemental solubility limits

The most important transport process for the contaminants present in the surface
repository involves migration in the repository, soil and groundwater. Solubility limits applied
to the conditioned waste can thus be used as a criterion to evaluate potential hazards.
Elemental solubilities impose an upper limit on elemental concentrations, and can be

• compared with drinking water standards. We conservatively assumed that an element can be
excluded from further consideration for the potential impact of its chemical toxicity if its
solubility in the conditioned waste (concrete was assumed as conditioning matrix) is less than
its drinking water standard. Elements such as Ag, Cu, Hf, Mg, Pt, and Ti, all having a low to
very low solubility limit for cementitious environments (alkaline conditions), were excluded
from the list of potential toxic chemicals.

3.4 Abundances in the geosphere

Several elements are ubiquitous in man's natural environment and can be excluded from
further assessment. This is true for Ca, H, Mg, N, O, K, P, and Na. Although these elements
are major components in the waste matrix and packages, they are not considered as
contaminants. The same reasoning can be used for Al and Si, because they are the principal
constituents of soils and rocks.
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3.5 Miscellaneous criteria

Additional miscellaneous criteria may also help to reduce the list of elements that will
be considered in more detail. For instance, the water quality standards for Fe and Mn are
mainly based on aesthetic and economic considerations rather than on toxicity considerations
[5]. Furthermore, both elements are essential to life. Also, both iron and manganese are
relatively soluble in an electrochemically reducing environment, but the presence of higher
concentrations of oxidizing agents near the surface of the aquifer will decrease the solubility.
It is therefore reasonable to eliminate both iron and manganese from detailed considerations.

4. DETAILED HAZARD ASSESSMENT

On the basis of the five independent screening criteria considered, 30 elements were
removed from the list of potentially toxic elements. The final list of elements to be considered
in the detailed calculation was as follows: B, Be, Cr, Cd, Cl, Hg, I, Nb, Pb, and Sb, and Zn.
For each of these elements maximum groundwater concentrations were numerically calculated
and compared with the standards and background concentrations (Figure 1 shows the results
for Zn).

In the detailed calculations, the mass flux leaving the bottom of the repository was
assessed using the transport model PORFLOW [6]. Prior to the transport simulations in the
vault, the ambient water flux affecting the leaching rate in the vault needs to be known.
Unsaturated water flow in the barrier and the vault was calculated using the unsaturated flow
equation and representative hydraulic properties for the different materials [1]. The long-term
environmental assessment calculations discussed here include the following processes: the
solubility-limited release rate of the elements from the conditioned waste, advective-diffusive
transport of the elements in the vault, and advective-dispersive transport in the aquifer. Linear
equilibrium sorption of elements onto the conditioning matrix, concrete structures and aquifer
sediments was also accounted for. Of final interest are the concentrations of potentially toxic
elements in the nearby well water, since human health can be affected through the use of a
well as a source of drinking water and/or as a source of irrigation water.

The results showed that the numerically calculated maximum groundwater
concentrations at distances ranging from 100 to 1000 m downstream the repository were
below the current drinking water standards for the majority of the eleven elements. Only for
B, Cd, Sb, and Zn did the maximum concentration exceed the standard. We note that
maximum background concentrations obtained from a literature survey for these four
elements were often higher than the standards. For instance, background concentrations for Zn
measured in seventeen wells throughout Northern Belgium were nearly as high or even higher
than the standard (Figure 1).

5. DISCUSSION AND CONCLUSIONS

In the safety analysis for inorganic chemotoxic elements in the case of surface disposal,
we combined relatively simple though conservative calculations with detailed numerical
simulations. On the basis of simple screening calculations requiring limited information, 75%
of the elements could be classified as non-hazardous. As a result, most effort in terms of
computational resources and parameter identification can go to the most critical elements.

The detailed calculations are based on the most important physical and chemical
processes, together with best estimates of process parameters. Therefore, groundwater
concentrations obtained in this way are considered realistic, though still generic since no site-
specific hydrogeological data was used. The detailed calculations allow to do sensitivity
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analysis, which in turn could be used to optimize certain components of the repository.
Finally, detailed calculations may also be used to evaluate specific measures for particular
waste forms to reduce maximum concentrations until they are below the standards.

The results also indicated that safety analyses for disposal of low-level waste should
also include an evaluation of chemotoxic elements, in addition to radiotoxic elements. Where
the radiotoxicity decreases with time owing to radioactive decay, the chemical toxicity of
stable elements does not disappear. A multi-barrier repository can be designed such that the
barriers retain the radionuclides for a sufficiently long time until most of them have decayed.
For the chemotoxical elements the barriers and site must be such that the release is so small
and dilution sufficiently large that groundwater concentrations remain below the standards.

Another point of discussion is the usefulness of drinking water or groundwater standards
that are lower than background concentrations (see Figure 1). For several elements, standards
are extremely low, although the element may be essential in all living organisms (e.g., zinc), it
may occur in almost all igneous rocks, etc. Furthermore, there is a tendency to propose new
standards that are even lower than the present ones. For some elements, however, the
guideline value may be exceeded when natural background concentrations are high.
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FIG. 1. Calculated zinc concentration in the well water for a sand aquifer. Left, central, and right
breakthrough curve refer to wells at 100, 500, and 1000 m, respectively. Shaded area
represents range of background concentrations observed in several aquifers in Northern
Belgium. Lowest and highest drinking water limits are for the Flemish, respectively the
Walloon region.
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