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Summary

Calculations of the releases and doses from a high-level waste or spent-fuel
repository become progressively less convincing in the far future particu-
larly as they rely, in part, on predictions of environmental and demographic
changes. Alternative methodologies for developing licensing criteria have,
therefore, been investigated by regulatory authorities. A potential method
is to restrict allowable releases to a given proportion of the natural fluxes
of radionuclides in the environment. The fundamental basis behind this
proposal is that the repository flux into the biosphere should not alter the
radiation environment significantly from that occurring naturally. In simple
terms, this implies that if the flux to the biosphere from the repository is
not significant compared with the natural flux from the geosphere, then its
radiological significance should not be of great or priority concern.

Other advantages of this methodology include the relative ease of such
demonstrations of safety to both technical and non-technical audiences. For
example, an understanding of near or far-field processes, or radiological pro-
tection units is not required. Nonetheless, in developing such a method for
licensing criteria, it is important that over-simplification should be avoided.
All comparisons made should be both appropriate and relevant, so far as is
possible.

Many of the radionuclides present in radioactive wastes do not occur nat-
urally and, as a consequence, direct flux calculations cannot be made. In
fact, direct comparisons can be made only for the natural series radionu-
clides. However, other natural fluxes are useful to consider because some
elements present a chemotoxic hazard instead of a radiotoxic hazard. It is
therefore interesting to consider the toxic as well as the radiological hazards
represented by the repository derived flux and to compare these with risks
from the natural flux. These additional comparisons can provide further
perspective and act as a check that all the various hazards arising are being
given an appropriate level of attention.

The primary objective of this study is to quantify natural elemental fluxes at
a location exhibiting typical characteristics of a site for a spent fuel repository
in Sweden. The site chosen as the basis for this study is the Aspo island in
the Oskarshamn region, from where much relevant information is available.
Component objectives are:

1. To present the calculated fluxes as predictions of cumulative fluxes
with increasing time accounting for future changes and variability in
natural conditions.



2. To determine the most appropriate time-scales over which to compare
natural and repository releases.

3. To identify the types of fluxes that are most relevant for comparisons
with repository releases.

4. To present the calculated fluxes in the context of a volume of rock
comparable in size to that which would contain a repository.

5. To provide semi-quantitative assessments of the risks (both radiotoxic
and chemotoxic) associated with the calculated natural fluxes.

6. To discuss the viability of using natural fluxes as a measure of allowable
repository releases and to discuss the application of the calculated
natural fluxes in developing licensing criteria.

7. To provide input to better consideration of modelling radionuclide
transfer across the geosphere-biosphere interface.

8. To identify the limitations in the methodology.

The elements that are considered in this report can be divided into two
groups;

(i) those relevant to radioactive waste disposal (U, Th, Ra, Se, Sn, K and
Rb), and

(ii) those relevant to toxic waste disposal (Cs, Cd, Cu, As, Zn).

Of course, some elements can be considered in both groups because they
exhibit both radiotoxic and chemotoxic hazards, e.g. uranium.

Both uranium and thorium are important to include in the assessment be-
cause their respective decay chains provide the important naturally-occurring
long-lived alpha-emitting radionuclides. These can be mobilised and released
into the biosphere in groundwater, or may be released in solid material with
erosion of the surface geosphere. Some of the shorter-lived radionuclides
in the decay chains are important contributors to natural radiation doses.
However, their significance is governed by processes within the biosphere
rather than by the flux of these daughters from the geosphere. Therefore,
this study concentrates on the flux of long-lived radionuclides, namely 238U,
234TJ, 230T h ) 2 2 6 R a ; 235^ 231pa and 232T h

In addition, potassium and rubidium are considered also because some of
their isotopes (40K and 87Rb) are two of the most important naturally-
occurring non-alpha emitters and these are major contributors to the total



natural radioactive flux. It is important to consider both alpha and non-
alpha emitting radionuclides because regulatory authorities may set quanti-
tative limits separately for the releases of both types of radionuclides (e.g.
the second edition of the Nordic Flagbook).

The definition of a 'natural flux' is complicated by the numerous pathways
of variable magnitude along which elements and radionuclides may move in
natural systems. A key objective of this study, was to identify the types of
fluxes that are most relevant for comparisons with repository releases. Four
criteria were established for identifying relevant pathways, they are:

1. The pathway passes through the same material and across the same
boundaries as repository-derived radionuclides.

2. The pathway has a large natural flux.

3. The pathway has material passing along it in a form that is readily
taken-up by the human body.

4. The pathway operates on a long time scale.

The most significant pathways are those that meet the greatest number of
criteria. However, no pathway can be expected to meet all four criteria. In
practical terms, the relevant pathways are concluded to be:

1. Groundwater transport.

2. Glacial erosion.

3. Non-glacial weathering.

4. River transport.

The calculations performed during this study show that the largest fluxes
are associated with glacial erosion and the smallest fluxes with groundwater
transport. Nonetheless, the most significant flux is, arguably, that associated
with groundwater transport because this flux represents the principal vector
for releases of repository-derived radionuclides to the biosphere. However,
it should be realised that if a licensing criterion limited repository releases
to a fraction of the natural flux associated with groundwater transport, this
would make for a very restrictive regulation and one that may be impossible
to meet since the natural flux associated with groundwater is so low. It
is probable, therefore, that it would be practicable only to limit repository

iii



releases to a fraction of the natural flux associated with surface erosion and
weathering processes.

Given that the greatest variation in natural fluxes within the next 106 years
will be caused by climatic changes, it is suggested that the most relevant
timescale over which to average natural fluxes is either one complete glacial
cycle, or the next 10 000 years before the onset of the next glaciation. If
it is assumed that the licensing criteria will limit repository releases to a
fraction of the flux associated with surface erosion or weathering processes,
then averaging the natural flux over one complete glacial cycle will provide
a much less restrictive target than one that averages the natural flux over
the next 5 000 to 10 000 years, before the onset of the next glaciation. This
is because the glacial erosion rate is some 240 times greater than the non-
glacial weathering rate. It is further suggested that natural fluxes should be
averaged over an area similar in extent to the area in which repository fluxes
will occur and at the same location. In this way, lateral variations in the
elemental concentrations in rocks and groundwaters will not invalidate the
comparison between natural and repository fluxes and biasing of the licensing
criteria towards extreme magnitudes in the natural fluxes is avoided

Calculations are made of elemental mass fluxes from a volume of rock equiv-
alent to that which would hold a KBS-3 style repository (the RERV). In
addition, the radioactive flux associated with the natural series radionuclide
mass fluxes from the RERV are also calculated. These can be compared
directly to performance assessment predictions of the releases from a repos-
itory. The natural radioactivity fluxes from the RERV are:

A 0.63 kBq/yr for a-emitters and 1.3 kBq/yr for non a-emitters for
groundwaters;

A 550 000 kBq/yr for a-emitters and 2 100 000 kBq/yr for non a-emitters
for glacial erosion; and

A 2300 kBq/yr for a-emitters and 8800 kBq/yr for non a-emitters for
total non-glacial weathering processes.

These radioactivity fluxes may be compared to the radioactivity inflow con-
straints for a KBS-3 style spent-fuel repository given in the Second Edition
of the Nordic Flagbook which are: 500 000 kBq/yr for a-emitters and 5 000
000 kBq/yr for non a-emitters. It is concluded therefore that if the radioac-
tivity inflow constraints are met, the total radioactivity fluxes for disposed
radionuclides will be in the upper range of radioactive fluxes due to natural
processes.
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The groundwater from the RERV if drunk undiluted at the rate of 2 lites
per day would give an annual individual dose of 120 /zSv. However, meteoric
dilution before consumption is likely to reduce considerably this value, may
be to less than 1 fiSv. These doses can be compared with total individual
doses due to natural background in Sweden, typically about 6.5 mSv. Most
of this dose is due to radon exposure while the dose from ingestion of primor-
dial radionuclides is in the order of 300 /xSv. Most of this is due to 40K and
210Pb/210Po in foodstuffs. The same undiluted RERV groundwater would
exceed CEC maximum acceptable concentrations of both selenium and zinc
for drinking waters. However, if the RERV groundwater were heavily di-
luted by meteoric water before consumption, no values exceed maximum
acceptable concentrations.

Although this study has demonstrated that it is possible, in principle, to
calculate fluxes of naturally-occurring radionuclides that are directly com-
parable to the output from standard performance assessment models, and
it is concluded that natural fluxes can be used as indicators of repository
safety, this study has also highlighted the lack of appropriate analytical data
for rocks, surface waters and groundwaters from the Aspo area for most el-
ements of interest to safety assessment. Given that the Aspo area has been
studied in more detail than most others, it is probable that relevant data are
lacking for other regions in Sweden also. An important conclusion from this
study is, thus, that data acquisition programmes employed in site assessment
investigations should focus not only upon the geological and hydrogeological
understanding of the site in question, but also upon the provision of data for
safety assessment purposes. This may not need large numbers of additional
analyses, but rather a reorientation of future data acquisition away from
those elements traditionally analysed by geoscientists to a list of elements of
relevance to safety assessment.

A significant observation from the study is that the measured concentrations
of elements in natural waters in most cases are orders of magnitude less than
those predicted (modelled) for repository pore fluids. For some elements
this may be due to inventory limitations but in others it is almost certainly
a product of overly pessimistic (t.e. unrealistic) modelling of repository
pore fluids, by assuming thermodynamic equilibrium between a pure solid
and an aqueous phase. A more realistic approach would be to assume that
most of these elements would not form discrete pure solids but would be
incorporated as trace elements within major element solid solutions. Models
of trace element solubility should thus be based upon Henry's law behaviour
which would produce a more realistic assessment of radioelement solubility.
Thus a move towards improved element modelling should also be a product
of this review. This development would go hand in hand with the revised



analytical programme recommended above so that the improved analytical
database would provide a testbed for the model development.

A further conclusion from this study, is that the methodology developed
here could be transferred directly to the arena of toxic waste disposal. Toxic
wastes are now beginning to be considered with the same level of concern
and detail as radioactive wastes and similar methods for geological disposal
may be developed. These concerns are expressed in the second edition of
the Nordic Flagbook. It is suggested that, in the absence of other licensing
criteria for toxic waste disposal, the principal of comparison with natural
fluxes may be applied in the case of certain contaminants that have natural
counterparts (e.g. heavy metals).
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1 Introduction and background

This report sets out a methodology for estimating present-day and future
fluxes of naturally-occurring radiotoxic and chemotoxic elements in surface
and sub-surface rock and water systems. Calculations are made of these
fluxes in the vicinity of the island of Aspo in Sweden and the risks to health
associated with these fluxes are also examined. The results from these cal-
culations may be used as the basis for discussing acceptable levels of release
of toxic elements and isotopes from a radioactive waste repository to the
biosphere. In this case, it is proposed that the natural flux calculations pre-
sented here could be compared directly with performance assessment pre-
dictions of radionuclide releases from a hypothetical KBS-3 type spent-fuel
repository located in fractured crystalline rock several hundred metres be-
low Aspo. This work has been performed on behalf of the Swedish Nuclear
Power Inspectorate (SKI).

It is common for regulatory authorities to consider the acceptability of a ra-
dioactive waste repository through the application of limits on post-closure
radiation doses or risks to humans. However, the calculation of radiation ex-
posure of humans over very long time scales is frustrated by the uncertainties
over future environmental and demographic changes. In the case of Sweden,
it is certain that within the next few thousands of years, there will be signif-
icant changes to the surface environment as a result of geological processes,
climate change and human actions. Biological systems (ecosystems) also will
react in response to these environmental changes. It is possible that this will
result in significant feedback, with the environmental and biological systems
both becoming modified in response to each other.

The changes to the surface environment that will occur become progressively
more difficult to predict with any degree of certainty as forecasts are made
further into the future. Beyond about 10 000 years into the future, when the
next glacial period is likely to occur (King-Clayton et al., 1995), it becomes
impossible to make any reliable predictions concerning human habitation
and behaviour in Sweden. As a consequence, it could be argued that it is
not valid scientifically to base licensing criteria for repositories on predicted
exposures to humans for times in excess of a few thousand years into the
future.

A partial resolution of this problem is to describe a series of so-called 'ref-
erence biospheres' (BIOMOVS II, 1996a) that represent future biosphere
environments that, it is thought, probably or possibly may occur in the fu-
ture, and to calculate exposures for the human population for each scenario.
However, there are no guarantees that the real future environments will ac-



tually be included in the list of scenarios, regardless of how long that list is
and how inventive the scenario developers are. At least, using this approach,
it is possible to investigate the radiological consequences if the predicted re-
leases were to occur today, using present-day conditions, at the site or in
other locations, as a reference.

Alternative methodologies for developing licensing criteria have been inves-
tigated. One proposal is to restrict allowable releases to a given proportion
of the natural fluxes of radionuclides in the environment (Nordic Radiation
Protection and Nuclear Safety Authorities, 1993). The fundamental logic
behind this proposal is that the repository flux into the biosphere should
not be allowed to alter the radiation environment significantly from that
occurring naturally. In simple terms, this implies that if the flux to the bio-
sphere from the repository is not significant compared with the natural flux
from the geosphere, then its radiological significance should not be of great
or priority concern.

A number of authorities have begun to consider adopting this approach. For
example, in the UK a criterion of this type has been expressed explicitly in
the UK principles document (UK DoE, 1984):

"Future movement of radioactivity from a facility should not lead
to a significant increase in the radioactivity naturally occurring
in the general locality of the facility."

This method has also been considered seriously in the Nordic countries
and specific proposals were included in the first and second editions of the
Nordic Flagbook (Nordic Radiation Protection and Nuclear Safety Author-
ities, 1989; 1993):

"Applied Principle 3; Long-Term Environmental Protection: The
radionuclides released from the repository shall not lead to any
significant changes in the radiation environment. This implies
that the inflows of the disposed radionuclides into the biosphere,
averaged over long time-periods, shall be low in comparison with
the respective inflows of natural alpha emitters."

Of course, statements such as these are useful but require further elaboration
if they are to be interpreted as licensing criteria. More discussion is required
in order to define concepts such as a 'significant change' and, indeed, to
determine what the background fluxes of naturally-occurring elements and
radionuclides actually are. Some studies have attempted to quantify these



natural fluxes. In particular, Miller & Smith (1993) performed some scoping
calculations of the global and Swedish average masses of a range of different
elements mobilised due to erosion, groundwater transport and river (solute
and particulate) transport. One interesting outcome from that work was
that the Swedish average fluxes are sometimes lower than the global aver-
age fluxes, per unit area, due to the fact that Swedish erosion rates, rock
and groundwater compositions are not, necessarily, typical of the Earth as
a whole. The implication of this is that if a licensing criterion were to be
based on Swedish average natural fluxes it would be more restrictive than
one based on the larger global average natural fluxes. At the same time,
natural variability of fluxes in space and time should be evaluated to ensure
that safety levels have not been prejudiced greatly by choosing a site with
extreme characteristics. This requires that, as part of any site characterisa-
tion exercise for a repository, sufficient data are obtained to allow the local
natural elemental fluxes to be quantified. However, at the present time, few
sites have been investigated in sufficient detail to allow site-specific natural
fluxes to be determined and for comparisons between sites to be made.

The major advantage of using natural fluxes as a basis for limiting repository
releases to the biosphere is that part, at least, of the regulatory criteria would
be independent of any uncertainty concerning human behaviour and how this
might affect radiation exposure. However, other advantages also result from
adopting this methodology. In particular, the underlying concept is so simple
to explain that demonstrations of safety to both technical and non-technical
audiences will be easier to make and more easily understood. This is an
important point because, at the very least, this method allows the repository
fluxes to be put into a natural context and this can aid an understanding of
the processes being modelled in a repository. It is, perhaps, critical that this
comparison with natural systems is made because most audiences will have
no 'feel' for the numbers (concentrations, doses and timescales) generated
by performance assessment calculations. A further advantage is that study
of how elements, such as uranium, move from the geosphere to the biosphere
may enhance modelling of repository derived radionuclides at the geosphere-
biosphere interface. This interface was noted as a poorly modelled part of the
system some time ago (SKI-SSI-SKB, 1989). It is still regarded as deserving
greater attention (BIOMOVS II, 1996b).

Nonetheless, in developing such a methodology for licensing criteria, it is
important that over-simplification should be avoided. All comparisons made
should be both appropriate and relevant, so far as is possible. Fluxes of
natural elements or radionuclides should be calculated through the same
compartments of the natural environment and across the same boundaries
as those expected for repository-derived species. Similarly, when the relative



risks associated with both natural and repository fluxes are compared, then
the potential should be taken into account for individual radionuclides to
give rise to different levels of radiation dose per unit activity released into
the biosphere. Some radionuclides can give rise to individual doses which are
orders of magnitude larger than others, per unit of activity released (Charles
& Smith, 1991).

Comparisons with natural background radiation were considered during the
licensing of the SFR repository for low and intermediate-level radioactive
wastes at Forsmark, Sweden. In an evaluation of the safety assessment for
this repository SKI/SSI (1994) discussed the following points. In Sweden,
the average value for 222Rn activity in water from individual wells is about
200 Bq/1, although considerable variations do occur, with the radon concen-
tration in about 4 % of wells being greater than 1000 Bq/1. The handling
of these natural waters can lead to indoor concentrations of radon daughter
nuclides of around 100 Bq/m3 and a radiation dose of about 5 mSv/yr. In
the SFR repository area, natural radon concentrations are around 500 Bq/1.
According to the safety assessment, individual doses due to releases from
the SFR repository are dominated by the ingestion of well water. If conser-
vative assumptions are used in the safety calculations, the highest annual
individual dose would be between 5 to 10 mSv/yr, at most. As a compar-
ison, a corresponding dose can be received from just one well if the radon
concentration in the drinking water amounts to 1000 to 2000 Bq/1.

Many of the radionuclides present in radioactive wastes do not occur natu-
rally and, as a consequence, direct flux calculations cannot be made in all
cases. Direct comparisons can be made only for the natural radionuclides.
However, other natural fluxes are useful to consider because some elements
present a chemotoxic hazard instead of (or, in some cases, as well as) a ra-
diotoxic hazard, e.g. cadmium. Some concern is now being expressed about
the non-radiological risks associated with repository releases (e.g. CEC,
1991; Persson, 1988). Furthermore, the fluxes methodology can be trans-
posed directly from the arena of radioactive waste disposal to that of toxic
waste disposal. Toxic wastes are now beginning to be considered with the
same level of concern and detail as radioactive wastes and similar methods
for geological disposal may be developed. These concerns are expressed in
the second edition of the Nordic Flagbook (Nordic Radiation Protection and
Nuclear Safety Authorities, 1993):

"Universally applicable hazard coefficients for both radioactive
and non-radioactive wastes would be very valuable. However,
too little is known about the genotoxic properties of various
substances to allow such hazard indexes to be defined for each



substance. In addition, the risk assessment methodologies for
genotoxic chemicals are generally not so developed as those for
radioactive substances. Further exchange of information between
the fields of nuclear and non-radioactive waste management would
be desirable to harmonize safety principles and management prac-
tices."

Calculations of the fluxes and risks associated with the natural movement of
chemotoxic elements (heavy metals) through the geosphere and between the
geosphere and the biosphere is a first step in applying the safety standards
from the radioactive waste industry to the toxic waste industry as well as a
necessary step in quantifying the absolute risk associated with releases into
the biosphere from a radioactive waste repository.



2 Objectives of the study

This study has the primary objective of quantifying the present-day and
future fluxes of naturally-occurring elements and radionuclides in an area
around the island of Aspo. This site was chosen because a large amount of
site-specific data is available due to the ongoing site characterisation studies
for the underground research laboratory located at this site. The Aspo site
can be considered generally representative of any future repository site (lo-
cated in hard, fractured rocks) within Sweden. Thus, the natural fluxes in
and around the Aspo area can be used directly in comparisons with repos-
itory releases predicted by a performance assessment. Indeed, repository
releases will be calculated for a hypothetical KBS-3 style repository located
at Aspo. This will provide, therefore, the first opportunity to compare site-
specific fluxes of naturally-occurring elements and radionuclides with site-
specific performance assessment (repository release) predictions. Another
reason to chose this location is that it is the site chosen for SKI's SITE-94
performance exercise (SKI, 1996).

The outcome from such a comparison could be used to discuss quantitative
limits to repository releases based on locally-derived natural fluxes. Such
quantitative limits may then be used to elaborate proposals such as those
given in the Nordic Flagbook (Nordic Radiation Protection and Nuclear
Safety Authorities, 1993) and to make them sufficiently rigorous to be used
as licensing criteria. However, it should be noted that it is not one of the
objectives of this study actually to perform these comparisons or to propose
quantitative limits to releases.

In addition to the primary objective of this study, stated above, there are a
number of additional objectives that can be defined:

1. To present the calculated fluxes as predictions of cumulative fluxes
with increasing time accounting for future changes and variability in
conditions.

2. To determine the most appropriate time-scales over which to compare
natural and repository releases.

3. To identify the types of fluxes that are most relevant for comparisons
with repository releases.

4. To present the calculated fluxes in the context of a volume of rock
comparable in size to that which would contain a repository.

5. To provide semi-quantitative assessments of the risks (both radiotoxic
and chemotoxic) associated with the calculated natural fluxes.



6. To discuss the viability of using natural fluxes as a measure of allowable
repository releases and to discuss the application of the calculated
natural fluxes in developing licensing criteria.

7. To provide input to better consideration of modelling radionuclide
transfer across the geosphere-biosphere interface.

8. To identify the limitations in the methodology.

As was stated in the Introduction, it is valuable to calculate the natural
fluxes of elements and radionuclides that are relevant to both radioactive
and possible toxic waste disposal. The list of elements that are considered
in this report can be divided into two groups;

(i) those most relevant to radioactive waste disposal (U, Th, Ra, Se, Cs,
Sn, K and Rb), and

(ii) those most relevant to toxic waste disposal (Cd, Cu, As, Zn and Pb).

Of course, several elements can be considered in both groups because they
exhibit both radiotoxic and chemotoxic hazards, e.g. uranium.

Both uranium and thorium are important to include in the assessment be-
cause these elements and their respective decay chains provide the important
naturally-occurring long-lived alpha-emitting radionuclides. These can be
mobilised and released into the biosphere in groundwater, or they may be
released in solid material by erosion of the surface geosphere. Some of the
shorter-lived radionuclides in the decay chains are important contributors to
natural radiation doses, {e.g. 210Pb). However, their significance is governed
by processes within the biosphere rather than by the flux of these daugh-
ters from the geosphere. Therefore, this study concentrates on the flux of
long-lived radionuclides, namely 238U, 234U, 230Th, 226Ra, 235U, 231Pa and
232T h

In addition, potassium and rubidium are considered because two of their
isotopes (40K and 87Rb) are among the most important naturally-occurring
non-alpha emitters and are important contributors to natural radiation doses.
It is important to consider both alpha and non-alpha emitting radionuclides
because regulatory authorities may set quantitative limits separately for the
releases of both types of radionuclides. For example, the second edition of
the Nordic Flagbook proposes appropriate limits to the allowable activities
released from radioactive wastes. They are:

(i) 10 to 100 kBq/a for the long-live alpha emitters, and



(ii) 100 to 1000 kBq/a for the other long-lived nuclides per amount of waste
which is produced when one tonne of natural uranium is processed into
nuclear fuel and then used in a reactor.

One further objective of this study is, therefore, to assess these proposed
limits in the context of the total fluxes of naturally-occurring alpha and non-
alpha emitters within a volume of rock similar in size to that of a repository.

Not all naturally-occurring radionuclides are considered in this report. Some
radionuclides, such as 14C, are produced in the biosphere by cosmic radia-
tion but their release from the geosphere is very minor and they are therefore
ignored. Major contributors to natural radiation doses and risks are 222Rn
and its daughters (UNSCEAR, 1993). Radon-222 is a short-lived radioac-
tive gas and a daughter of 226Ra, in the 238U decay series. This radiation
exposure arises primarily due to releases of 222Rn as a gas into buildings via
foundations. As such, the level of exposure and hence risk is very dependent
upon the pneumatic connection with the geosphere through the building
foundations and the rate of air change in the buildings. These factors are
very dependent on human behaviour and building design. Therefore, gaseous
fluxes of 222Rn are not considered useful in developing a natural background
criterion and are not considered further. Similar considerations apply to
220Rn ('thoron'), a short-lived gaseous daughter of 232Th.

Nevertheless, comparisons with natural radon concentrations were consid-
ered during the licensing of the SFR repository, as mentioned earlier. The
highest annual individual dose from the SFR is calculated to be 5 to 10
mSv/yr, at most, due to ingestion of well water. In comparison, in Sweden,
the average value for 222Rn activity in water from individual wells is about
200 Bq/1, with some wells having activities greater than 1000 Bq/1. The
handling of these natural waters can lead to indoor concentrations of the
daughters of radon of around 100 Bq/m3 and a radiation dose of about 5
mSv/yr. Thus a natural dose equal to the maximum probable dose from
the SFR can be received from just one well if the radon concentration in the
drinking water amounts to 1000 to 2000 Bq/1.



3 Methodology

The basic methodology that underlies this study is the construction of a
number of 'compartment-pathway' diagrams (e.g. Figure 1) that represent
diagrammatically a real system. In this model, any atom of any element in
a natural system exists in one of two states:

1. Where the atom is being held immobile in a compartment or 'reservoir'
which would be a natural feature such as lake sediments or the rock.

2. Where the atom is liberated from a compartment by some process
such as erosion or dissolution (leaching) and is transported along a
pathway to another reservoir by processes such as wind, water or glacial
transport.

This latter state, therefore, represents the natural flux.

The compartment-pathway diagrams include only the principal features of a
system or environment. In reality, each compartment may be subdivided into
smaller compartments or each pathway into numerous different pathways.
This simplification is valid, however, because there is no need to calculate
the elemental fluxes along every pathway (or storage in every compartment)
because some pathways are insignificant in terms of either magnitude or
duration. It should be noted that the gas pathway has not been considered
in this report. Four criteria are used to identify the most important pathways
for consideration, these are:

1. The pathway passes through the same material and across
the same boundaries as repository-derived radionuclides. This
generally implies elemental movement associated with groundwater
transport because previous assessments suggest that groundwaters are
likely to be the primary vector for repository-derived radionuclides to
pass from the deep geosphere to the biosphere. It follows that natural
fluxes associated with groundwaters rising upwards from depth are the
most significant for this criterion.

2. The pathway has a large natural flux. It is possible that a licens-
ing criterion could restrict allowable release to some proportion of the
total natural flux. In this case, care should be taken to identify those
pathways carrying the largest fluxes. In its simplest form, this means
that the nature of the flux is not important, only its magnitude.



Figure 1: An exampie of a 'compartment-pathway' diagram. This
example shows some of the fluxes (pathways) that may occur in the
geosphere and the biosphere. The fluxes are: A, erosion of bedrock; B,
discharge ofgroundwaters; C, leaching of bedrock by ground waters; D,
surface transport ofregolith to rivers; E, river transport to the oceans;
F, transfer between river sediments and river transported material;
and G, sedimentation in the oceans.

3. The pathway has material passing along it in a form that is
readily taken-up by the human body. An alternative licensing
criterion could restrict allowable releases to the biosphere to some pro-
portion of the natural flux, on the assumption that dose will depend
on the nature of the flux (e.g. bioavailability) and the particular ra-
dionuclides involved rather than on total activity. In this case, the
magnitude of the natural flux is not necessarily significant. The im-
portant fluxes would be those in the form of solute or fine suspended
particles, rather than larger solid material.
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4. The pathway operates on a long time scale. Due to the con-
stantly changing nature of the environment, some pathways operate for
short durations (e.g. some small rivers) while others are longer term
or continuous (e.g. erosional processes). The fluxes associated with
some short-term processes, and short-term surface storage, become in-
significant when integrated over the long time scales of performance
assessments or other safety analyses.

This last criteria is consistent with the Nordic Flagbook proposals to average
releases to the biosphere over long time periods. However, it should be noted
that certain transient events may produce a high natural elemental flux of a
short duration. An example of this might be a 'pulse' release of radionuclides
in ground waters when a glacier retreats or when permafrost melts. Such
releases may not be significant in the long term averages but they might
have a large impact on any local population during the transient period.
Transient phenomena are discussed in Section 9.1.

The most significant pathways are those that meet the greatest number
of these criteria. However, no natural flux is likely to meet all four crite-
ria because the most important repository-relevant pathway (groundwater
transport) would probably represent a small natural flux compared to, say,
erosion (Miller & Smith, 1993). On the other hand, although groundwaters
may carry only a small flux, this flux is readily available for uptake and, thus,
may present a proportionately higher radiological or chemical risk than, say,
solid material released by erosion.

Implicit in the compartment-pathway model is the idea that the system or
environment is stable and unchanging since these basic diagrams do not
easily allow for evolving systems. However, since the present environment
at Aspo is part of an ever changing sequence of environments forming in
response to ongoing geological and climatological processes, fluxes have also
been calculated which take into account these changes.
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4 Aspo

4.1 Geology and geochemistry

The island of Aspo is located to the south-east of the Swedish mainland,
near Oskarshamn on the Baltic coast (Figure 2). It has dimensions of ap-
proximately 1000 m x 750 m and has generally low, slightly undulating
topographic relief at approximately 10 metres above sea-level. The rock is
relatively well exposed, especially at the coastal fringe but parts of the island
are covered with a layer of peat or soil, and parts are wooded.

Figure 2: The location of the island ofAspo off the south-east coast of the
Swedish mainland.

The island is comprised mostly of Smaland-Varmland granitoids which form
part of the Transcandian igneous belt (TIB). The predominant rock is a red
to grey porphyritic granite-granodiorite, containing megacrysts (up to 3 cm
in size) of microcline feldspar. In the southern part of the island, the Avro
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granite crops out. Minor lenses and sheets of strongly altered, fine grained
greenstones (metabasalts) are found within the granites, together with sub-
ordinate lenses of grey metavolcanites and narrow pegmatites (Kornfalt &
Wikman, 1988).

A large NE-trending shear zone (named EW-1) divides the island into two
structural blocks. The shear zone is vertical to subvertical and contains
strongly foliated Smaland granite with numerous lenses of mylonite and
greenstone xenoliths. The rocks in the shear zone have been weathered
and oxidised as indicated by the presence of hematite and Fe-oxyhydroxides.
Other subvertical fractures are frequent and a subhorizontal fracture zone
occurs at a depth of 300 to 350 metres below ground level. Three groups of
fracture infill have been identified; they are, in order of decreasing frequency:
group A (chlorite and calcite), group B (hematite, Fe-oxyhydroxides, epidote
and fluorite), group C (pyrite, magnetite, laumontite/prehnite and gypsum).

The groundwaters at Aspo are generally reducing with Eh values of between
-250 to -300 mV and moderately alkaline, pH between 7.3 and 8.3. There
are four groundwater 'groups' (Glynn k Voss, 1996; Smellie & Laaksoharju,
1992; Laaksoharju, 1990):

1. recent Na-HCO-3 rich waters;

2. an old, but relatively dilute glacial meltwater group;

3. a deep, saline (Ca-Na-[Mg]-Cl-SO4) group; and

4. an intermediate water group which shows evidence of a 'seawater' or
Baltic water component.

Constituents that increase with depth due to longer rock-water interactions
include Cl, Br, Na, Ca, SO4, Sr and Li. Constituents that decrease with
depth due to redox and pH changes include HCOJ, Mn, Mg, Y&totai and
TOC. Unfortunately, too few analyses of trace elements have been made to
determine which increase and which decrease with depth.

The hydrogeology of the island is controlled by east-west trending features
(the EW-1 shear zone and, to a lesser extent, the NE-1 shear zone and the
NE-2, EW-2, NE-3 fracture zones) cross cut by the north-south trending
fractures zones EW-5 and EW-X. The EW-1 shear zone is a strong recharge
feature and, generally, groundwater flows from the south to the north, at
least in the upper 500 m. Discharge occurs at the periphery of the island.
Figure 3 shows how the fracture systems control the hydrogeochemistry with
two bodies of water of low and medium salinity filling the conductive shear
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and fracture zones and a higher salinity water filling the matrix of the low
conductivity bulk rock separated from the deep (below 800 m), near-stagnant
regional groundwater which has a salinity in excess of 10 000 mg/1.

The hydraulically-active fractures and the shear zones ensure that mixing
of the groundwaters is effective within the upper 200 m but some mixing
still occurs down to 400 m. The groundwater samples from these zones
tend, therefore, to have fairly uniform compositions. These groundwater
compositions are thus controlled by the groundwater flow rate rather than
by rock-water interactions. In contrast, the more saline groundwaters are
less affected by groundwater flow. Glynn & Voss (in press) conclude that
relatively few of the Aspo groundwaters show any evidence of a seawater or
marine component, although Smellie & Laaksoharju have argued otherwise
(Smellie & Laaksoharju, 1992).
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Figure 3: Cross section showing the major fractures and their control on
the salinity of the groundwaters. From Smellie <fe Laaksoharju (1992).

4.2 Climatic and environmental changes

At Aspo, the prime mechanism that causes changes to the environment over
the 103 to 105 year timescale is glacial-interglacial cycling. A theory which
predicts future climate changes has been developed that receives broad sup-
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port, the Milankovitch theory which relates the orbits of the Earth, the
Moon, the planets and the Sun to the strength of solar radiation received at
the Earth's surface. This theory and the predicted consequences for Europe
in general, and Sweden in particular, have been detailed by a number of
workers.
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Figure 4: The central climate change scenario for SITE-94 (King-Clayton
et al., 1995) showing predicted sea levels, ice thicknesses and permafrost at
Aspo over the next 130 000 years.

Within the SKI SITE-94 exercise, a climate change scenario has been con-
structed (King-Clayton et al, 1995) that is based on the SKB/TVO scenario
(Ahlbom et al., 1991; Bjork &; Svensson, 1992) with some modifications from
McEwen & de Marsily (1991) and Svensson (1989). The base models for the
development of the scenario are the climate models ACLIN (Astronomical
Climate INdex: Matthews, 1984) and Imbrie k Imbrie (1980). These models
suggest that three glaciations will occur in the next 130 000 years, with their
onsets at approximately 10 000, 50 000 and 80 000 years from now.

Aspo will be affected strongly by the second and third future glaciations
when maximum ice thicknesses are estimated to be 2200 and 1200 m, respec-
tively. Only periglacial conditions will occur at Aspo during the first future
glaciation. The timings of future glaciations are shown diagrammatically in
King-Clayton et al. (1995) and in Figure 4 which also indicates predictions
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of sea level changes and the development of periglacial conditions.

Examination of the glacial features and deposits in coastal Sweden resulting
from the last glaciation indicates that a predictable sequence of environments
occurs during one glacial cycle. At the onset of glaciation, the land near the
margins of the ice will experience periglacial conditions with permafrost
formation. As the ice advances, the land becomes ice-covered and depressed
due to the weight of overlying ice. At this point the permafrost will melt if
the ice sheet is warm-based. When the glacial period comes to an end and
the ice sheet retreats, the sea-level rises and inundates much of the low-lying
land surface. Gradually, with the weight of the ice removed, the land rises
as isostatic re-equilibrium is regained, causing the sea to regress from the
land.

These systematic changes in sea-level mean little for regions that are lo-
cated at either very high or very low elevations because they may remain
either above or below sea-level, respectively. However, for a site such as
Aspo, the effect is drastic because the environment changes progressively
from periglacial to glacial; glacial to marine; marine to coastal (present-day)
and, finally, coastal to inland. The Aspo region is expected to experience re-
peatedly this sequence of environments for each of the glaciations predicted
in the next 106 years.

Clearly, the natural fluxes that operate in each of the five environments men-
tioned above (periglacial, glacial, marine, coastal and inland) will vary from
environment to environment. Consequently, to calculate the total natural
flux over a long period of time, each environment needs to be considered
separately and the fluxes for each environment summed. To help identify
the relevant fluxes in each environment, a short description of each is given
in the following sections.

42.1 The periglacial environment

Present-day northern Canada and northern Russia may both be considered
analogous to future periglacial environments because of their proximity to
ice-sheets and the presence of year-long permafrost. However, current us-
age of the word 'periglacial,' relates only to regions where the mean average
temperature is close to 0°C, or lower: there is no longer any necessary impli-
cation that a periglacial area is actually peripheral to a glacier. For a review
of periglacial environments and the processes that act there, see Boardman
(1987) and Pitty (1988).

The duration of the periglacial environment at Aspo depends on the speed
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and extent of advance of future ice sheets. According to the predictions of
King-Clayton et al. (1995) shown in Figure 4, during the next glaciation the
ice sheet will not reach Aspo and, consequently, the region will experience
periglacial conditions for a prolonged period with permafrost persisting from
around 10 000 to 50 000 years from now. The permafrost is predicted to
vary in thickness during this time, reaching a maximum depth of around
250 m. Permafrost will melt entirely at the onset of the second glacial event
when the ice sheet does reach Aspo since it is likely to be warm-based. A
further but shorter period of periglacial conditions will precede the third
glacial event.

Under periglacial conditions, erosion of the surface rock will increase due to
frost shattering and material transport may increase because seasonal river
discharge in braided streams may be higher. However, the last point is condi-
tional upon the amount of precipitation, the extent of permafrost and surface
ice. Snow melt and permafrost formation will be episodic due to intervening
less cold spells and it is probable that, at some times, river discharges will
occur that are several times higher than at present. Evidence for this pro-
cess occurring in the past in England have been observed in river sediments
by Cheetham (1980) and Catt (1987). However, mass transport is not the
only removal process that will occur in periglacial environments: it has been
estimated that chemical decomposition will be effective despite the cold tem-
peratures and, in a study of periglacial erosion in Sweden, it was concluded
that the volume of material removed by solution [chemical decomposition]
was comparable to that of all other periglacial mass movements combined
(Rapp, 1960). It has been suggested that increased rates of chemical de-
composition is one of the major processes to be anticipated in periglacial
environments (Pitty, 1988). However, groundwater flow and chemistry will
also be strongly affected by the permafrost layer with groundwater residence
times increased due to restriction of the recharge and discharge points. This
may have the effect of increasing the salinity of the groundwaters trapped
beneath the permafrost and the consequence of a pulsed release of dissolved
radionuclides when the permafrost melts.

422 The glacial environment

Present-day Greenland and parts of Alaska may be considered analogous to
the modelled glacial environment because these locations largely comprise
crystalline bedrock overlain by thick ice-sheets or glaciers.

A distinction needs to be drawn between glaciers and ice sheets. In this
report, a glacier is taken to be a body of ice, within a valley or other to-
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pographic feature, that flows downslope due to gravity. They are generally
small but may be fast moving due to the high gradient of some valleys. In
contrast, an ice sheet is taken to be a much larger body of ice (may be con-
tinent sized) that is thick enough to flow slowly under their own weight and
the continued accumulation of snow and ice in some parts of the ice sheet.
Ice sheets are sufficiently wide and thick (up to a few kilometres deep) that
they envelop most of the topographic features they encounter. Glaciers may
form around the fringes of an advancing ice sheet or may be left behind as
the remnants of an ice sheet following glacial retreat.

The primary process responsible for driving the elemental fluxes in the glacial
environment is taken to be direct erosion of the surface rocks by the ice, with
some enhanced groundwater mobility at the edge of ice sheets. In central
portions of a static ice sheet, groundwater flow will be essentially stagnant
due to the lack of any significant head differentials. However, in the distal
zones of the warm-based ice sheet, groundwater flow rates are expected to be
high due to the high pressure gradient in this region. It is possible that, under
these conditions, groundwater flow rates may be two orders of magnitude
larger than would occur under non-glacial conditions (Boulton & Payne,
1992).

Glaciers and ice sheets generally are not static features and, although they
may move slowly, they can be very efficient at eroding the land surface, al-
though the actual erosion rate depends on many factors. Generally, glacial
erosion is highest in mountainous regions although, at Aspo, where the ter-
rain is relatively flat, the likely glacial erosion rate will not be extreme. A
further important factor that controls the erosion rate is the temperature of
the ice bottom. Glaciers and ice sheets may be classified as warm or cold
based, depending on whether the temperature at their base is above or below
that required for pressure melting of the ice. Erosion rates are significantly
greater for warm based glaciers and ice sheets than for cold based ones. As
a rule-of-thumb, cold based glaciers and ice sheets occur in polar or intra-
continental situations, whereas warm based glaciers and ice sheets occur in
maritime or mid-latitude situations. However, temperatures at the base of
large ice sheets may exhibit a zonation relating to mass balance, stain heat-
ing and ice advection (e.g. Hindmarsh et al., 1989; Boulton & Payne, 1992).
It is probable, therefore, that glaciers and ice sheets in the region of Aspo
will be warm based for most of their time at Aspo.

The majority of the solid material eroded from the land surface will be-
come moraines, although wind-blown loess may be significant. Material
from moraines may be too large for ingestion and, hence, is not available for
direct uptake although a dose could be received from external radiation by
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people in the vicinity. However, given that this type of material remains rel-
atively static, it does not represent a significant flux and may not, therefore,
be of any interest. Inhalation of wind-blown loess may be more significant
in this regard.

4.2.3 The marine environment

The present-day Baltic Sea may be considered analogous to the modelled ma-
rine environment because these locations largely comprise submerged crys-
talline bedrock on the continental shelf.

The marine environment is very simple but unique among the four considered
here in that it is principally concerned with deposition, while the others
are all erosional. The sea sediments will be continuously added to by the
terrigenous sediment load from the nearest rivers which will occur outwith
the Aspo locality, for example by any future River Eman. The volume
of terrigenous sediment carried by the rivers to the sea sediments will be
controlled by a number of factors but is likely to be similar to the mass of
material carried in some present day rivers such as the Torne Alv.

The groundwater flow rates in the rock beneath the sea will be extremely
low because no significant head differentials occur; the recharge zones may
be onland and, if so, are likely to be some tens of kilometres distant. It
is assumed that groundwater flows so slowly that no elemental fluxes are
associated with it. The composition of the groundwaters is likely to be
saline because the residence (rock-water interaction) times will be long and
because sea water will infiltrate into the rock.

42.4 The coastal environment

The coastal environment, with the land-surface just raised above sea-level,
represents the present-day situation at Aspo and, as a consequence, this is
an environment that is interesting to consider.

In the coastal environment physical erosion is a significant process, in con-
trast to the marine environment. The physical erosion rate in the Aspo
region is not likely to be very different from that observed in other parts of
present-day Sweden. The eroded material will persist on the island for some
time, breaking down and adding to the soil horizon. The soil is relatively
mature and contains some organic material and, indeed, the soil maintains
a thriving floral assemblage. Some soil is regularly washed-off the island as
a result of the high rain fall; this soil is then added to the near-shore sedi-

19



ments. Despite this continual soil loss, the soil is likely to be accumulating at
the present time and the average rate at which this occurs can be calculated
because it is known that the island emerged from the sea approximately 6
000 years ago.

There are no substantial lakes or rivers on the island; the only surface water
features are small accumulations of rain-water in topographic depressions
that are located above the water-table (e.g. in small peat bogs). Rain falling
on Aspo either runs-off the surface directly to the sea or infiltrates down
through the rock to the water-table. There are no groundwater discharge
zones on the island so the elevated water table on the island (relative to off-
shore) will drive local groundwater movement that will eventually discharge
at the sea-bed, into the near-shore sediments or directly into the sea.

4.2.5 The inland environment

The present-day area around Vetlanda may be considered analogous to the
modelled inland environment because this location largely comprises crys-
talline bedrock which is approximately 100 km from the coast, at an elevation
of approximately 150 m. This is a particularly suitable comparison for it has
been calculated that the southern Baltic region will rise by another 100 to
200 m before isostatic equilibrium will be reached in the wake of the last
glaciation.

In the inland environment, physical erosion is a key process and it is assumed
that this erosion rate will not be substantially different to that in the coastal
environment. In contrast to the coastal environment, chemical weathering
of the bedrock is likely to be more pronounced due to the thinner soil and
peat cover in the upland regions and, more importantly, due to the longer
period of exposure of the rock mass to the atmosphere.

The groundwater composition and flow rate for the inland environment will
be similar to that for groundwaters for present-day inland Sweden. Ground-
water will carry elements dissolved from the rock and will be discharged to
the rivers or lakes and their sediments.
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5 Input data

5.1 Data availability

Calculations of natural fluxes are dependent on the availability of appropriate
input data. Two types of data are required to assess natural geochemical
fluxes at Aspo:fluxes at Aspo:

A elemental concentrations in rocks and waters, and

A the rates of natural processes, such as erosion, during the different
environments.

Some of the data used in this assessment are site-specific and have been
measured at Aspo. Other data are not site-specific because either the par-
ticular parameter was not measured as part of the Aspo site characterisation
exercise (e.g. selenium concentrations in rocks and waters) or because the
parameter is not amenable to point measurements in either space or time
(e.g. physical erosion rates).

Whenever possible, site-specific elemental concentration data for Aspo rocks
and groundwaters have been used in the calculations. When these data were
not available, proxy data from other Swedish study sites with similar geology
were sought, such as Stripa and Klipperas. In fact, relatively few analyses
of either rock or groundwater are reported that include most the elements of
interest to this study from either Aspo, Stripa or Klipperas. This is probably
because some of these elements are not traditionally of interest to either
performance assessment modellers or to geochemists. Those trace elements
that are measured routinely in geological studies and site investigations are
the rare earth elements (REE) and not the heavy metals. It would appear
that the analysis of REEs follows on from standard 'academic' geochemical
practice, where these elements are used to establish magma genesis and,
thus, to differentiate between various families of igneous rocks.

5.1.1 Trace element compositions of rocks

Some average trace element concentrations for the rocks at Aspo are given
by Tullborg et cd. (1991) and the potassium data for the Avro granite is
given by Kornfalt & Wikman (1988). Further trace element data for the
rocks at Klipperas are given by Smellie et aX. (1991). Both the granites at
Aspo and at Klipperas belong to the Smaland-Varmland granitoids which
form part of the Transcandian igneous belt. Consequently, it is justified
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to use proxy data from Klipperas in place of the missing data from Aspo.
The site characterisation data from the Stripa investigations were examined
also (Nordstrom et al., 1985). However, it became apparent that both the
Aspo and Stripa studies analysed for the same suite of elements and, as a
consequence, the Stripa reports did not provide any additional information.

Concentrations for a few elements were absent from both the Aspo and at
Klipperas data and, to fill the gaps, data from the average granite composi-
tion reported by Bowen (1979) were used. The elemental concentrations for
rocks used in the flux calculations are given in Table 1.

Element

U
Th
Ra
Se
Sn
K
(4°K)
Rb
(87Rb)
Cs
Cd
Cu
As
Zn
Pb
* assuming
3 assuming

Table 1: Trace

Concentration
(mg/kg)
5.4

11.8
7.1 x 10~7

0.005
4.0

38983.
(4.6 •)

127.1
(35.4 §)

3.3
0.039

11.0
3.0

85.0
34.0

element concentrations in rocks.

Source

Aspo Tullborg et al. (1991)
Aspo Tullborg et al. (1991)
Average granite Bowen (1979)
Average granite Bowen (1979)
Klipperas Smellie et al. (1991)
Aspo Kornfalt & Wikman (1988)

Aspo Tullborg et al. (1991)

Aspo Tullborg et al. (1991)
Average granite Bowen (1979)
Klipperas Smellie et al. (1991)
Klipperas Smellie et al. (1991)
Aspo Tullborg et al. (1991)
Klipperas Smellie et al. (1991)

an isotopic abundance of 0.000118 (Bowen, 1979)
an isotopic abundance of 0.2785 (Bowen, 1979)

5.12 Trace element compositions of waters

Elemental data for groundwaters from Aspo are presented by Nilsson (1991)
and Tullborg et al. (1991). Trace element analyses for groundwaters were
available from boreholes KAS02, KAS03, KAS05, KAS06, KAS07, KAS09
and KAS12. Radium concentrations in Aspo groundwater were obtained
from Linden (1988). The elemental concentrations for groundwaters used in
the flux calculations are given in Table 2.
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Table 2: Trace element concentrations in groundwaters

Element

U
Th
Ra
Se
Sn
K
(«K)
Rb
(87Rb)
Cs
Cd
Cu
As
Zn
Pb
* assuming

3 assuming
+ mean of s
* mean of 1

Concentration
(mg/1)

1.3 x 10"3
1.5 x 10~4

2.0 x 10- 9

1.0 x lO"1

6.0 x 10"4

9.1
(1.1 x lO- 3 . )

29.8 x lO- 3

(8.3 x lO- 3 §)
2.5 x lO- 3

2.0 x 10"4

4.6 x lO- 3

6.5 x lO- 3

1.6 x lO"1

8.7 x 10-2

Aspo
Aspo
Aspo
Swiss
Swiss
Aspo

Aspo

Aspo
Aspo
Aspo
Aspo
Aspo
Aspo

an isotopic abundance of

Source

Nilsson (1991)+
Nilsson (1991)+
Linden (1988)

basement Stenhouse (1993)
basement Stenhouse (1993)

Tullborg et al. (1991)*

Tullborg et al. (1991)*

Tullborg et al. (1991)*
Nilsson (1991)+
Nilsson (1991)+
Nilsson (1991)+
Nilsson (1991)+
Nilsson (1991)+

0.000118 (Bowen, 1979)

an isotopic abundance of 0.2785 (Bowen, 1979)
six groundwater
ive groundwater

analyses
analyses

No element concentrations were available for Se and Sn for Swedish ground-
waters. It was first thought that proxy data for groundwaters could be
predicted by thermodynamic codes and databases. However, this approach
was rejected for two reasons:

(i) the databases contain solubility data for pure solids only, and are thus
considered unrealistic for modelling natural system behaviour where
these elements will be present as trace components, and

(ii) this is the same approach that has been used in performance assessment
studies so that no comparisons could be made between the results from
this study and performance assessment predictions.

Instead, proxy data were taken from the analyses for deep Swiss groundwa-
ters reported by Stenhouse (1993).
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Table 3: Average river water compositions

Element

U
Th
Ra
Se
Sn
K
(4°K)
Rb

(87Rb)
Cs
Cd
Cu
As
Zn
Pb

Sweden
suspended^

(mg/kg)
3.4

12.3
1.0 x 10~6

0.4
4.4

20000.
(2.4 •)

138.
(27.9 §)

n.d.
0.2

29.0
6.5
n.d.

20.0

Global
suspended1

(mg/kg)
3.0

14.0
n.d.
n.d.
n.d.

20000.
(2.4 •)

100.
(42.0 §)

n.d.
1.0

100.0
5.0
n.d.

150.0

Global
dissolved*

(Mg/kg)
0.04
0.1
n.d.
n.d.
n.d.

1350.
(0.16 •)
1.5

(0.42 §)
n.d.
n.d.

10.0
1.7
n.d.
1.0

* assuming an isotopic abundance of 0.000118 (Bowen, 1979)
§ assuming an isotopic abundance of 0.2785
f from Miller & Smith (1993)
» from Martin & Meybeck (1979)

(Bowen, 1979)

Unfortunately, it was not possible to identify any concentration data for the
elements of interest for streams or rivers in the vicinity of Aspo. In the
absence of this information, it has been assumed that the composition of the
suspended load in Swedish rivers is similar to the composition of the average
Swedish rock. This average composition was determined by Miller & Smith
(1993) and is given in Table 3 together with global average stream water
compositions for both suspended and dissolved loads determined by Martin
& Meybeck (1979) for comparison.

5.1.3 Rates of physical processes

The rates of physical processes were not measured at Aspo but numerous
studies at other locations have been performed with the aim of determining
erosion rates etc. The results from these studies are discussed throughout
this report and the most relevant or average values have been adopted as
appropriate.
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5.2 Accuracy

The accuracy of the calculations performed in this report is limited by the
accuracy of the input data and the assumptions made in the model under-
lying each calculation. Some of the data used are of a high precision, such
as the measured rock and groundwater elemental concentrations, but other
data have lower precision, such as the erosion rates. However, the data with
high precision are point measurements from large volumes of rock or water
and, therefore, may not represent accurately the average compositions.

It follows, therefore, that the calculated fluxes should not be considered as
absolute but rather as near order of magnitude approximations. This does
not, however, limit their use for criteria development because an equivalent
or even greater level of uncertainty will be associated with the performance
assessment predictive calculations with which the natural fluxes may be com-
pared. This is because the performance assessment calculations rely often on
proxy or best-estimate data and because conservative rather than realistic
assumptions are sometimes employed.

In view of the level of accuracy inherent in the calculations performed, in
this report all concentrations and calculated fluxes are quoted to only one
or two significant figures, depending on the value concerned.
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Relevant timescales

Clearly, the rates of natural processes such as erosion may vary over short
time scales (days to tens of years) in response to normal every-day weather
patterns and seasonal variations. However, these variations are not consid-
ered in this report which is primarily concerned with long-term averages.
Significant variations in the rates of natural processes usually do not occur
until the surface environment changes substantially and this may be brought
about only in response to climate change or geological activity (e.g. major
faulting, volcanism or plate tectonics). Sweden is tectonically inactive at
the present time and, apart from isostatic uplift, no significant changes to
the surface environment are likely to occur due to geological activity in the
next few tens of millions of years. Such time scales are in excess of most
recent performance assessment predictions and need not be considered in
this report.

The primary mechanism for altering the surface environment and modifying
the natural fluxes at Aspo is, therefore, climate change. Note that, isostatic
readjustment occurs in response to advancing and retreating ice sheets and,
as such, can be considered as a consequence of climate change. As discussed
in Section 4.2, there will be a series of glaciations affecting Aspo over the
next 130 000 years, with glacial maxima at around 20 000, 60 000 and 100
000 years from now and each glaciation which will cause substantial changes
to the environment at Aspo.

The minimum relevant time period over which to calculate natural fluxes
should be equivalent to the length of time each of the different surface envi-
ronments will persist, in order to distinguish variations in natural fluxes due
to climate change. Unfortunately, it is not easy to quantify the duration of
these environments partly because the change from one to another is gradual
and partly because not all glaciations have the same duration or reach the
same intensity. However, interpolation from the predictions of King-Clayton
et al. (1995), suggests that a minimum duration for each environment in the
sequence is of the order of 5000 years, although some environments may
persist for much longer.

Due to the difficulties in quantifying the duration of each environment, it is
useful to consider the natural fluxes resulting from one entire glacial cycle,
that is integrating the fluxes for each of the five environments. The duration
of future glacial cycles is predicted for the next 130 000 years, as described
in Section 4.2, during which three major glaciations will occur followed by
a long interglacial. It follows, that this would be a relevant time period
to consider. Furthermore, this time-period is comparable to the period of
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greatest concern for repository releases.

Glaciations will occur at intervals over the next 106 years, although the
intensity of each glaciation in Sweden is not predicted with precision. How-
ever, given that 106 years is the maximum length of time that a performance
assessment should arguably consider, it is also a relevant time-period for the
calculation of natural fluxes.

It should be noted that these timescales are appropriate only to the Scandi-
navian countries affected by repeated glaciations. If an area does not experi-
ence these glacial cycles, or is on the fringe of a glaciation, other mechanisms
may dominate changes in natural fluxes. In assessing natural fluxes in other
countries, therefore, it may be necessary to choose different relevant time
periods.
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7 Relevant fluxes

As discussed in Section 3, some natural fluxes are more relevant than others
for comparisons with repository releases and, therefore, in designing licensing
criteria. In particular, the natural elemental fluxes associated with ground-
water transport are of prime concern because groundwater will transport the
majority of radionuclides released from a repository. However, the fluxes as-
sociated with groundwaters are small compared to those of other processes
(Miller & Smith, 1993) and, consequently, these other fluxes must be quanti-
fied if the total natural flux (or the total dose or risk associated with natural
fluxes) is to be used to define limits for repository-derived releases to the bio-
sphere. The largest natural elemental fluxes are associated generally with
erosion and weathering processes.

In considering the five environments that will occur during one glacial cycle
(periglacial, glacial, marine, coastal and inland), different fluxes are believed
to be relevant in each environment. However, four fluxes in particular are
considered to be the most relevant and these will be quantified in the fol-
lowing sections. The relevant natural fluxes are:

1. Groundwater transport: This flux is relevant to both the coastal
and inland environments but not to the periglacial or marine environ-
ments because in these situations, groundwater flows so slowly due to
low head differentials that the fluxes associated with it can be consid-
ered to be insignificant. In the glacial environment, groundwater may
be nearly stagnant beneath the central portions of an ice sheet but may
flow rapidly near the fringes of the ice sheet if it is warm-based and
retreating when glacial melt water infiltrates the ground beneath the
ice and discharges beyond it. This flux is, therefore, relevant in some
cases in the glacial environment. Groundwater may not be associated
with large natural elemental fluxes, but it is a relevant flux because it is
the principal pathway to the biosphere available to repository-derived
radionuclides and because the elements are delivered to the biosphere
in a more readily assimilable physical form.

2. Glacial erosion: This flux is relevant to the glacial environment only,
for obvious reasons. The elemental fluxes due to glacial erosion are
likely to be the largest of the natural fluxes and, therefore, glacial
erosion will control the total natural flux even when integrated over
time-periods longer than the glaciation.

3. Non-glacial weathering: This flux is relevant to the periglacial,
coastal and inland environments and is due to mechanical breakdown
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and chemical decomposition of the near-surface rock. These natural
fluxes will be dominant until the onset of the next glaciation. Elemen-
tal fluxes due to chemical decomposition are particularly important
because this process supplies a proportion of the dissolved species in
river water.

4. River transport: This flux is relevant to the periglacial and inland
environments. The material transported in rivers may be solid, re-
sulting from mechanical breakdown of the rocks, or in dissolved form,
resulting from the chemical breakdown of the rocks, leaching of soils
and discharge of ground water in various proportions. Dissolved and
fine suspended material in rivers provides a large proportion of the nat-
ural fluxes available for human uptake and, therefore, this flux tends
to control the dose and risk due to natural elemental fluxes.

Each of these processes and the calculations are discussed in the following
sections.

7.1 Groundwater transport

Groundwater will dissolve elements from the rock as it flows through frac-
tures provided that the element is soluble under the ambient physico-chemical
conditions and that the groundwater is not already saturated with respect to
minerals containing that element. In view of the generally slow flow rates of
groundwaters in crystalline rocks, it is probable that near-equilibrium exists
between the rock and groundwater in the present-day Aspo region and, there-
fore, that no selective dissolution of the rock will occur, although elemental
and isotopic exchange may take place. Prolonged water-rock reaction will
have destabilised the original minerals in the granites such that solid phases
more thermodynamically stable in the low temperature hydrous environment
will have precipitated. These minerals would include clays, sheet silicates,
carbonates, oxides, sulphides and sulphates.

The mobility of trace elements in groundwater considered here for geochemi-
cal flux calculations would be controlled by the solubility of these 'secondary'
solid phases. Because of their low concentrations, these trace chemical com-
ponents are unlikely to form discrete solid phases themselves. Rather, they
will tend to be bound in the various solid phases as solid solutions, sub-
stituting for major elements of similar ionic size and ionic valence. Their
partition between solid and liquid phases will be governed by Henry's law
behaviour. Currently, thermodynamic models and databases available for
modelling trace element behaviour in water-rock systems are inadequate.
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Available models rely upon treating trace elements as major element com-
ponents, i. e. by calculating the solubility of pure solids of these trace com-
pounds. Not only is this assumption geochemically unrealistic, it also follows
that in most cases, calculated solubilities are greatly in excess of concentra-
tions actually measured in groundwaters (e.g. Bruno et al., 1992). Despite
these limitations, the approach of using solubility data for pure solids is com-
monly used in performance assessment studies of radioactive waste disposal
since the results are conservative, i.e. pessimistic for radionuclide mobility
(McKinley and Savage, in press).

Element

U
Th
Ra
Se
Sn
Cu
Cd
As
Zn
Pb
Note: The
to carry out

T&ble 4: Comparison between modelled and measured
trace element concentrations in Aspo groundwaters.

Aspo Groundwater

(mg/1)
1.3 x 10-3
1.5 x 10~4

2.0 x 10-9

1.0 x 10-1
6.0 x 10~4

4.6 x lO-3

2.0 x 10"4

6.5 x lO-3

1.6 x 10-1

8.7 x 10~2

Model
(mg/1)

1.0 x 10"4

2.1 x 10-9

6.1 x lO"2

2.1 x lO-3

3.2 x 10"3
5.0 x 10-1
5.6 x 101

1.5 x 10~5

4.7 x 101

1.1 x 10-1

Model Constraint

UO2 (uraninite)
ThO2 (thorianite)

RaSO4

FeSe2 (ferroselite)
SnC>2 (cassiterite)

CU2O (cuprite)
CdCO3 (otavite)

AsS (realgar)
ZnCC>3 (smithsonite)

PbCO3 (cerussite)
measured data are taken from Table 2. Major element concentrations
the modelling were for borehole KAS 02 (860-924 m), taken from

Tullborg etal.(1991), Nilsson (1991) and Smellie & Laaksoharju (1992). Major
element data (as mg/1 except for pH and Eh) were as follows: pH = 8.5;
Eh = -320 mV; Na = 3000; K = 10.9; Ca = 3830; Mg = 30; Fe2* = 0.049;
HCO; = i] ; 01' = 11100; SOj' = 520; S2i = 0.72. Modelled data
were calculated using EQ3/6 (Version 7.2; Wolery, 1992) with input major element
concentrations as measured and trace element solubility-limiting solids as indicated.

To illustrate this issue in relation to calculating natural geochemical fluxes
at Aspo, some demonstration calculations of the solubility of pure trace ele-
ment solids using the code EQ3/6 (Version 7.2; Wolery, 1992) are presented
in Table 4 in comparison with concentrations actually measured in Aspo
groundwaters.

Solids which are likely to be stable in the geochemical conditions of the deep
Aspo groundwaters were chosen for the calculations. It may be seen from
Table 4 that some modelled concentrations exceed those measured by 1 to
7 orders of magnitude, whilst those for Se (data for Aspo were proxy values
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from groundwaters in the Swiss granitic basement), As, U and Th are less
than those measured by 1 to 4 orders of magnitude. Clearly, the assumption
of equilibration of pure solids with groundwater is an inadequate means of
predicting natural abundances of these trace elements.

For the flux calculations considered here, the approach of pure solid phase
modelling is considered inappropriate. Not only will such modelled con-
centration estimates differ greatly from those expected in natural ground-
water systems, the approach will simply duplicate that currently employed
in performance assessment calculations. It follows (given common models
and databases and assumptions concerning the major element chemistry of
groundwaters etc.) that the calculated 'natural geochemical fluxes' will be
identical to those predicted for the repository. Clearly, there would be little
merit in this exercise to provide an independent comparison with regard to
future repository behaviour. Consequently, flux calculations for groundwater
transport have relied solely upon trace element concentrations actually mea-
sured in groundwaters from Aspo and elsewhere and have thus utilised data
reported in Table 2. Unfortunately, not all elements of interest have been
measured in these groundwater samples from Aspo, the number of analyses
available are relatively few, and not all groundwater types (e.g. Smellie and
Laaksoharju, 1992) are represented. However, there are sufficient data for
the value of the geochemical fluxes approach to be confirmed.

The flux of elements carried by the groundwater is dependent on the concen-
tration of elements in the groundwater and the groundwater flow rate. Due
to the fractured nature of the rock, groundwater flow will be restricted to
hydraulically-active fractures, with no (or insignificantly low) flow occurring
throughout the bulk of the rock mass. Strictly, therefore, elemental fluxes
associated with groundwater are limited to fractures. However, given that a
flux is usually defined as mass per unit time per unit cross-sectional area, it
is sensible to assume that the rock is acting as a porous medium and to cal-
culate the average elemental fluxes using a bulk groundwater flow rate {e.g.
a bulk hydraulic conductivity) for the whole rock. Although this is not a
realistic assumption, it is one that is often made in performance assessments.

Hydrogeological measurements for the Aspo rocks have been determined as
part of the Hard Rock Laboratory studies and a hydrogeological model for
the site was presented in the SITE-94 exercise (SKI, 1996). Due to the
natural variability in the hydrogeological characteristics of a hard rock site,
it is difficult to define accurately a single average groundwater flux for the
bulk rock. However, for the elemental flux calculations presented here it
was decided to use a groundwater flow rate of 4.23 xlO~12 m/s which is
typical of the regional steady-state groundwater flow field in the crystalline
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basement rocks in the Aspo area (SKI, 1996). This groundwater flow rate
is equivalent to 1.33xlO~x l/m2/y and is taken to be representative of the
coastal (present-day) and inland environments.

The natural fluxes due to groundwater flow in the coastal and inland en-
vironments are calculated using the groundwater flow rate given above and
the composition of deep groundwater which were given earlier in Table 2.
The results of these calculations are presented in Table 5. According to the
SITE-94 groundwater flow model, the groundwater carrying these elemental
fluxes will discharge to the sea around Aspo.

This calculation does not take into account the variety of groundwaters at
Aspo that have been distinguished on the basis of major element chemistry
(e.g. in Smellie & Laaksoharju, 1992). However, it is not possible to quan-
tify how the trace elements behave as the different groundwaters mix, or as
they pass from deep to shallow regions during discharge, because there are
no analytical data for the trace elements of interest for each of the ground-
water types. Nonetheless, it is possible that the fluxes for some elements
at the groundwater discharge points may be higher than those quoted here
because the redox conditions will be more oxidising than at depth and most
redox-sensitive elements (e.g. U, Se) will be more soluble. This omission
of consideration of near-surface chemistry also arises in some performance
assessment considerations of repository-derived radionuclide fluxes.

The natural fluxes associated with subglacial groundwaters are difficult to
estimate. In the region of the ice sheet fringe, the groundwater flow rate
may be one to two orders of magnitude higher than would occur during
interglacial periods (Boulton &; Payne, 1992) and this factor, alone, would
increase the elemental fluxes. However, it is likely that the concentration of
radionuclides associated with subglacial groundwaters would be lower than
those in present-day groundwaters because the infiltrating glacial meltwa-
ters are generally poorly mineralised and because the subglacial waters would
have short rock-water interaction times before discharge. This assumption
is supported by the work of Sigurdsson (1990) who analysed several Ice-
landic subglacial groundwaters. He found that these groundwaters generally
contained very low concentrations of dissolved major and trace elements.
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Table 5: Natural fluxes due to groundwater transport
in t

Element

U
Th
Ra
Se
Sn
K
Rb
Cs
Cd
Cu
As
Zn
Pb

,he coastal and inland environments.

Flux
(mg/m2/yr)

1.7 x 10"4

2.0 x 10~5

2.7 x 10"10

1.3 x 10"2

8.0 x 10~5

1.3
3.9 x 10~3

3.3 x 10"4

2.7 x 10~5

6.1 x 10"4

8.7 x 10"4

2.1 x 10"2

1.2 x 10-2

The actual elemental fluxes associated with subglacial groundwaters, com-
pared with those of the present-day (coastal or inland environments), there-
fore depend on the relative changes in the flow rate and groundwater chem-
istry. If one changes more rapidly than the other, the elemental fluxes could
be either higher or lower than those calculated in Table 5. Without further
direct information, it is not considered valid scientifically to assume what
the subglacial groundwater flow rate and chemistry might be at Aspo and,
consequently, no flux calculations have been performed for this environment.
However, it may be expected that the subglacial natural fluxes in groundwa-
ters will not be more than two orders of magnitude greater or smaller than
the present-day fluxes.

7.2 Glacial erosion

Glaciers may erode rock by a number of processes including crushing and
fracturing, abrasion (by both ice and embedded rock fragments), cavitation
and chemical decomposition (Drewry, 1986). The relative importance of
these processes is controlled by several factors, the most important of which
are the thickness of the ice, the nature of the rock, the temperature of the
base of the glacier and the speed of the glacier over the rock. The total mass
of material eroded per unit area from the glacier bed includes the mass of
material eroded by abrasion, the mass of crushed and fractured material,
the mass of material removed by meltwater erosion and the mass of material
removed by chemical decomposition by the meltwater.
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T&ble 6: Directly measured glacial abrasion rates

Locality

Glacier d'Argentiere
Breidamerkurjokull
Breidamerkurjokull
Breidamerkurjokull
Breidamerkurjokull
Breidamerkurjokull

Rate
(mm/yr)
36.00
3.75
3.40
0.90
3.00
1.00

Ice velocity
(m/yr)

250
15
20
20
10
10

Platten

marble
marble
marble
basalt
marble
basalt

Normally it is impossible to ascribe quantities to each parameter and often
only an indirect assessment of total erosion can be made by measuring sed-
iment and solute transport in rivers. Few direct measurements of abrasion
have been made (see, for example, Embleton & King, 1975) but one notable
study was that of Boulton (1974) who measured directly the abrasion be-
neath the Glacier d'Argentiere near Chamonix and at Breidamerkurjokull
in Iceland. Smooth plattens were fixed to the bedrock beneath the ice and,
later, the depth of abrasion at the raised edges of the plattens was measured.
The plattens were made of marble, basalt and aluminium. The results for
the rock plattens indicated abrasion rates of between 0.9 and 36 mm/yr, see
Table 6. However, the relevance of these studies is not clear because they
relate to erosion only at the edges of glaciers rather than ice sheets, and are
very short term.

Typically, glacial erosion rates are inferred from measurements of the sedi-
ment transport in rivers. Numerous studies have employed this method to
determine erosion rates for various glaciers around the world. The range of
inferred glacial erosion rates varies from around 1 to 30 mm/yr, Table 7, as
reported in Drewry (1986).
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Tfcble 7: Indirect measurements of

Glacier

Muir, Alaska
Muir, Alaska
Hidden, Alaska
Engabreen, Norway
Storbreen, Norway
Heilstugubreen, Norway
Hoffellsjokull, Iceland
Kongsvegen, Svalbard
St. Sorlin, France
Imat, Russia
Ajutor-3, Russia
Fedchenko, Russia
RGO, Russia

Rate
(mm/yr)
19.0
5.0

30.0
5.5
0.1
1.4
2.8 to 5.6
1.0
2.2
0.9
0.7
2.9
2.5

glacial erosion rates

Source

Reid (1892)
Corbel (1962)
Corbel (1962)
Rekstad (1911)
Liest0l (1967)
Corbel (1962)
Thorarinsson (1939)
Elverhoi et al. (1980)
Corbel (1962)
Chernova (1981)
Chernova (1981)
Chernova (1981)
Chernova (1981)

Studies based on measuring sediment transport may provide lower limits to
glacial erosion because this technique does not take into account discharge of
dissolved species or sediment held in or on the ice. However, these additional
discharges may be small in relation to total river transport, and may be less
than the errors associated with this technique, which may be significant.

The glacier erosion rates most relevant to Sweden are those determined by
0strem (1975) and discussed by Kjeldsen (1981). This worker studied five
Norwegian glaciers that move over crystalline basement rocks. The calcu-
lated erosion rates are given in Table 8.

In addition to measuring present-day glacial erosion rates, some workers
have estimated erosion rates for the last few glaciations on the basis of the
volume of glacial sediments (tills, moraines etc.) and the depth of glacial
valleys. Evidence such as this indicates that in mountainous areas, the floor
of a glacial valley can lowered by as much as 600 m in one glacial cycle
(Hamblin, 1982).
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Table 8: Erosion rates for Norwegian glaciers

Glacier

Nigardsbreen
Engabreen
Erdalsbreen
Austre-Memurubre
Vesledalsbreen

Median

Annual sediment yield
(10a kg/yr)

21 4000
22 560
8 130
7 540

775

10 068

(103 kg/kmVyr)
447
594
645
842
191

453

Erosion rate
(mm/yr)
0.165
0.218
0.610
0.313
0.073

0.342

Given that a single glaciation event may last, say, 10 to 20 000 years, this
suggests an erosion rate of a few centimetres per year. This is very much a
maximum erosion rate and is likely to be several orders of magnitude greater
than the erosion that is likely to occur in the relatively low-lying area around
Aspo. Evidence of glacial landforms in northern Europe suggests that erosion
during the last few glaciations was not generally significant (although locally
variable) partly because those landforms and deposits susceptible to erosion
had been removed in previous glacial episodes (Eronen & Olander, 1990).

It seems likely that the erosion rates from 0strem (1975) are most appropri-
ate to Aspo and, consequently, the natural fluxes due to glacial erosion are
calculated using this worker's median erosion rate from the five glaciers;
that is 0.34 mm/yr. Assuming that the density of the Aspo granite is
2.5 xlO3 kg/m3, this means that the median erosion rate is equivalent to
0.85 kg/m2/yr. According to the central climate change scenario for the
SITE-94 project (King-Clayton et al., 1995), glacial conditions will persist
for around 28 000 years out of the next 140 000 years, as indicated in Figure
4. With a glacial erosion rate of 0.34 mm/yr, this would mean that the total
depth of erosion due to glacial activity would be approximately 9.5 m over
this 140 000 year period.

Given this glacial erosion rate and the elemental abundances in the Aspo
granite given in Table 1, it is possible to calculate the total fluxes of indi-
vidual elements due to erosion. These calculations have been performed and
the results are given in Table 9.
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Table 9: Natural elemental fluxes due to glacial erosion

Element

U
Th
Ra
Se
Sn
K
Rb
Cs
Cd
Cu
As
Zn
Pb

Flux
(mg/m2/yr)

4.6
10.0
6.0 x 10"7

4.3 x 10-3

3.4
3.3 x 104

108.
2.8
0.03
9.4
2.6

72.0
29.0

7.3 Non-glacial weathering

Non-glacial weathering (or erosion) occurs as the result of two processes;
mechanical breakdown and chemical decomposition. Mechanical breakdown
of rocks is common in nature and can result from the removal of an overlying
load (e.g. ice), expansion and contraction of the rock due to changes in tem-
perature, heat from fires or the activities of plants and animals. However, in
the Scandinavian countries, the present-day predominant cause of mechan-
ical weathering would be 'frost wedging,' which is the formation of ice in a
crack in the rock, or in grain boundaries, causing the rock to be split apart.
Chemical weathering or decomposition of rocks is due to complete or partial
chemical reaction between some or all of the minerals in the rock matrix and
rainwater which is often mildly acidic and strongly oxidising. The chemical
reactions that may occur are hydrolysis, hydration and dissolution.

Chemical and mechanical weathering processes may occur independently of
each other but it is common for both processes to be coupled. Climate is
the principal factor that controls the relative importance of each process
(Skinner, 1987). In environments where rainfall and temperature are both
low, mechanical breakdown is dominant. In contrast, high temperature and
high rainfall will cause chemical decomposition to be dominant. The climatic
control of weathering processes is shown diagrammatically in Figure 5.

Coupling between mechanical and chemical weathering processes occurs be-
cause: (i) mechanical breakdown of rocks increases the available surface area
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causing an increase in the rate of chemical decomposition, and (ii) certain
minerals (e.g. feldspars) are more susceptible to chemical decomposition
than others causing the surface of rock outcrops to become pitted which
enhances mechanical breakdown. In present-day Sweden, mechanical and
chemical weathering processes will be coupled. Rainfall in southern Sweden
near the west coast averages between 90 and 100 cm/yr and about 50 cm/yr
in the driest parts of the Baltic Sea area (Pousette, 1988). The mean an-
nual temperature in southern Sweden is around 10°C. These data applied to
Figure 5 indicate that weathering in southern Sweden proceeds by a combi-
nation of moderate chemical decomposition with frost action.

Mpderate chemical
with frost action

200 150 100 50
Annual rainfall (cm)

Figure 5: Climatic control of the weathering process. Mechanical weather-
ing is dominant where rainfall and temperature are both low. High temper-
ature and precipitation favour chemical weathering. After Skinner (1987).

The total post-glacial erosion or weathering rate at the island of Tjorn on
the west coast of Sweden has been inferred by Lindberg & Brundin (1969)
by measurement of the height of quartz veins and nodules that protrude
above the surrounding surface rocks. These workers found that, on average,
the quartz was 18 mm higher than the host rock, in regions that had been
exposed for 12 000 years since the last glaciation and subsequent emergence
from the sea. This corresponds to a weathering rate of 1.5 mm in 1000 years
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(1.5x10 3 mm/yr) for the coastal and inland environments. It should be
noted that this is a total weathering rate and includes both the mechanical
and chemical components. A similar study was performed by Dahl (1967)
in the Narvik area of Norway. This worker calculated a comparable post-
glacial weathering rate of 1.05 mm in 1000 years. Of course, measurement of
erosion rates is an inexact science and, consequently, there will be some error
associated with these inferred erosion rates. However, it is believed that the
method employed by Lindberg &; Brundin (1969) and Dahl (1967) provides
a more precise and site-specific value than that obtained by other workers
who use volumes of on-shore and off-shore sediments as an indication of past
erosion.

The bedrock on the island of Tjorn is formed of Precambrian schists and
fine-grained gneisses which are expected to weather at approximately the
same rate as the granites at Aspo. For the flux calculations for the coastal
and inland environments, the erosion rate of Lindberg & Brundin (1969) will,
therefore, be used. The total flux is calculated by determining the mass of
rock eroded per unit area per unit time using a density for the rock of 2.5 x 103

kg/m3. On the basis of the erosion rate from Lindberg &; Brundin (1969)
the total post-glacial mass flux of eroded material is 3.75xlO~3 kg/m2/yr.
This is compared to the estimated glacial erosion rate of 0.85 kg/m2/yr.

It needs to be remembered that this flux represents the total erosion by
both chemical and mechanical weathering processes. In order to determine
the relative importance of each process, the rate of chemical weathering is
determined and contrasted to the total weathering rate.

The rate of post-glacial chemical weathering for Aspd has been derived from
a compilation of rates of chemical weathering in Sweden (and elsewhere) by
Sverdrup & Warfinge (1992). These authors present data for four Swedish
sites, shown here in Table 10. A mean rate of 45 kEq/km2/yr was chosen
for the flux calculations from these data. This figure can be converted into
an approximate mass flux by assuming that the dissolution of plagioclase
is the principal source of dissolved cations (plagioclase is the predominant
mineral in each of the Swedish sites reported by Sverdrup & Warfinge).
The dissolution of one mole of anorthite (Ca-plagioclase end-member) would
release one mole of calcium:

CaAl2Si208 + 8H2O = Ca2+ + 2A1(OH)J + 2H4SiO4 (7.1)

which corresponds to the release of 2 equivalents of Ca. Similarly, the dis-
solution of albite would release one mole of sodium:

NaAlSi3O8 + 8H2O = Na+ + Al(OH)^ + 3H4SiO4 (7.2)
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which corresponds to the release of one equivalent of Na. Consequently, the
dissolution of one mole of plagioclase of intermediate composition (i.e. 50 %
anorthite and 50 % albite) would release 1.5 equivalents of cations (calcium
and sodium).

Table 10: Measured post-glacial <
weathering rates in Sweden

Site

Risfallet
Risfallet
Risfallet
Masbybacken
Masbybacken
Svartberget (Umea)
Svartberget (Umea)
Svartberget (Umea)
Gardsjon (Goteborg)
Gardsjon (Goteborg)
Gardsjon (Goteborg)
Gardsjon (Goteborg)
Gardsjon (Goteborg)
Gardsjon (Goteborg)
Gardsjon (Goteborg)
Gardsjon (Goteborg)
Gardsjon (Goteborg)

Method

Sr-isotope
Si-budget
Historic (Zr)
Si-budget
Historic (Zr)
Historic (Zr)
Ca budget
Sr-isotope
Al-budget
Mass balance
TOTAL model
Historic (Zr)
Historic (Zr)
BMI
Historic
Mineralogy corr.
Henriksen model

:hemical
*

Rate
(kEq/km2/yr)

25
55
15
55
31
31
65
35
65

49 to 88
63
85
81

34 to 90
16 to 32
40 to 80
9 to 69

' Prom Sverdrup & Warfinge (1992)

Dividing the mean Swedish weathering rate of 45 kEq/km2/yr by 1.5 would
correspond to the dissolution of 3xlO4 moles of plagioclase per km2 per
year, giving a nominal rate of post-glacial chemical weathering of 8.04xl0~3

kg/m2/yr, assuming a gram formula weight for plagioclase of 268. However,
this assumes that the rock is made entirely of plagioclase. In fact, the
modal abundance of plagioclase in the Aspo granite is about 30 %, with the
remainder being mostly quartz and minor mafic minerals. The actual rate of
post-glacial chemical weathering is, thus, approximately 30 % of the nominal
rate; i.e. 2.4xlO~3 kg/m2/yr. The remainder of the rock, predominantly
quartz, is resistant to chemical weathering and will accumulate in gravels
and soils.
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Table 11:
in

Element

U
Th
Ra
Se
Sn
K
Rb
Cs
Cd
Cu
As
Zn
Pb

Natural elemental fluxes due to total erosion
the coastal and inland environments

Flux
(mg/m2/yr)

2.0 x lO-2

4.4 x lO-2

2.7 x 10-9

1.9 x 10~5

1.5 x lO-2

144.
0.40
1.2 x lO-2

1.5 x 10~4

4.1 x lO-2

1.1 x lO-2

0.3
0.1

To summarise, the total flux of material released by post-glacial erosion
is 3.75xlO~3 kg/m2/yr and, of this total flux, 2.4xlO~3 kg/m2/yr is due
to chemical decomposition of the rock. In other words, chemical erosion
would appear to be the most important erosional process in southern Sweden,
enhanced by the mechanical breakdown of the rock by frost wedging. This
conclusion is consistent with the results of studies on the morphology of
the Fennoscandian tectonic unit (Miskovsky, 1985) and other cratonic areas
(Fairbridge & Finkl, 1980). However, Holland (1978) calculated that the
global physical weathering rate was about six times larger than that for
chemical weathering.

Given the total rate of erosion and the elemental abundances in the Aspo
granite, it is possible to calculate the total fluxes of individual elements due
to erosion. These calculations have been performed and the results are given
in Table 11.

Unfortunately, it is not so straightforward to calculate the fluxes of individ-
ual elements released by post-glacial chemical decomposition alone because
some elements will preferentially be held in minerals that are resistant to
dissolution and other elements will be held in minerals that are susceptible
to chemical decomposition. For example, uranium in the Aspo granite is
likely to be located predominantly in minerals such as zircon which is rela-
tively resistant to chemical weathering. Therefore, the flux of uranium due
to chemical weathering may be lower than expected from the bulk chemi-
cal weathering rate determined earlier. On the other hand, some elements
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(such as K) are held in plagioclase and, therefore, their elemental flux due to
chemical weathering will be the same as that suggested by the bulk chemical
weathering rate.

Table

Element

U
Th
Ra
Se
Sn
K
Rb
Cs
Cd
Cu
As
Zn
Pb
z = zircon;
m = mafic

12: Natural elemental fluxes due to chemical erosion

Flux
(mg/m2 /yr)
1.3 x 10-2
2.8 x 10"2
1.7 x 10"9

1.2 x 10-5

9.6 x 10-3

93.2
0.3
7.9 x 10-3

9.4 x 10"5

2.6 x 10"2
7.2 x 10~3

0.2
8.2 x 10-2

a = apatite; s =

Host
mineral(s)

z,a
z,a
z,a
s
m
f
f

f,m
s

s,m
s
s
s

Resistance to
chemical weathering

high
high
high

medium
medium

low
low
low

medium
medium
medium
medium
medium

= sulphide minerals;
minerals; f = feldspars

A qualitative assessment of the whether the flux of an individual element
may be higher or lower than expected from the bulk chemical weathering rate
can be made if it is known in which mineral the element is preferentially held
and the degree of resistance that the mineral has to chemical weathering. A
first approximation to such an assessment is shown in Table 12.

The second column of this table gives the flux that would occur if all the el-
ement was released by chemical weathering: that is, total dissolution occurs.
The third column lists the mineral(s) in which the element is likely to be
held and the fourth column provides an indication of whether the resistance
to chemical weathering is high, medium or low.

Those elements listed as being held in minerals with low or medium resis-
tance to chemical weathering will be released in fluxes approximating those
quoted in the second column. The remainder (U, Th, and Ra) may be
released in fluxes significantly lower than those quoted due to the high re-
sistance of the host minerals.

It should be noted that no account is taken here of the solubility of these
elements in surface and shallow waters. Some elements may form complexes
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or sorb onto participates, in which case they could still be transported in
the surface waters.

The total and chemical erosion rates during the periglacial environment will
be higher than those calculated for the coastal and inland environments
because frost shattering will be a more effective process in the colder con-
ditions as witnessed by the accumulation of scree slopes in colder climates.
Chemical decomposition could become even more dominant in the periglacial
environment since the removal of material in solution is related to the av-
erage stream discharge which increases in periglacial environments (Pitty,
1988). However, quantitative assessments of periglacial erosion are lacking,
with most discussions of the processes being purely qualitative. Due to the
lack of well-defined parameter values, it is not considered scientifically valid
to attempt to calculate periglacial erosion rates. However, it is anticipated
that the rates of both the mechanical degradation and chemical decomposi-
tion processes will increase by up to one order of magnitude compared to the
present-day values. This assessment is based on the high rate of periglacial
scree formation (Pitty, 1988) and the inferred discharge rates of periglacial
rivers in England that are between 4 and 30 times greater than present-day
values (Cheetham, 1980; Brown, 1983).

7.4 River transport

Material can be transported in rivers either as large solid particles bounced
along the river bottom (the bed load) or as fine particulates that are carried
in the stream water itself (suspended load) or as dissolved species (the dis-
solved load). Normally, studies of river transport are concerned only with
the dissolved load, although this is likely to include colloidal material in
addition to true dissolved species.

Several determinations have been made on the masses of solid material (sus-
pended load) carried by the major rivers of the world (e.g. Milliman &
Meade, 1983; Milliman & Syvitski, 1992). In addition, a number of analyses
have been made on the dissolved components in these river waters but fewer
have analysed the suspended load. A comprehensive compilation of these
data was carried-out by Martin & Meybeck (1979) who determined that
the total masses of material carried by all the worlds rivers to the oceans
are: 15.5xlO12 kg/yr for the solid load and 4.0xl012 kg/yr for the dissolved
load giving a total of 19.5xlO12 kg/yr. In addition, these authors also com-
piled the chemical analyses and determined the averages of the dissolved and
particulate components of river water.

Turning to the Swedish case, there are few analyses of the present-day dis-
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solved and particulate loads in Swedish rivers. Indeed, data pertaining to
European rivers as a whole are not common because, compared to rivers on
other continents, European rivers carry very low sediment loads (Milliman
& Meade, 1983). Many of the studies of transport in Swedish rivers are con-
cerned with the affects of dam construction. One such study (Brydsten et
al, 1990) compared the transport of dissolved nutrient elements and partic-
ulates in three regulated and three non-regulated rivers in northern Sweden
(the rivers Ume, Skellefte, Pite, Lule, Kalix and Torne). Between them these
rivers drain a land area of around 1.3xlO5 km2, equivalent to 30 % of the
total area of Sweden. It was found that regulation decreased transport rates
by 10 to 50 % which indicates that Man's activities significantly affect the
natural fluxes.

Milliman &: Syvitski (1992) give data for the present-day suspended sedi-
ment load of numerous small rivers around the world including the Muonio
Alv in Sweden and the Kalkkinen and Kymi Joki in Finland. The Muonio
Alv drains an area of 2.4xlO4 km2, approximately 5 % of the total area of
Sweden, and carries a sediment load of 3.6xlO8 kg/yr. This implies that this
river removes material from the land surface (in the inland environment) at
a rate of 1.5xlO4 kg/km2/yr. Details for the dissolved load in the Muonio
Alv are not given.

Meybeck (1977) gives data for both the suspended and dissolved loads for
the Baltic Sea as a whole. According to these data, the Baltic Sea has a
total water flux of 158 km3/yr which carries a total of 2.22xlO10 kg/yr of
material (1.92xlO10 kg/yr of dissolved material and 3.0xl09 kg/yr of solid
material). Note that, for the Baltic Sea, the dissolved load is larger than
the solid load, the reverse situation to most rivers. This is due to the slow
water movement providing insufficient energy to transport much suspended
material.

Given the poor data availability there are problems in calculating the fluxes
of material transported in Swedish rivers. On the one hand, the data pro-
vided for the Muonio Alv does not give the flux of dissolved material while,
on the other hand, the data for the Baltic Sea are misleading because most
of the sediment in this sea is derived from Russia, Poland and East Ger-
many and not from Sweden. To determine accurately the fluxes of elements
in Swedish rivers requires more data. However, a first approximation to the
natural fluxes in the suspended loads of Swedish rivers was given by Miller
k, Smith (1993) who assumed that the Muonio Alv is a typical Swedish river
and carries suspended material with a composition equivalent to average
Swedish rock as given in Table 3. The results of this calculation are given
in Table 13.
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Table 13: Natural fluxes due to suspended loads in Swedish
rivers in the inland and periglacial environments

Element

U
Th
Ra
Se
Sn
K
Rb
Cs
Cd
Cu
As
Zn
Pb
n.d. = not

Inland

(kg/yr)
2.5 x 104

8.9 x 104

7.2 x 10~3

2.5 x 103

3.2 x 104

1.7 x 108

1.0 x 106

n.d.
1.4 x 103

2.1 x 105

4.7 x 104

n.d.
1.4 x 105

Periglacial
(kg/yr)

3.8 x 1O5

1.3 x 106

1.1 x 10-1

3.8 x 104

4.8 x 105

2.5 x 109

1.5 x 107

n.d.
2.1 x 104

3.2 x 106

7.1 x 105

n.d.
2.1 x 106

determined

River discharges will be higher in the periglacial environment than in the in-
land environment according to palaeohydrological evidence from the periglacial
terrace deposits in England. The evidence from the River Kennet has in-
dicated that periglacial discharge was at least twice the present-day value
or, possibly, between 4 and 10 times greater if the present-day dry tribu-
tary valleys were then in flood (Cheetham, 1980). Another investigation of
deposits in the River Severn has suggested similar periglacial discharges of
around 4 times greater than present-day. In contrast, other workers have
found evidence, also in the River Severn, of discharges up to 30 times higher
than present (Brown, 1983). In fact, periglacial rivers may have had peak
discharges even higher than these values suggest because it is likely that the
observed sediments were laid-down towards the end of the river's activity
after the peak of activity. Ethridge and Schumm (1978), when considering
all the available evidence from periglacial braided streams, concluded that
the values derived from terrace deposits should be considered as minimum
values of peak discharge.

For the purpose of this report, therefore, it is assumed that periglacial rivers
in Sweden are likely to transport a sediment load some 15 times higher
than present-day. If it is also assumed that this material will have a bulk
composition equivalent to that of the bulk Swedish rock (Miller & Smith,
1993), then the elemental fluxes in the Muonio Alv will also be 15 times
higher than present-day values. These estimated periglacial suspended river
fluxes are calculated and given in Table 13.
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7.5 Summary of relevant fluxes

To help compare the different natural fluxes for each element due to ground-
water transport, glacial erosion and weathering (total and chemical), all of
the fluxes are presented graphically in Figure 6. Note that river transport
has not been included in these charts because this flux is given in kg/yr and
not in mg/m2/yr as are the others: the comparison would not be valid.

Figure 6 shows clearly that all of the elements (except selenium) exhibit the
same order in the relative magnitude of the fluxes: glacial > total erosion >
chemical decomposition > groundwater transport. However, although the
order is the same for each element (except selenium) the relative differences
between the fluxes vary between the elements in proportion to their abun-
dance in the rock. For example, the most abundant element considered in
this assessment is potassium and this element shows the greatest difference
between the largest flux (glacial erosion) and the smallest flux (groundwater
transport).

Figure 6 shows clearly how large the range in natural elemental fluxes is. The
smallest fluxes for each process are for radium, and the largest for potassium.
The difference in the magnitude of these fluxes is some eleven orders of
magnitude. However, even the largest flux calculated in this assessment
(potassium released by glacial erosion: 33 g/m2/yr) appears relatively low
considering that potassium is one of the most common elements in crustal
rocks. However, it should be remembered that only quite small amounts
of some elements can be harmful and that some of these elements may be
concentrated in the biosphere by sedimentological or biological processes
thus increasing the potential dose and risk.

The element that does not follow the same ordering in the magnitude of
the fluxes is selenium. This element has groundwater transport as the pro-
cess producing the largest elemental flux and chemical decomposition as the
smallest. This may be due to the relatively high selenium concentration
in groundwater reported in Stenhouse (1993) of 0.1 mg/1. For comparison,
Bowen (1979) reports selenium concentrations in seawater as 0.2 /xg/1, some
three orders of magnitude lower than the reported groundwater concentra-
tion.

It is not clear why this groundwater concentration is comparatively large. It
may be that the fracture from which this groundwater was sampled contained
selenite minerals or, perhaps, the reported value represents the detection
limit and the actual concentration was less than this. However, despite the
uncertainty in this value it has been used because no other reliable selenium
concentrations from deep groundwaters in fractured crystalline rocks were
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available. Selenium is an element that is not routinely measured in rocks
and groundwaters.

£

(iX/sui/8ui) xnu

Figure 6: Comparison of the calculated elemental fluxes for groimdwater
transport, glacial erosion, total non-glacial erosion and chemical decomposi-
tion.
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8 Fluxes on the scale of a repository

The numbers that have been calculated in the previous analyses are useful
for understanding natural fluxes at Aspo but, for ease of comparison with
repository releases, the results of these analyses need to be presented in a
more relevant format. The methodology suggested for doing so requires the
construction of a repository-relevant model system. This system is shown
diagrammatically in Figure 7.

RIVER

EROSION

GROUNDWATER

Figure 7: The model for the repository equivalent rock volume (RERV)
calculations. The principal processes are groundwater Row through the rock
volume and dissolution of the rock, erosion and transport in the river.

The proposed Swedish HLW repository is a series of caverns set-out in a
pattern that covers a square area of some 1.5 km to each side (SKB, 1992).
Assuming a one-tier repository, the thickness of the repository zone is about
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25 m. The model to be used in this analysis does not include a repository
but focusses on a volume of rock equivalent to that which would contain the
main repository excavations (i.e. a volume of rock 1.5 km x 1.5 km x 25 m
= 5.63xlO~2 km3) at some unspecified depth below the surface: this volume
of rock is called the repository equivalent rock volume (RERV).

Although, for geological reasons, it would not be possible to site a full-sized
repository beneath Aspo, it is assumed here that this is feasible. It is assumed
that the RERV located at Aspo will experience each of the environments
associated with a glacial cycle (e.g. periglacial, glacial, marine, coastal and
inland). Using this model, four fluxes or masses can be calculated for each
element:

1. The flux of each element due to non-glacial weathering of the RERV
footprint (by mechanical breakdown and chemical weathering).

2. The flux of each element due to glacial erosion of the area of the RERV
'footprint'.

3. The flux of each element in the ground water flowing through the
RERV.

4. The mass of each element within the RERV.

5. The flux of each element transported in a typical river across the
RERV.

In all cases the fluxes and masses calculated are for the naturally occurring
trace-elements at Aspo. However, because the system has the same dimen-
sions as a real repository, these natural fluxes can be directly compared to
the output from a performance assessment. While uncertainties arise in
the estimates for the RERV, they are comparable in nature to some of the
performance assessment uncertainties.

These five analyses are now performed in turn.

8.1 Flux of each element due to non-glacial weathering of the RERV
footprint

The average total post-glacial erosion rate in Sweden since the last glaciation
has been 1.5 mm in 1000 years (Lindberg k Brundin, 1969). Assuming a
density for the Aspo granites of 2.5 xlO3 kg/m3, this erosion rates means
that 8.4xlO3 kg of rock are eroded from the area of rock directly above the
RERV [2.25 km2] each year.
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A proportion of the total erosion is due to chemical decomposition. In Sec-
tion 7.3 it was determined that the chemical erosion rate for Sweden is
2.4xlO~3 kg/m2/yr. Assuming a density for the Aspo granites of 2.5xlO3

kg/m3, chemical decomposition removes 5.4xlO3 kg of rock from the RERV
footprint each year.

The fluxes of the element due to total erosion and chemical decomposition
are calculated using the trace element compositions given in Table 1 and are
presented in Table 14.

Table 14

Element

U
Th
Ra
Se
Sn
K
Rb
Cs
Cd
Cu
As
Zn
Pb

: Weathering fluxes from the RERV footprint

Total erosion
(mg/yr)
4.6 x 10*
9.9 x 10*
6.0 x 10-3

42.0
3.4 x 10*
3.3 x 108

1.1 x 106

2.8 x 10*
3.3 x 102

9.2 x 10*
2.5 x 104

7.1 x 105

2.9 x 105

Chemical decomposition
(mg/yr)

2.9 x 10*
6.4 x 10*
3.8 x 10-3

27.0
2.2 x 10*
2.1 x 108

6.8 x 105

1.8 x 10*
2.1 x 102

5.9 x 10*
1.6 x 10*
4.6 x 105

1.8 x 105

Examination of these figures shows that chemical decomposition of the rocks
comprises about 60% of the total erosion rate. Comparison of the glacial ero-
sion rate with the total non-glacial erosion rate indicates that glacial erosion
is around 200 times more efficient than present-day erosional processes.

No calculations of periglacial erosion above the RERV have been performed.
However, as discussed in Section 7.3, it is expected that periglacial erosion
will proceed much faster than present-day (coastal and inland) erosional
processes due to more effective frost shattering.
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8.2 Flux of each element due to glacial erosion of the RERV footprint

The average glacial erosion rate determined in Section 7.2 from the measure-
ments by 0strem (1975) is 0.34 mm/yr. Assuming a density for the Aspo
granites of 2.5xlO3 kg/m3, this erosion rate means that 1.9xlO6 kg of rock
are eroded from the land surface from an area of rock directly above the
RERV [2.25 km2] each year.

The fluxes of the element due to this erosion are calculated using the trace
element compositions given in Table 1 and are presented in Table 15.

Tfcble 15:

Element

U
Th
Ra
Se
Sn
K
Rb
Cs
Cd
Cu
As
Zn
Pb

Glacial erosion fluxes from above the RERV

Flux of element eroded
(mg/yr)
1.0 x 107

2.3 x 107

1.4
9.6 x 103

7.7 x 106

7.5 x 1010

2.4 x 108

6.3 x 106

7.5 x 104

2.1 x 107

5.7 x 106

1.6 x 108

6.5 x 107

To put these values into perspective, the masses of material removed an-
nually by glacial erosion are some five orders of magnitude smaller than
the total masses of each element within the RERV. Again, due to the rela-
tive concentrations in the rock, the element with the largest eroded mass is
potassium and the smallest mass is radium.
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8.3 Flux of each element in the groundwater flowing through the
RERV

The groundwater flow rate beneath Aspo is assumed in the flux calculations
to be 4.23xlO~12 m3 /m2 /yr which is equivalent to 1.33X1CT1 l/m2/yr (see
Section 7.1).

The area of one side of the RERV [1.5 km x 25 m] is 3.75xlO4 m2. This
implies that there are 5 000 1 of groundwater flowing through the RERV
each year, assuming flow is horizontal.

The natural fluxes associated with this groundwater flow are calculated using
the elemental compositions given in Table 2, and are presented in Table 16.

Table 16: Natural fluxes in groundwater
flowing through the RERV

Element

U
Th
Ra
Se
Sn
K
Rb
Cs
Cd
Cu
As
Zn
Pb

Flux in groundwater
(mg/yr)

6.5
0.7
1.0 x 10~5

500.
3.0
4.7 x 104

1.5 x 102

13.
1.0

23.
33.

800.
430.
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8.4 Mass of each element within the RERV

For this calculation, it is assumed that the rock is typical of the Smaland
granites at Aspo with the elemental composition given in Table 1.

The volume of the RERV is 5.63 xlO~2 km3 and, assuming a density of
2.5 xlO3 kg/m3 for the granite, this produces a mass of rock within the
RERV of 1.4xlO11 kg. The masses of each element are calculated from the
elemental concentrations and the mass of the rock within the RERV, and
are given in Table 17.

Table 17:

Element

U
Th
Ra
Se
Sn
K
Rb
Cs
Cd
Cu
As
Zn
Pb

Masses of trace elements in the RERV

Mass in rock volume
(kg)

7.6 x 105

1.7 x 106

9.9 x 10~2

7.0 x 102

5.6 x 105

5.4 x 109

1.8 x 107

4.6 x 105

5.5 x 103

1.5 x 106

4.2 x 105

1.2 x 107

4.8 x 106

In accordance with the elemental concentrations in the rock, potassium is
the most abundant element in the RERV and radium is the least abundant.
However, the total masses of each element in the RERV can be used to put
the total mass of radioactive waste in perspective. For example, this calcu-
lation shows that there will be 760 tonnes of uranium occurring naturally in
the RERV. In contrast, there will be around one order of magnitude more
spent fuel than this (7 000 tonnes) placed in a KBS-3 style repository (An-
nex 1: Nordic Radiation Protection and Nuclear Safety Authorities, 1993).
The isotopic composition of the waste uranium will, however, be different to
that of naturally-occurring uranium.
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8.5 The flux of each element transported in a typical river across the
RERV

In Section 7.4, the elemental fluxes associated with river transport were
calculated assuming that the Muonio Alv is a typical Swedish river, carrying
a typical load of suspended material with a composition equivalent to average
Swedish rock. It is possible, that a future river will flow above the repository
that has similar characteristics to the Muonio Alv and, hence, will carry
similar masses of elements to those presented in Table 13 for present day
and periglacial conditions.
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9 Fluxes integrated over time

The fluxes that have been calculated in the previous sections are all fluxes
per year, for a given environment. Each of these annual fluxes is quite small
and may appear insignificant. However, over the time periods of interest
to radioactive waste disposal, the total masses of each element transported
(i.e. the integrated flux) may be very large. Furthermore, in the future, the
rates of processes will vary in response to changing climatic conditions. To
put this into perspective, Figure 8 shows the future climatic environments
that are likely to occur at Aspo over the next 140 000 years. This climate
scenario has been produced from the information given by King-Clayton et
al. (1995) and reproduced in Figure 4. This scenario includes an extended
period of periglacial conditions, two major glacial events and, thus, all five
of the environments discussed in Section 4.2.
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Figure 8: Future climatic environments that are likely to occur at Aspo
over the next 140 000 years.
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To indicate both the variability in the annual elemental fluxes due to chang-
ing environments and to indicate the total masses of material transported
over time, Figure 9 predicts the natural flux of uranium due to erosion on
the surface (both glacial and non-glacial) over the next 140 000 years accord-
ing to the future climate scenario shown in Figure 8. It can clearly be seen
how the annual fluxes vary according to the environment, with the high-
est erosional flux relating to glacial erosion and zero erosion in the marine
environment.

Given the duration of the glacial and non-glacial periods (Figures 4 and
8), the glacial and non-glacial erosion rates (0.34 mm/yr and 1.5 x 10~3

mm/yr, respectively), the density of the Aspo granite (2.5xlO3 kg/m3) and
the abundance of U in the granite (5.4. mg/kg), it is possible to calculate
the cumulative mass of uranium released by erosion over the 140 000 year
time period: this turns out to be 0.1661 kg/m2. Put another way, this means
that 840881 kg of uranium are removed during the 140 000 year time period
by erosion of the RERV footprint which has an area of 2.25 km2 (see Section
8). Given that glacial erosion dominates, the total depth of erosion over this
period is approximately equal to the depth of erosion due only to glacial
activity. This was calculated in Section 7.2 to be approximately 9.5 m over
this 140 000 year period.
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Figure 9: Annual fluxes and cumulative masses of uranium released by
erosion over the next 140 000 years according to the climate scenario given
in Figure 8.
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Figures 10 and 11 show the cumulative amounts of the elements transported
due to erosion of the surface per unit area (both glacial and non-glacial) over
the same time period (140 000 years) for all the elements considered in this
assessment. For the elements of interest to radioactive waste disposal, the
largest mass flux is for potassium and the smallest for radium. Considering
the other elements, the largest flux is zinc and the smallest flux is from
cadmium. Each of these cumulative curves show how erosion is greatest
during the glacial periods and lowest in the inland/coastal environments
[and zero in the marine environment].
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Figure 10: Cumulative masses of elements of interest to radioactive waste
disposal released by erosion over the next 140 000 years according to the
climate scenario given in Figure 8.
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Figure 11: Cumulative masses of other elements released by erosion over
the next 140 000 years according to the climate scenario given in Figure 8.
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Figures 12 and 13 show the cumulative amounts of the elements transported
by groundwater per unit area over 140 000 years according to the climate
scenario given in Figure 8 for all of the elements considered in this assess-
ment. The elements show similar trends to the integrated erosional fluxes
with the exception of the anomalous behaviour of Se discussed in Section 7.5.
For the elements of interest to radioactive waste disposal, the largest mass
flux is for potassium and the smallest for radium. Considering the other
elements, the largest flux is zinc and the smallest flux is from cadmium.
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Figure 12: Cumulative masses of elements of interest to radioactive waste
disposal transported by groundwater over the next 140 000 years according
to the climate scenario given in Figure 8.
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Figure 13: Cumulative masses of other elements transported by ground-
water over the next 140 000 years according to the climate scenario given in
Figure 8.
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The cumulative masses of each element mobilised by each process over the
140 000 year period are interesting to consider, especially when they are
related to the area of the footprint of the RERV, because these numbers
are useful for comparison with the performance assessment predictions of
releases to the biosphere. Table 18, gives the cumulative masses of each
element due to total erosion and groundwater transport at the RERV over
this time period. For these calculations, the area of land directly above the
RERV is taken to be 2.25 km2 and the area of one side of the RERV is
3.75xlO4 m2 (Section 8).

Table 18: Cumulative masses of element mobilised over the
140 000 year climate scenario at the RERV

Element

U
Th
Ra
Se
Sn
K
Rb
Cs
Cd
Cu
As
Zn
Pb

Total erosion
(kg)

8.4 x 105

1.6 x 106

1.2 x lO"1

7.8 x 102

6.2 x 105

6.0 x 109

2.0 x 107

5.0 x 105

6.3 x 103

1.7 x 106

4.6 x 106

1.3 x 107

5.0 x 106

Groundwater

(kg)
0.6
0.07
9.2 x 10- 7

44.
0.3

4200.
13.

1.1
0.09
2.1
2.9

70.
40.

9.1 Transient phenomena

The elemental fluxes calculated in this report are all based on the assumption
that the modelled environments and processes that act in them are stable,
constant and long-lived. However, natural processes are inherently variable
and do not operate in a constant, unchanging fashion. This variability can be
a consequence of many factors, from the regular seasonally that causes, for
example, rivers to flow faster in winter than summer months, to more chaotic,
less regular events such as landslides that represent large, instantaneous
fluxes of material. Such variations are smoothed-out when natural fluxes
are integrated over long time-periods; in essence, an average natural flux
for a given environment is calculated. This averaging is consistent with
the proposed methodology for using natural fluxes in criteria development;
for example the Nordic Flagbook (Nordic Radiation Protection and Nuclear
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Safety Authorities, 1993) states:

"Applied Principle 3; Long-Term Environmental Protection: The
radionuclides released from the repository shall not lead to any
significant changes in the radiation environment. This implies
that the inflows of the disposed radionuclides into the biosphere,
averaged over long time-periods, shall be low in comparison
with the respective inflows of natural alpha emitters."

While the requirement to average natural fluxes (or releases from the near-
field of a repository) over long time-periods is understandable given the
difficulties in calculating the short-term variabilities, it should be remem-
bered that some transient phenomena could occur that may cause locally
a very high elemental flux (and, possibly radiological dose). The effect of
such events on the average, long-term fluxes may be low but the short-term
significance to a population affected by the event may be very high. Conse-
quently, it is suggested that possible sporadic events that cause short-term
(effectively instantaneous), high fluxes should be taken into account when
constructing licensing criteria based on natural fluxes.

Significant short-term, transient processes are most likely to occur when the
environment changes from one steady-state system to another: for example,
between the glacial and marine environments. In these transition times,
the magnitude of fluxes and their pathways may change significantly: as
an example, material that was previously 'stored' in lake sediments can be
released as a pulse when rivers change paths or their discharges increased.

The most important transition which will occur is that between the Inland
and Glacial environments, when periglacial conditions dominate as the cli-
mate cools before the advancing ice sheet. A detailed description of the
likely periglacial environmental conditions expected to form at Aspo is given
by King-Clayton et al. (1995).

Other transient conditions will occur as the glacial environment changes
to marine. In this case, the processes will be driven by the amount of
meltwater so that both surface and groundwater discharges will be increased
over present-day rates by a factor of 2 to, perhaps, 10. As the glacier retreats,
glacial meltwater will be directed downwards beneath the central part of
the glacier but will be upward at the ice front. Groundwater flow rates
may be increased as the stress gradient exerted on the rock by the mass
of retreating ice causes preexisting faults to reactivate and open. In some
circumstances it would be possible that, after glacial retreat, groundwaters
will be oxidising and with a low dissolved ion content because the water will
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largely be derived from glacial meltwater. However, as the glacial retreat
continues, the groundwaters would become progressively saline as seawater
infiltrates rapidly into the rock due to the depressed level of the land and
rise in sea-levels.
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10 Semi quantitative assessments of the risks asso-
ciated with calculated natural fluxes

In a review of assessments of the chemical risks from radioactive waste repos-
itories, Persson (1988) concluded that the risks from the repository fluxes
were not great. Some of the elements identified in repository materials and,
hence, potentially in fluxes are the same as those considered here in the con-
text of natural fluxes, notably arsenic, cadmium, copper and zinc. Copper
has been considered as a major container metal for spent-fuel in Sweden.

In this section we consider the risks associated with the fluxes from the
RERV, discussed in Section 8, and compare them with natural background
and water quality and other standards.

10.1 Radiological risks from groundwater fluxes

Calculations have been performed of the radiological risks, associated with
the human ingestion of the naturally occurring long-lived radionuclides, as-
sumed to be in secular equilibrium with their shorter-lived daughters as they
leave the RERV in the groundwater.

To calculate these risks, the specific activities of the isotopes (from Appendix
A.2) have been used with the groundwater composition (from Table 2) and
radiotoxicity data (from Appendix A.3) and converted to a dose, assuming
that this groundwater has been drunk directly at the rate of 2 litres per day
(ICRP, 1975). It is also assumed that the groundwater in the RERV has
the same composition as the groundwater in Table 2. The dose results are
presented in Table 19. As calculated in Section 8.4, the groundwater flow
through the RERV is only 5 m3/yr (5 000 litres per year). Normally, this
water would only be consumed after prior dilution by meteoric water. In
this study, the case of abstraction via a near-surface well is considered.

Charles &; Smith (1991) provide illustrative assumptions for well flow, devel-
oped in the context of performance assessment. A volumetric flow from the
well of 4 500 m3/yr results in dilution in the ratio 5 : 4 500. The drinking
water doses for water taken from the well would, therefore, be reduced by a
factor of 900 as shown in Table 19. Of course, this dose reduction is based
on the assumption that the diluting waters contain no natural radionuclides.
For fresh rain water this would be very substantially true but the degree to
which the meteoric water interacts with the geosphere before mixing and
diluting RERV water is bound to be variable. Further dilution could be
anticipated if the RERV water or well water were to be discharged into a
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surface water body with a larger volumetric flow than the assumed well. All
these annual doses can be converted to risks (of fatal cancer) by multiplying
by 5xlO~2 Sv"1 (ICRP, 1991). The implied risks are extremely low.

Table 19: Annual Individual Doses
RERV Groundwater

Radionuclide

234u
235u
238U

230 T h

232 T h

226Ra
231 p a

4 0 K

87Rb

Total

RERV
(Sv/yr)

9.1 x 10"7

2.8 x 10~8

7.8 x 10-7

1.8 x 10-6

5.3 x 10-7

1.1 x 10"4

3.3 x 10"6

8.5 x 10~7

2.5 x 10~8

1.2 x 10"4

Due to Consumption of Undiluted
and in Well Water

Well Water
(Sv/yr)

1.0 x 10"9

3.2 x 10-u
8.6 x 10-i°
2.0 x 10~9

5.9 x 10-10

1.3 x 10"7

3.7 x 10"9

9.5 x 10-1°
2.8 x 10"H

1.4 x 10"7

A comparison has been made with other potential pathways for ingestion
of radionuclides based on use of the water other than for drinking water
supply. According to results in Charles k Smith (1991), consumption of
well water does not always produce the highest dose: e.g. in the case of
232Th where ingestion of grain following irrigation gives a slightly higher
dose. However, for the radionuclides of interest here which are considered
in Charles & Smith, the doses are not significantly higher. However, data
in Hughes & O'Riordan (1993) suggest that the foodstuff ingestion of 40K
and 2 1 0Pb/2 1 0Po would be rather more significant than that due to drinking
water. These radionuclides were not specifically considered in Charles &
Smith.

These doses can be compared with total individual doses due to natural
background in Sweden, typically about 6.5 mSv (NRPB, 1993). Most of this
dose is due to radon exposure and so a more valid comparison is with the
exposure from ingestion of primordial radionuclides. The total dose from
this source is calculated in the UK to be in the order of 300 /xSv (Hughes
& O'Riordan, 1993) and is likely to be very similar in Sweden. Most of this
is due to 40K and 2 1 0Pb/2 1 0Po in foodstuffs. By comparison, the annual
individual dose from consumption of undiluted RERV groundwater would
amount to about 120 (iSv. However, meteoric dilution before consumption is
likely to reduce considerably this value, may be to less than 1 ^Sv. It would
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normally be expected that the natural ingestion dose via the water part
of the diet would be considerably less than via food and milk, particularly
because of the foodstuff contribution from 40K. These estimates of doses
from RERV releases are therefore reasonably consistent with the observed
natural background doses due to ingestion of primordial radionuclides. This
consistency lends some support to the modelling of biosphere migration and
accumulation and dose calculation carried out for performance assessments.
In summary, the primordial background via ingestion is 300 /xSv mostly in
foodstuffs. The calculated dose from RERV groundwater is 1 to 120 /xSv,
plus something several times larger due to foodstuffs.

10.2 Chemical risk from erosional fluxes

The concentration of trace elements in crustal rocks given in Table 1 pro-
vides the basis for comparison of elemental concentrations in the products
of glacial and total erosion with environmental soil standards. The Dutch
soil clean-up criteria (van den Berg, 1992) are used throughout Europe as
standards which are based on human toxicology, on behaviour in the soil and
effects on ecosystems. A comparison of the heavy metal concentrations with
the "Action C" value shows that cadmium, copper and zinc fall an order of
magnitude below the standard, but arsenic is only about half the concen-
tration of the given value (see Appendix B). Insufficient data are available
to this study to assess the potential for accumulation and concentration of
such trace element in scree, moraine and soils where natural background
concentrations could be higher.

10.3 Chemical risk from groundwater fluxes

An annual flow of 5 000 litres per year of groundwater through the RERV
produces a water (Table 20) that exceeds two of the maximum acceptable
concentration (MAC) permitted under the CEC Directive Relating to the
Quality of Water Intended for Human Consumption (80/778/EEC) (see Ap-
pendix B).

The concentration of selenium exceeds the MAC of 10 jig/1 and the zinc con-
centration exceeds the guide level of 100 /ig/1 set for the outlets of pumping
and treatment works. If RERV water is diluted in the well model discussed
earlier, no values exceed the MAC as shown in Table 20.

It may be noted that the basis for setting MAC will not necessarily have been
consistent with that for setting radiation dose limits. The US EPA (1992)
goes some way to providing a consistent basis and corresponding data for
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comparison of health effects and risks for given levels of exposure to toxic
chemicals.

Table 20: Comparison of groundwater composition with

Element

U
Th
Ra
Se
Sn
K
Rb
Cs
Cd
Cu
As
Zn
Pb

n.g. = not

CEC acceptable limits

Concentration of
Element in RERV

Groundwater
(mg/1)

1.3 x lO-3

1.5 x 10~4

2.0 x 10~9

0.1
6.0 x 10~4

9.1
29.8 x 10-3

2.5 x lO-3

2.0 x 10~4

4.6 x lO-3

6.5 x lO-3

0.16
8.7 x 10-2

given

Concentration of
Element Diluted

in Well Water
(mg/1)

1.4 x 10-6

1.7 x HT7

2.2 x 10"12

1.1 x 10"4

6.7 x 10~7

1.0 x lO-2

3.3 x 10~5

2.8 x 10~6

2.2 x 10~7

5.1 x 10"6

7.2 x 10"6

1.8 x 10~4

9.7 x 10~5

MAC
(CEC 1980)

(mg/1)
n.g.
n.g.
n.g.
0.01
n.g.

12.0
n.g.
n.g.
0.005
3.0 (guide level)
0.05
0.1 (guide level)
0.05

In Table 21, the risk of drinking 2 lites per day of well water by reference
man (70 kg body weight: ICRP, 1975) has been calculated and compared to
the sub-chronic chemical toxicity data provided in US EPA (1992). It can be
seen that all the calculated values present a lower risk. However it must be
remembered that the database is still limited in terms of the contaminants,
exposure conditions and health effects considered. This reflects the lack of
data in these areas, although much work is ongoing to improve the situation.

It is interesting to note from Appendix B that, for some elements, human
intake is dominated by natural processes while, for others, human intake is
increased substantially above the natural level due, primarily, to activities
such as mining, manufacturing and food processing.

The chemotoxicity of uranium has been mentioned above, and it is interest-
ing to ask whether controls on uranium disposal should be limited by other
toxicity as well as radiological issues. The more significant risks depend on
the circumstances, with chemical form intake being a critical factor (ICRP,
1979).
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Table

Element

U
Th
Ra
Se
Sn
K
Rb
Cs
Cd
Cu
As
Zn
Pb
n.g. = not

21: Comparison of groundwater intake with
chemical toxicit)

Intake of Element
from Well Water

if ingested at 2 1/d
(mg/kg/day)
4.0 x 10-8

4.9 x 10-9

6.3 x 10~14

3.2 x 10-6

1.9 x 10-8

2.9 x 1(T4

9.5 x 10~7

8.0 x 10-8

6.3 x 10~9

1.5 x 10-7

2.1 x 10-7

5.2 x 10-6

2.8 x 10-6

given

' limits

Toxicity data
for Sub-Chronic

cases (US EPA 1992)
(mg/kg/day)
n.g.
n.g.
n.g.
5.0 x 10-3

6.0 x 10-1

n.g.
n.g.
n.g.
n.g.
n.g.
3.0 x 10~4

2.0 x 10-1

n.g.
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11 Discussion and conclusions

It has been proposed (e.g. UK DoE, 1984; Nordic Radiation Protection and
Nuclear Safety Authorities, 1989; 1993) that fluxes of naturally-occurring
elements may be used as a partial basis for setting limits for releases from
a repository for radioactive wastes. This study has demonstrated that it is
possible to calculate local mass fluxes of naturally-occurring elements and the
associated radionuclide fluxes which are directly comparable to the output
from standard performance assessment models. It is concluded, therefore,
that natural fluxes can be used, in principle, as indicators of repository
safety.

The definition of a 'natural flux' is complicated by the numerous pathways
of variable magnitude along which elements and radionuclides may move in
natural systems. A key objective of this study, was to identify the types of
fluxes that are most relevant for comparisons with repository releases. Four
criteria were established for identifying relevant pathways, they are:

1. The pathway passes through the same material and across the same
boundaries as repository-derived radionuclides.

2. The pathway has a large natural flux.

3. The pathway has material passing along it in a form that is readily
taken-up by the human body.

4. The pathway operates on a long time scale.

The most significant pathways are those that meet the greatest number of
criteria. However, no pathway can be expected to meet all four criteria. In
practical terms, the relevant pathways are concluded to be:

1. Groundwater transport.

2. Glacial erosion.

3. Non-glacial weathering.

4. River transport.

The calculations performed during this study show that the largest elemen-
tal mass fluxes are associated with glacial erosion and the smallest mass
fluxes with groundwater transport. Not withstanding this finding, it may be
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argued that the most significant flux is associated with groundwater trans-
port because this pathway represents the principal vector for releases of
repository-derived radionuclides to the biosphere. However, it should be re-
alised that if a licensing criterion limited repository releases to a fraction
of the natural flux associated with groundwater transport, this would make
for a very restrictive regulation and one that may be impossible to meet
since the natural flux associated with groundwater is so low. It is probable,
therefore, that it would be practicable only to limit repository releases to a
fraction of the natural flux associated with surface erosion and weathering
processes.

Two further objectives of this study were to assess the relevant time and
spatial scales over which to average natural elemental fluxes for comparison
with performance assessment predictions. Given that the greatest variation
in natural fluxes within the next 106 years will be caused by climatic changes,
it is suggested that the most relevant timescale over which to average natural
fluxes is either one complete glacial cycle or the next 10 000 years, before
the onset of the next glaciation. If it is assumed that the licensing criteria
will limit repository releases to a fraction of the flux associated with surface
erosion and weathering processes, then averaging the natural flux over one
complete glacial cycle will provide a much less restrictive target than one
that averages the natural flux over the next 5 000 to 10 000 years, before
the onset of the next glaciation. This is because the glacial erosion rate is
some 240 times greater than the non-glacial weathering rate.

Considering the spatial scales, it was concluded in Miller & Smith (1993)
that natural fluxes should be averaged over an area similar in extent to the
area in which repository fluxes will occur and at the same or a similar loca-
tion. In this way, lateral variations in the elemental concentrations in rocks
and groundwaters will not invalidate the comparison between natural and
repository fluxes and biasing of the licensing criteria towards extreme magni-
tudes in the natural fluxes is avoided. This conclusion is reinforced here. In
particular, it is recommended that the natural fluxes from the RERV calcula-
tions are the most appropriate for comparison with performance assessment
predictions of repository releases.

Consequently, it is suggested that the most relevant flux for licensing criteria
and for comparison with performance assessment predictions is the natural
flux associated with present-day, non-glacial weathering processes averaged
over the same area and from the same region as that in which the repository
would be sited.

Another way to consider which natural fluxes are most relevant for com-
parison with repository releases is to express the elemental mass fluxes for
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the RERV system (Section 8) in terms of their associated radioactive fluxes.
The naturally-occurring radioactive fluxes from the RERV for each pathway
are given in Table 22 and are compared to the proposed activity inflow con-
straints for a KBS-3 style spent-fuel repository (Annex 1: Nordic Radiation
Protection and Nuclear Safety Authorities, 1993).

Table 22: Comparison of natural
from the RERV

Pathway

Groundwater
Glacial erosion
Total weathering
Chemical decomposition

Activity
inflow constraints

radioactive fluxes
with activity inflow constraints

Long-lived
(kBq/yr)

0.63
550 000.

2300.
1500.

500 000.

Q Long-lived non a
(kBq/yr)

1.3
2 100 000.

8800.
5600.

5 000 000.

These comparisions are interesting to consider. They make it very clear
that the radioactive fluxes associated with groundwater transport are very
much lower than those associated with either glacial or non-glacial erosion.
This means that the natural fluxes associated with erosion and weathering
contribute significantly to natural levels of primordial radionuclides in the
human environment and to the natural doses from ingestion. Drinking water
results in only a relatively small fraction of the natural background ingestion
dose.

The most relevant comparison, however, is that between the natural radioac-
tive fluxes due to erosion and the activity inflow constraints for the spent-fuel
repository: the inflow constraints are of the same order of magnitude as the
radioactive flux due to glacial erosion and two to three orders of magnitude
larger than the radioactive flux due to total non-glacial weathering. This is
does not seem to be consistent with the Nordic Flagbook principles, below,
(Nordic Radiation Protection and Nuclear Safety Authorities, 1993) at least
according to the fluxes calculated in this report:

"Applied Principle 3; Long-Term Environmental Protection: The
radionuclides released from the repository shall not lead to any
significant changes in the radiation environment. This implies
that the inflows of the disposed radionuclides into the biosphere,
averaged over long time-periods, shall be low in comparison with
the respective inflows of natural alpha emitters."
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However, a similar comparison is made by in the Nordic Flagbook (Annex
1: Nordic Radiation Protection and Nuclear Safety Authorities, 1993) with
its calculations of peak activity concentrations due to releases from the hy-
pothetical repository, as shown in Table 23.

Table 23: Comparison of natural radioactive fluxes with activity
inflow constraints as given in the Nordic Flagbbok

Material
Soil
Groundwater
Surface water

Repository releases
10s to 100s Bq/kg
10 to 50 Bq/1
0.01 to 0.1 Bq/1

Natural activity
10 to 100 Bq/kg
0.01 to 50 Bq/1 (mean 1.0 Bq/1)
0.001 to 0.1 Bq/1 (mean 0.01 Bq/1)

The section on activity constraints in Annex 1 of the Nordic Flagbook ends
with the following:

" It can be concluded that if the activity inflow constraint is
met, the peak activity concentrations of the disposed radionu-
clides in surface waters and in soil will fall in the range of the
concentrations of long-lived natural alpha emitters. The highest
concentrations of disposed radionuclides in borehole wells might
be comparable to the elevated concentrations of uranium and
radium encountered nowadays in wells."

Again, this does not appear to be consistent with the intention of Applied
Principle 3 but this depends on the interpretation of the phrase 'shall not
lead to any significant changes.'

An interesting and significant observation from the study is that the mea-
sured concentrations of elements in natural waters in most cases are orders of
magnitude less than those predicted (modelled) for repository pore fluids as
shown in Table 24. Notwithstanding that this conclusion in some instances
may be a result of inventory limitations (i.e. the concentrations measured in
natural waters may not be solubility-limited), in others it is almost certainly
a product of overly pessimistic (i.e. unrealistic) modelling of repository pore
fluids. Typically, such studies calculate the solubilities of elements in near-
field pore fluids by assuming thermodynamic equilibrium between a pure
solid and an aqueous phase. A more realistic approach would be to assume
that most of these elements would not form discrete pure solids but would be
incorporated as trace elements within major element solid solutions. Models
of trace element solubility should thus be based upon Henry's law behaviour
which would produce a more realistic assessment of radioelement solubility.
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Thus a move towards improved element modelling should also be a product
of this review. This development would go hand in hand with the revised
analytical programme recommended above so that the improved analytical
database would provide a test bed for the model development.

Table 24: Comparison of measured trace element concentrations
from Aspo with theoretical data from Project-90

Element

U
Th
Ra
Se
Sn
K
Rb
Cs
Cd
Cu
As
Zn
Pb

* Data
n.d. =

Groundwater
(mg/1)

1.3 x lO-3

1.5 x 10-4

2.0 xlO"9

1.0 x 10"1

6.0 x 10"4

9.1
28.8 x 10-3

2.5 x lO-3

2.0 x 10"4

4.6 x lO-3

6.5 xlO-3

1.6 x 10-1

8.7 x 10~2

from Andersson (1988), Shaw et al.
no data

Project-90*
(mg/1)
1.0 x 10-2

4.0 x 10~4

9.0 x 10~2

2.0 x 10-3

1.0 x 10-6

n.d.
•'high'

4.0 x 102

1.0 x 10"1

n.d.
n.d.
n.d.
2.1 x lO-3

(1992) and SKI (1991)

A further conclusion from this study, is that the methodology developed
here could be transferred directly to the arena of toxic waste disposal. Toxic
wastes are now beginning to be considered with the same level of concern
and detail as radioactive wastes and similar methods for geological disposal
may be developed. These concerns are expressed in the second edition of
the Nordic Flagbook (Nordic Radiation Protection and Nuclear Safety Au-
thorities, 1993):

"Universally applicable hazard coefficients for both radioactive
and non-radioactive wastes would be very valuable. However,
too little is known about the genotoxic properties of various
substances to allow such hazard indexes to be denned for each
substance. In addition, the risk assessment methodologies for
genotoxic chemicals are generally not so developed as those for
radioactive substances. Further exchange of information between
the fields of nuclear and non-radioactive waste management would
be desirable to harmonize safety principles and management prac-
tices."
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It is suggested that, in the absence of other licensing criteria for toxic waste
disposal, the principal of comparison with natural fluxes may be applied in
the case of certain contaminants that have natural counterparts (e.g. heavy
metals).

It should be pointed-out that there are a number of limitations to using
natural fluxes as licensing criteria that have been identified in the course
of the study. The most critical is the lack of appropriate analytical data
for rocks, surface waters and groundwaters for most elements of interest to
safety assessment. The Aspo region is one of the most intensely studied rock
masses and yet there is still a paucity of relevant data that has meant that
the assessment of natural fluxes has not been as sophisticated as it might
have been. If further trace element concentrations were available for each
type of ground water, fracture filling mineralogy, soils and sediments, a more
complete understanding of the movement of trace elements at the site could
be developed.

For any meaningful comparison to be made between natural and reposi-
tory systems, it is necessary that relevant data should be acquired. Conse-
quently, data acquisition programmes employed in site assessment investiga-
tions should focus not only upon the geological and hydrogeological under-
standing of the site in question, but also upon the provision of data for safety
assessment purposes. This may not need large numbers of additional anal-
yses, but rather a reorientation of future data acquisition away from those
elements traditionally analysed by geoscientists to a list of elements of rele-
vance to safety assessment. In some instances, this revised programme may
require improved analytical techniques. Therefore, one conclusion of this
study is that the data acquisition programme should be revised to include
those elements of interest to safety assessment studies.

A second limitation to the technique is that, by necessity, the fluxes that are
calculated are long-term averages. This is because it is not possible to obtain
actual data for the rates of changes of natural processes that take place in
a dynamic environment (e.g. changes in erosion rates or groundwater flow
rates). In particular, this means that it is difficult to calculate accurately
the variation of natural fluxes associated with transient phenomena such as
those that may occur when the climate changes from glacial to non-glacial.
However, the same limitation applies to standard performance assessment
calculations of repository releases to the biosphere.

What is learnt through further study of natural fluxes in the context of crite-
ria development will also support modelling of migration and accumulation
of radionuclides and other contaminants. In particular, it would be help-
ful to follow more closely the movement of the natural-series radionuclides
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and the state of equilibria of the decay chains attained in various parts of
the system leading from the geosphere to man. Many independent studies
have been made of separate parts of the system. The site and facilities at
Aspo offer the chance to follow contaminant migration right through the
geosphere-biosphere interface.
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Appendices

A General radiological data

A.1 Half-lives

Table A.I

Radionuclide
238U
2 3 4 TV(2)
2 3 4 U
230 T h

226Ra
222Rn'(5)
2iop b

2ioBi

210Po

235TJ

2 3 1 T h

231pa

2 2 7 Ac
227 T h

223Ra*(6)

232 T h

228Ra'(l)
2 2 8 T h

224Ra'(6)

4 0 K

87Rb
§Data from ICRP

: Half-lives of radionuclides§

Half-life
4.5 x 109 years

24.0 days
2.4 x 105 years
7.7 x 104 years
1.6 x 103 years
3.8 days

22.0 years
5.0 days

140.0 days

7.0 x 108 years
25.0 hours
3.3 x 104 years

22.0 years
19.0 days
11.0 days

1.4 x 1010 years
5.8 years
1.9 years
3.7 days

1.3 x 109 years
4.8 x 1010

(1983) k Browne and Firestone (1986)

In this table, the highlighted isotopes (*) are omitted from the chain on the
basis of short half-life (less than one day). The number in brackets is the
number of omitted radionuclides. For 227Ac, a low frequency short half-life
side chain has been ignored. The chemotoxicity of these radionuclides is
low because of their low chemical abundance. In most circumstances they
will be in secular equilibrium with their parent and for assessment purposes
their contributions to radiation emissions and radiation dose per unit intake
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can be added to those of the corresponding parent on the assumption of
equilibrium.

Note that other uranium isotopes, e.g. 236U, 233U and 232TJ are not included
as they are only expected to arise from fission processes outside the scope.
However, they do arise in very low concentrations in uranium derived from
spent nuclear fuel reprocessing, and might occur at 'Oklo' type natural re-
actor sites.
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A.2 Specific activity

Specific activity is the name given to the amount of activity (Bq) per unit
mass of the radionuclide. (It does not mean activity concentration in a
material.)

Table A.2: Conversion; mass to Bq and

One gram of:
238u
2 3 4 TV(2)
234U
230 T h

226Ra
222Rn*(5)
210pb

2io m

210po

2 3 5 u
2 3 1 T h

231 Pa
227 Ac
227 T h

223Ra*(6)

232 T h

228Ra'(l)
228 T h

224 Ra* (6)

4 0 K

87Rb

Is ? Bq.
1.24 x 104

2.57 x 10i5
2.30 x 108

7.63 x 108

3.66 x 1010

2.80 x 1016

2.82 x 10i2

4.59 x 1015

1.66 x 10u

7.11 x 104

1.97 x 10i6

1.75 x 109

2.68 x l O "
1.14 x 10i5
1.18 x 10X6

4.1 x 103

1.9 x 1 0 "
2.9 x 1 0 "
3.5 x 1016

2.09 x 105

3.20 x 103

One Bq of:
238U
2 3 4 TV(2)
234U
230 T h

2 2 6Ra
222Rn*(5)
210pb

2 io B i

210po

235U

2 3 1 T h

231 Pa
227 Ac
227 T h

223Ra*(6)

232 T h

228Ra*(l)
228 T h

224 Ra* (6)

4 0 K

87Rb

Bq to mass

Is ? grams.
8.3 x lO-5

3.89 x 10-1 6

4.34 x 10-8

1.31 x 10-9

2.73 x 10-i°
3.57 x 10-1 7

3.54 x 1 0 - "
2.18 x 10-1 6

6.02 x 10-15

1.41 x lO-5

5.08 x 10-1 7

5.72 x 10-9

3.74 x 1 0 - "
8.79 x 10-1 6

8.47 x IO-17

2.4 x 10~4

5.3 x IO-14

3.5 x 1 0 - u

2.8 x 10~17

4.78 x 10~6

3.13 x 10-4

In this table, the highlighted isotopes (*) include activity associated with
the short-lived daughters (half-life less than 1 day) not included explicitly in
the list. The number in brackets is the number of ignored decays. However,
these decays have been included in the calculation of activity.

The relationship between amount of activity and amount of mass is straight-
forward for any single isotope. However, if you are given a mass of an ele-
ment but not the isotopic breakdown, the activity present depends on the
degree that the daughters have grown in, e.g. since chemical (geochemical
or biochemical or any other type) processing. Commercial thorium isotopic
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breakdown is complicated by its association with uranium ore. If you re-
ally know mine ore product compositions you can identify the source of the
thorium by the ratio of 232Th to 230Th.

Natural uranium consists by weight of 99.28% 238U, 0.714% 235U and 0.006%
234U. Hence 1 g of natural very pure and very new uranium contains 2.7 x 104

Bq. Within a month or so of chemical separation, 234Th and its daughters
and 231Th will have grown into near equilibrium with their parents, so that
the activity per gram is about 6.4 x 104 g.

Uranium ore recovered from mines ranges in U3O8 content from 0.03 % up
to about 30% .
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A.3 Radiotoxicity

Values of dose per unit intake depend on the chemical form at the time
of intake. Since it is difficult to trace chemical form once release to the
environment has occurred, chemical forms implying the highest dose are
listed below as a prudent provisional assumption. Alternative assumptions
may be appropriate in specific circumstances.

Table A.3: Radiotoxicity data

Radionuclide

238u
234Th*(2)
234u
226Ra
222Rn*(5)
21°Pb
2i°Bi
210po

235U
2 3 1 T h

2 3 i p a

227 AC
227 T h

223 Ra* (6)

232T h

228Ra*(l)
228Th
224Ra'(6)

40 K

87Rb

Sv Bq"1 §
Inhalation
3.1 x lO-5

8.9 x lO-9

3.5 x lO-5

2.1 x lO-6

t-
3.4 x lO-6

5.1 x lO-8

2.2 x lO-6

3.3 x lO-5

2.2 x 10-10

3.5 x 10-4

1.8 x lO-3

4.2 x lO-6

2.0 x lO-6

4.1 x 10~4

1.1 x 10"6
8.1 x lO-5

8.2 x lO-7

3.4 x lO-9

8.7 x 10-i°

Ingestion
6.3 x lO-8

3.5 x lO-9

7.0 x lO-8

3.0 x lO-7

t-
1.4 x lO-6

1.6 x lO-9

4.3 x lO-7

6.6 x lO-8

3.5 x 10-1°
2.9 x lO-6

3.8 x lO-6

9.8 x lO-9

1.6 x lO-7

7.4 x lO-7

3.3 x lO-7

1.0 x lO-7

1.0 x lO-7

5.1 x lO-9

1.3 x lO-9

Mean Mev 7
per disintegration §§
2.6 x lO-5

7.8 x lO-3

1.19 x 10~4

1.7"
t-
8.6 x lO-6

3.9 x 10~4

3.1 x lO-3

1.5 x 10-1
1.7 x 10-4

3.4 x lO-2

1.2 x 10~4

1.0 x 10-1

2.8 x 10-1

1.7 x 10-4

9.3 x 10-1
2.0 x lO-3

1.5

1.6 x 10-1
1.0 x lO-5

For long-lived uranium isotopes the situation is complicated in that the most
conservative assumption with respect to ingestion is the least conservative
for inhalation, and vice versa.

The differences are about an order of magnitude. Recent recommendations
on revised definitions of radiation dose quantities made by ICRP (ICRP,
1991) have not been taken into account in these data. ICRP have not issued
a comprehensive set of values of dose per unit intake corresponding with their
new recommendations. The NRPB reference (NRPB, 1987) represents the
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most recent comprehensive set of self-consistent data which is also consistent
with ICRP recommendations on metabolic rate data.

Data from : §(NRPB, 1987) §§(ICRP, 1983; Browne h Firestone, 1986)

* Contributions to dose per unit intake and gamma emissions made by short-
lived radioactive daughters are included on the assumption of secular equi-
librium.

t The complications of 222Rn dosimetry (due to its mobility as a gas and
several associated short-lived daughters which may or may not become at-
tached to particulate) give rise to a different relevant control quantity. For
protection purposes, the NRPB suggest that 20 Bq 222Rn m3 of air av-
eraged throughout the year will give rise to 1 mSv, including contributions
from daughters. Radon emanation from accumulated or stored uranium may
present a hazard in some circumstances, but only if 226Ra has substantially
grown in.

** This figure includes contributions from 222Rn and its daughters, assuming
they are all in equilibrium with the 226Ra. This is more than likely in most
circumstances.
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B Environmental intake and toxicity of elements of
interest

This appendix examines the acceptable environmental concentrations and
the intake of elements of interest into the body and the risk or hazard asso-
ciated with that intake.

B.1 Soil standards

The Dutch C-value is a standard where contaminants represent a 'serious
threat.' The C-value, a soil quality standard, is an intervention value which
indicates a soil quality beyond the maximum tolerable risk level. An un-
acceptable risk to man or environment is possible, taking into account all
possible exposure pathways and autonomous speading. Serious threat does
not mean an acute threat but an unacceptable increased risk (van den Berg,
1992).

Table B.I: Proposed C-values for soil*

Element

As
Cd
Cu
Zn

C-value
(mg/kg)

55
12
190
720

* 10 % organic matter plus 25 % lutum

B.2 Intake into the human body

The ICRP report of the Task Group on Reference Man (ICRP, 1975) gives
all sorts of physical data for Man including estimates of daily intake of the
elements and how that intake arises, both by ingestion and inhalation. In-
takes vary considerably from element to element and from place to place.
Concentrations in foodstuffs are important in many cases, although drink-
ing water and inhalation are important in some cases. Sometimes the levels
in foodstuffs arise predominantly through natural processes. In other cases
man-made environmental pollution is the cause. In yet others, the con-
centrations arise as contaminants enter the foods during food processing.
Maximum credible concentrations (MCCs) in natural uncontaminated foods
have been considered by Findlay et al. (1993). Taken with assumptions for
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total food intake, these MCCs provide an idea of how high the natural intake
of the elements might be.

B.3 Toxicity and limits on intake

Absolute risk per unit intake data are difficult to determine and to compare,
because of differences in the types of effect and because some contaminants
have an associated risk without any threshold on intake, whereas others only
give rise to risks above a given level of intake. The United States Environ-
mental Protection Agency present data for a wide range of chemicals and
elements in a series of health effects summary tables (US EPA, 1992). This
reference considers chronic and acute exposures, and provides provisional
estimates of the daily exposure that is likely to be without an appreciable
risk of deleterious affects. The significance of difference modes of exposure
is also considered. Although these data are very interesting, they are also
rather too complex for the current exercise. For a long term pollution com-
parison to be made, we are most interested in the relative hazard arising
from chronic intake. This relative hazard is taken to be represented by the
relative values of current limits on chronic inhalation and ingestion, as given
below.

Limits on Inhalation

The Health and Safety Executive (1991) provides maximum exposure limits
(MELs) and occupational exposure standards (OESs) for workers.

A MEL is the maximum concentration of an airborne substance, averaged
over a reference period, to which employees may be exposed under any cir-
cumstances. MELs are only provided for a limited set of elements and com-
pounds. An OES is the concentration of an airborne substance, averaged
over a reference period, at which, according to current knowledge, there is
no evidence that it is likely to be injurious to employees if they are exposed
by inhalation day after day to that concentration. OESs are given for more
substances. For MELs and OESs, 8 hour and 10 minute reference periods
are used. For the present purposes 8 hour OESs appear the most relevant
and these are given below, unless only an MEL is listed.

Limits on Ingestion

The CEC (1980) provides water quality maximum acceptable concentration
values (MACs). Both guide level and a maximum acceptable concentration
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are used. National quality standards based on guide level values are set by
Member Sates but these must not exceed the MAC. The MAC values are
based on lifetime intakes. MAC values are given below unless only a guide
value is available.

B.4 Data for the elements of interest

The following data should be considered together primarily in the context of
the relative hazard implicit in the limiting values. Some level of the absolute
risk of some form of deleterious effect can be obtained, bearing in mind
that breathing rates are typically about 24 m3 per day, and water intake
is typically about 2 litres per day. Where ranges of intake are given these
are not based on the widest possible values, but on more likely ranges. The
following tables are compiled from the above references:

Arsenic
Intake
mg/day
ranges

OES
MAC

MCC

Ingestion
1
not given

mg/m3

Mg/1
Mg/g

Inhalation
0.0014
not given

0.1
50

10

Arsenic is common as a trace food impurity and as an industrial airborne
contaminant. Seafoods are important sources of intake by ingestion. Intake
by inhalation can be up to 1 mg/day in coal burning industrial areas.

Cadmium
Intake
Mg/day
ranges

OES
MAC
MCC

Ingestion
150
not given

mg/m3

Mg/1
Mg/g

Inhalation
less than 1
not given

0.05
5
10

Principal sources are in food, mainly non fish seafoods and grain. Eat a
lot of seafood and you get about 1 mg/day. Drinking water concentration
is usually very low. Atmospheric cadmium is probably industrial pollution
source dominated and is very low away from industrial areas.
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Caesium
Intake
Mg/day
ranges

OES
MAC
MCC

Ingest ion

1 x 10"2

not given

mg/m3

Mg/1

mfg

Inhalation
2.5 x 10~5

not given

not given
not given
not given

Intake occurs mostly in foodstuffs, notably anaimal products.

Copper
Intake
mg/day
ranges

OES
PCV
MCC

Ingestion
3.5
0.7 - 5.0

mg/m3

Mg/l
Mg/g

Inhalation
0.02
0.001 - 0.5

0.2
3000 (guide value)
100

Of the 3.5, up to about 1 mg/day may come from drinking water, mainly
due to copper from copper pipes.

Lead
Intake
mg/day
ranges

OES
MAC
MCC

Ingestion
0.44
0.15-0.44

mg/m3

/* / !
Aig/g

Inhalation
0.01
0.01-0.1

0.15
50

10

Most public intake arises due to incorporation of lead in the production,
preparation and storage of foods; up to half comes from contamination of
piped water, and air is primarily contaminated by industrial discharges and
auto exhaust. Natural fluxes are not normally significant contributors to
human lead exposure.
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Potassium
Intake
g/day
ranges

OES
MAC
MCC

Ingestion
3.3
1.4- 6.5

mg/m3

mg/1

A*g/g

Inhalation
not given
not given

2 (as KOH)
12

6000

Intake occurs naturally in food and fluids. Absorption of potassium is nor-
mally virtually complete, but depends on the amount of sodium in the diet.
About 0.012 % by weight of natural potassium is radioactive 40K.

Radium
Intake
Mg/day
ranges

OES
MAC
MCC

Ingestion
2.3 x 10~6

large

mg/m3

Mg/1

Mg/g

Inhalation (UNSCEAR, 1993)
4.1 x lO"10

large

not given
not given

not given

Limits and controls are based on radiological issues. Intake is usually domi-
nated by ingestion and in mass terms is dominated by 226Ra.

Selenium
Intake
mg/day
ranges

OES
MAC
MCC

Ingestion
0.15
0.05-0.35

mg/m3

/xg/1
Mg/g

Inhalation
not given
not given

0.1
10
10

Selenium is found in lots of foodstuffs, especially of marine origin. Some
areas are said to be 'seleniferous' (Rosenfeld Sz Beath, 1964) In such places
you can observe chronic selenium toxicity at intake of 1 mg/kg/day. Some
areas are non seleniferous, e.g. Jamaica.
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Thorium
Intake
mg/day
ranges

OES
MAC
MCC

Ingestion
0.0013
not given

mg/m3

Mg/1
A*g/g

Inhalation (UNSCEAR, 1993)

0.0000066
not given

not given
not given
5

Thorium is widely distributed but scarcely soluble. Note that although in-
take by inhalation is about two orders of magnitude lower than by ingestion,
the dose per unit intake by inhalation is about three orders of magnitude
higher. This means that the greater radiological hazard is through inhala-
tion.

Tin
Intake Ingestion Inhalation
mg/day 4 0.0034
ranges 1 -40 not given

OES
MAC
MCC

mg/m3 2 (0.1 for organic tin)
not given
3000

Intake arises largely through food contamination from tin cans and foil.
Intake in water is regarded as negligible. Another source is stannous fluoride
used in toothpaste. Natural intake of tin appears low. Environmental uptake
may be higher in places near to mining or refining facilities.

Uranium
Intake
mg/day
ranges

OES
MAC
MCC

Ingestion
0.0011
large

mg/m3

Mg/1

Mg/g

Inhalation
0.0000022
large

not given
not given
0.5

There is a large variation from place to place. Ingestion intake is usually
dominated by foods, although in some areas drinking water intake is high
and results in higher intake than suggested above.
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Rubidium
Intake
mg/day
ranges

OES
MAC
MCC

Ingestion
2.2
not given

mg/m3

M5/1
Mg/g

Inhalation
not given
not given

not given
not given
50

Little attention has been given to rubidium. It is assumed to metabolise in
the same way as potassium. About 27.8 % by weight of natural rubidium is
87Rb.

Zinc
Intake
mg/day
ranges

OES

MAC
MCC

Ingestion
13
not given

mg/m3

Mg/1

Inhalation
less than 0.1
not given

5 (as oxide fume)
100
1000

Most intake is in foods, notably cerals and seafoods. Intakes can be enhanced
beyond the range indicated due to zinc used in water pipes and in acid foods
stored in galvanised containers.
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