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Abstract. Viewpoints are presented concerning biosphere studies in performance assessments of nuclear waste
disposal. The points are based on experiences from several Finnish performance assessments. The latest
performance assessment for spent fuel disposal, TILA-99, was considered in the Decision in Principle process for
the site selection of the repository. The points given are also based on experiences from participation in
international projects dealing with biosphere modelling, for instance BIOMOVS and BIOMASS.

1. INTRODUCTION

A performance assessment of deep geological disposal of long-lived radioactive waste has to
deal with many uncertainties. Among these, the evolution of biosphere conditions over long
periods of time includes special uncertainties due to the relatively high rate of change in
biosphere. Therefore, there have been needs to make different national performance
assessments more easily comparable. Mainly these two factors formed the incentives to launch
efforts to develop international reference biospheres within the BI0M0VS2 research
programme of the IAEA [1].

The objective of the BIOMOVS2 was to develop the required methodology and to provide a
sufficiently comprehensive set of reference biospheres. The general requirement for the
methodology was to provide a reliable lead track by detailed reasoning for the assumptions,
and for the choice of numerical data. These objectives turned out to be very ambitious and the
main achievements of BI0M0VS2 were restricted to the establishment of the basic
methodology including a database (FEP, features, event and processes) for the biosphere and
dose exposure analyses.

In the follow-up programme, BIOMASS Theme 1, the aim was to derive practical examples,
in addition to the further development of the reference biosphere methodology. A set of
increasingly complex reference biospheres was defined, starting from very simple drinking
water scenarios. The aim of the other scenarios was to put the well scenarios into perspective
with a more comprehensive set of exposure pathways. The possibility of having a set of
internationally agreed reference biospheres as a support to simplified stylistic approaches was
the main incentive for the Finnish participation in the BIOMASS project.

In the performance assessments carried out in Finland for different types of nuclear waste
repositories, the degree of details employed in the biosphere transport and radiation dose
exposure evaluation has varied depending on the purpose of the assessment. In the safety
analyses for the presently operating repositories at Olkiluoto and Loviisa for reactor
operational waste (LLW & ILW) the local site-specific conditions were taken into account.

hi the series of performance assessments for the disposal of spent fuel, different types of
exposure environments were initially considered covering the local environment (drinking
water well, local small lake), regional (nearby sea area and the Baltic) and larger area (the
Atlantic). Initially both individual and collective doses were considered. During the recent
years, however, the emphasis has been focused on individual doses of the most exposed
critical group.
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For the needs of the step-wise repository design and site selection processes it was considered
appropriate to concentrate on the geological and technical aspects of the repository system.
Thus less emphasis was put on the detailed analyses of the site-specific biosphere conditions
and their evolution in the far future. Consequently, in the integrated performance assessments
carried out since 1993 (TILA-96 and TTLA-99) the ingestion dose caused by the consumption
of contaminated well water as drinking water was employed as the safety indicator.

The latest safety assessment for spent fuel disposal in Finland, TILA-99, was meant for the
context of the Decision in Principle (DiP) process. This fact makes it somewhat special,
because the whole DiP process is unique1 in the world. Due to this background the two main
ambitions in TILA-99 were to demonstrate the technical feasibility of the spent fuel
management plan proposed by Posiva, and to assist in selecting a site for the repository.
Olkiluoto was subsequently suggested as the site for the repository in the DiP application by
Posiva. The favourable DiP by the Government was ratified by the Parliament in May 2001.

2. OVERALL ROLE OF BIOSPHERE STUDIES IN PERFORMANCE ASSESSMENTS

In a performance assessment, biosphere studies are simply a method to convert radionuclide
release rates from geosphere (Bq/a) to radiation dose rates (Sv/a). The reason for doing
biosphere studies in performance assessments is that safety criteria set by the authorities are
usually specifically based on dose limits.

In performance assessments, biosphere studies are a part of the overall discussion. As such,
performance assessments provide a conservatively simplified presentation of the bedrock-
repository system and, therefore, the level of detail in biosphere modelling must be in balance
with that of the whole performance assessment. In other words, doing extremely detailed
biosphere studies would not increase the credibility of the performance assessment, because
the accuracy of the previous modelling providing the release rates to the biosphere modelling
will not be improved by it. Although performance assessments do simplified biosphere
modelling, they undoubtedly can benefit from more detailed and more sophisticated biosphere
studies.

So far biosphere studies in Finnish performance assessments have been done for the most
exposed critical group. Increasing the size of the exposed group will decrease the average
individual exposure, because everybody cannot consume solely contaminated food and/or
drinking water. This in turn means that the values calculated for the critical group are not
applicable for larger groups: there would be strong over-estimation of the radiological effects.

In this context the possibility to apply internationally recommended reference biospheres
would be of great practical value. The reason is that the user would not have to "prove" that
the biosphere will be something deterministic. Rather, a comprehensive set of alternative
reference scenarios will allow more easily defensible variation in the analysis. For the time
being, however, there are no internationally accepted reference scenarios even for the simplest
drinking water well case.

1 The Decision in Principle (DiP) is a policy decision merely stating that the proposed activity is in the general
interest of the society. Its real purpose is to add commitment to the nuclear waste management programme from
the part of the decision-makers on local as well as on national level. A favourable DiP is needed for the site
selection of the repository and for the focussing of further studies on that site. Separate construction and
operation licensing procedures are required in, according to current schedule, 10 and 20 years, respectively.
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2.1. Safety criteria set by the authorities

Finnish safety criteria are derived from international recommendations, e.g. ICRP and Nordic
co-operation. The outcome of relevant research projects, e.g. BIOMASS, are also applied as
raw material, when available. The timing of the completion of the BIOMASS studies, in
comparison with the schedule of the DiP process, made it necessary for the Radiation and
Nuclear Safety Authority (STUK) to base the general safety requirements and the more
detailed guidance on previous Finnish experiences with different types of exposure
environments. The possibility of using international reference biospheres at a later stage has,
however, been recognised by STUK.

There are currently two main regulations in Finland that guide the performance assessments of
nuclear waste disposal: the Government Decision VnP 478/1999 [2], and the draft of the YVL
8.4 guide [3] that is being finalised by STUK. The latter is to specify the former.

The dose criteria imposed by the Government Decision VnP 478/1999 state that during an
assessment period that is adequately predictable with respect to assessments of human
exposure but that shall be extended to at least several thousand years:

— the annual effective dose to the most exposed members of the public shall remain below
0.1 mSv; and

— the average annual effective doses to other members of the public shall remain
insignificantly low.

hi the draft regulatory guide [3] it is specified that these constraints apply to radiation doses
which arise to members of the public as a consequence of expected evolution scenarios, and
which are reasonably predictable with regard to the changes in the human environment.
Changes in the environment to be considered include those arising from post-glacial land
uplift, and the changes likely to arise from climate changes in the time perspective of several
thousand years.

The constraint for the most exposed individuals (i.e. the critical group), effective dose of 0.1
mSv per year, applies to a self-sustaining family or small village community living in the
vicinity of the disposal site. In the environs of the community, a small lake and a shallow
water well are assumed to exist. The pathways to be considered should include at least:

— use of contaminated water as household water
— use of contaminated water for irrigation of plants and drinking water for animals
— use of contaminated watercourses and relictions.

The second exposure constraint concerns the average effective annual doses to larger groups
of people, who are living at a regional lake or at a coastal site and are exposed to the
radioactive substances transported into these watercourses. These average doses shall be,
depending on the number of exposed people, not more than one hundredth — one tenth of the
constraint for the most exposed individuals.

In the long term, after several thousand years, the regulatory criteria are based on constraints
on the release rates (Bq/a) of long-lived nuclides from the geosphere into the biosphere. The
nuclide-specific constraints will be set in the regulatory guide to be issued by STUK [3]. The
constraints are derived from the mentioned dose limit and site-specific dose conversion
factors obtained with the biosphere models developed for the Swedish SR 97 performance
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assessment [4]. STUK will periodically check the validity of the release rate constraints, on
the basis of accumulating understanding of biosphere assessments. It may be noted here that
the international safety indicator projects, e.g. within the EU and IAEA, provide valuable
reference data for safety criteria considerations.

In addition to the radiological impacts on man, potential impacts on species of fauna and flora
shall also be examined [2]. This shall be demonstrated by assessing the typical radiation
exposures of terrestrial and aquatic populations in the environment of the disposal site [3].
These exposures shall remain clearly below the levels, which, on the basis of the best
available scientific knowledge, would cause decline in biodiversity, or other significant
detriment to any living population. Moreover, rare and economically significant animals and
plants as well as domestic animals shall not be exposed detrimentally as individuals.

3. POTENTIAL BIOSPHERE SCENARIOS IN FINNISH CLIMATE

3.1. General considerations

When considering possible reference biospheres for Finnish performance assessments it seems
reasonable first to consider climatic conditions more or less like today. The reason is that
during a glacial cycle of, say 100 000 a, the country is likely to be inhabited only during the
inter-glacial and tundra periods. It is also reasonable to assume human habits, nutritional
needs and metabolism like today.

Steady state concentrations in the local/near biosphere environment are reached relatively
rapidly, in about one to ten years for continuous release. Therefore, the biosphere
concentrations and the resulting dose responses essentially follow the changes of the source
term, i.e. release rates from the geosphere.

hi a biosphere analysis one particularly demanding part is the description of the geosphere -
biosphere interface. On the one hand, it is scientifically quite demanding topic as such and, on
the other hand, it appears to be a fringe area only partly covered by the many disciplines
applied in a performance assessment, e.g. hydrology, geochemistry, and geology.

It may be possible that with detailed site-specific groundwater flow data one can assess the
distribution of groundwater discharge between different recipients. With the favourable DiP,
Posiva will focus its studies at Olkiluoto at the coast of the Gulf of Bothnia, hi this
environment possible recipients in today's conditions are drinking water well (as before) and
the local coast area. As post-glacial land uplift continues, there is an element of evolution in
the biosphere, and shallow sea areas will slowly be isolated to inland lakes. A lake may
gradually become swampy and later turn into a peat bog in Finnish climate. Both lake
sediment and peat bogs have a well documented tendency of concentrating radionuclides from
the surrounding water.

As concerns cultivation of recovered land, it has been estimated that the resulting doses could
be about ten-fold as compared to the doses of a conventional lake environment pathways (i.e.
without the cultivation of recovered land) [e.g. 5]. However, the arising doses are lower than
those of the drinking water pathway, at least for most nuclides.

It has been speculated that the greenhouse effect could change the Finnish climate towards
that currently in Central Europe. This could in turn change irrigation practices and, for
instance, well water could occasionally be used for this purpose.
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Drinking water will be consumed also in the future, and drinking water well remains a
candidate in most exposure considerations for a critical group, hi the following a more
detailed discussion will be given on assessing the diluting water flow.

3.2. Estimation of dilution volumes for drinking water wells

The effective dilution volume of a well is defined as the whole water volume within which the
annual releases from the repository into the biosphere are diluted. In recent safety analyses, the
effective dilution volumes have varied considerably (e.g., lOOOOOmVa in the Finnish
TELA-99 [6] and 2 630 m3/a in the Swedish SR 97 [7]). In these analyses, the choice of the
dilution volumes was not based on a computational estimation of the groundwater flow, rather
it was based on expert judgement.

In the following, a brief description is given of an effort to actually calculate the diluting water
volume in the case of Olkiluoto. The estimate is based on a realistic description of the
structures and the hydraulic conductivity of the bedrock. As regards the placing and the depth
of the wells, several alternatives were considered.

The effort was based on 3D transient simulations of groundwater flow and transport, which
are coupled due to the varying salinity of groundwater [8]. The calculations were performed
applying a model based on the porous medium concept and the finite element method (FEM).
Both deep, drilled wells and shallow surface wells in the vicinity of the repository were
considered. The simulations covered the time period from the present to 1000 years after the
present. Two of the selected approaches utilised flow route calculations, whereas the third
involved tracer transport calculations using the simulated pressure and salinity fields.

In the conceptual geohydrological model the fractured bedrock consists of planar fracture
zones (with a high fracture density and a greater ability to conduct water), and the intact rock
in which the fracture density and the hydraulic conductivity are low. For these the
equivalent-continuum model was applied separately. Thus, the fractured bedrock was
considered as piecewise homogeneous (except for the depth dependence) and isotropic
continuum with representative average characteristics. The model comprised a surface area of
about 26 km2. It covered the Olkiluoto island and the surrounding sea.

The dilution was calculated for six water wells located in the vicinity of the discharge areas,
or in the intermediate region. The wells were placed in the model at 100 or 1000 years after
the present (A.P.). Siting of the drilled wells was chosen so that the salinity does not become
very high in the bottom parts of the wells.

Three different modelling approaches were used to quantify the diluting water volume. In the
first approach (A) 1500 flow routes were calculated from the repository. Fracture zone
locations were excluded. In the second approach (B) the starting points of the flow routes
were distributed uniformly in the plate describing the repository. The effective dilution
volume in this approach was defined as:

well capacity (m3/a)
, (l)

well route i

^repository
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where £>wen route / is the flow rate (m3/a) associated with the flow route / entering the well and
r̂epository is the total flow rate from the repository (m3/a). First, the repository plate was

divided in elements, in which the flow rates were calculated. The starting points of the flow
routes were then set in the centre points of the elements. Thus, each flow route could be
associated with the flow rate of an element.

The summed up flow rate term in Eq. (1), pertaining to the flow routes entering the well,
divided by the total flow rate through the repository, describes the portion of water flowing
through the repository to the well. Due to this term, the second approach can be considered as
the most realistic approach used in the work by Kattilakoski & Suolanen [8]. Via the flow rate
terra, the approach allows the consideration of heterogeneity of the flow regime.

The third approach (C) involved the transport calculation based on the simulated residual
pressure and salinity fields.

K=K0* 10f ( z ) , T=T0* 10 f ( z )

where Ko=5.0*l(r9 m/s
and

f(z)=7*10-10*z3+3*10-6*z2+5:<10-3*z
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FIG.l. Example of flow routes starting from the repository in the case of a drilled well [8J. SA1 and
SA2 are the southern and northern discharge sites at surface, respectively, close to the shoreline of
Olkihioto at 100 a after present. R2 is slanted and R3 and R8 are close to vertical fracture zones.
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The calculated flow routes from the repository (Fig. 1) were determined from the continuous
Darcy velocity field. The flow route analysis was performed at 100 and 1000 years A.P.
assuming fixed hydraulic conditions at these time instants. The outcome of this flow route
analysis should not be considered as real path lines, but "snapshots" in time with fixed flow
and salinity field. However, it demonstrates the potential flow routes and the effect of the
evolving hydraulic conditions on the routes and the discharge areas.

In case the location of the well is chosen randomly, in many cases no flow routes hit the
volume affected by the well. In these cases the effective dilution volume is infinite. Overall,
the wells were chosen so that a finite dilution volume would result. Thus, a randomly chosen
well would more probably result in an infinite dilution volume. The channelling along the
flow routes was found to be a critical factor controlling whether or not the flow route will
enter a well. A deep well may extend its influence near the area of the deep flow routes, but in
order to get flow routes into a shallow well, it has to be placed in the immediate vicinity of the
discharge areas.

A drilled deep well may affect the pressure field even at the repository depth. The strongest
influence occurs in the very vicinity of the well, however. Therefore, near the discharge areas
even a shallow well may remarkably redirect the flow routes thus entering the well. Thus, the
dilution calculated in a shallow well can, maybe surprisingly, be nearly equal to that
calculated for a deep well.

Based on the groundwater flow analyses the uncertainty range for the effective dilution
volume of the well is about an order of magnitude: from 30 000 m3/a to 460 000 m3/a. In
general, the estimates for the dilution volume were smallest in approach A and largest in
approach C, as far as there were flow routes entering the wells. For flow routes entering the
well, the estimates at 1000 years A.P. were smaller than at 100 years A.P. The largest
variation in the finite estimations between the wells and time instants occurred in approach B,
about 250 000 m3/a. In approach A the variation was the lowest, about 35 000 m3/a.

Besides numerical results, an important qualitative conclusion can also be drawn. It appears
that the groundwater flow will be strongly channelled and, therefore, flow lines starting from
different parts of the repository will discharge at different spots in the biosphere. Thus the idea
of a uniform flow field forcing the released radionuclides towards a deterministic recipient
may be abandoned: the picture is more complicated.

4. REFERENCE BIOSPHERES IN TELA-99 AND AFTERWARDS

4.1. Biosphere modelling in TILA-99

Two safety indicators were applied in the TILA-99 safety assessment [6]: a simple well -
drinking water model for indicative dose assessment, and nuclide-specific release rates from
the geosphere into the biosphere. These were compared to the preliminary release rate
constraints specified by the safety authority STUK [9].

The dose assessment was based on the simple WELL-97 scenario where the annual releases
from the repository into the biosphere were assumed to be diluted in 100 000 m3 of water and
an individual was assumed to drink 500 litres of contaminated water per year. An effective
dilution volume of 100 000 m3/a is obtained, for example, if 1% of the total releases from the
repository into the biosphere ends up in a well and the dilution in the well is 1000 m3/a [cf.
Eq. (1)]. Drinking of water was the only exposure pathway considered. These assumptions
mean that an individual in the critical group ingests annually a fraction of 5-10"6 of the
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radionuclides released from the repository into the biosphere. The dose conversion factor of a
radionuclide in the WELL-97 scenario is thus 5-l(T6 times the ICRP72 [10] ingestion dose
coefficient.

Besides the long-lived radionuclides, all daughter nuclides with half-lives greater than one day
were considered in WELL-97. Short-lived daughters are assumed to be in radioactive
equilibrium (i.e. equal release rates in Bq/a) with their precursors. For example, the dose
conversion factor of Ra-226 + daughters includes the contributions of Ra-226, Rn-222 (ingestion
dose coefficient from UNSCEAR [11]), Pb-210, Bi-210, and Po-210. It was noted in TELA-99
that the assumption of equal release rates for the precursor and daughters may be incorrect (and
it can, in fact, be significantly incorrect) in cases where the mobility of the nuclides is different
close to the geosphere-biosphere interface. This feature does not cause significant uncertainties
for the dose assessment within several thousand years, however. The release rates of
radionuclides in actinide chains are very low in the early phase, and the important parent
nuclides are considerably retarded in the geosphere. As concerns especially the Ra-226-Rn-222
pair, it should be noted that initially there are only minute amounts of these nuclides in the spent
fuel and their inventories grow only after several ten thousand years.

The WELL-97 dose conversion factors were compared with those of a self-sustaining farm
biosphere [12, 13] used in the Swedish SKB 91 safety assessment. In the SKB 91 reference
biosphere it was assumed that a deep well is bored at the disposal site. One percent of the
activity released into the biosphere is assumed to end up in the well, the rest is going into a
nearby lake. Several exposure pathways from the well and lake water are considered,
including for example irrigation of kitchen garden and field, meat, milk, fish, external dose,
and inhalation of dust. The comparison showed a fairly close agreement between WELL-97 and
the SKB 91 reference biosphere. This agreement is because the effective dilution volumes
(105m3/a in WELL-97, 1.6-105 m3/a in the well pathway of SKB 91) and the resulting ingestion
fractions with drinking water (5-l(T6 in WELL-97, 3.8-10"6 in SKB 91) are close to each other.
Drinking of well water is the dominant pathway for most nuclides also in the SKB 91 reference
biosphere.

The comparison of the constraints implied by the dose rate limit of 10"4 Sv/a and the WELL-
97 dose conversion factors to the long-term, nuclide-specific release rate constraints indicated
a fairly good balance between these two indicators. Earlier STUK considered preliminary
release rate constraints of 108 Bq/a for long-lived alpha-emitters, and 109 or 1010Bq/a for
long-lived beta- and gamma-emitters [9].

The sensitivity analyses of TILA-99 included a variant with ten times higher dose conversion
factors than in the reference scenario, and a sea biosphere. In the sea biosphere the dose
conversion factors of most nuclides were - thanks to the dilution in the local sea area and the
absence of fresh-water exposure pathways - 1 000 times lower than in WELL-97. Nuclides
which have a high enrichment factor in fish (C-14, Se-79, Sn-126, Cs-135, Cs-137) had dose
conversion factors 100 times lower than in the WELL-97 scenario.

4.2. Review comments on TILA-99 and studies conducted thereafter by Posiva

STUK organised an international expert group to review TILA-99, and in this context also the
biosphere modelling part was reviewed. The treatment of biosphere was considered to be too
simplistic and in general inadequate by the reviewers [14]. Therefore, in 1999-2000, a
supplementary study was conducted where the ecosystem specific dose conversion factors
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(EDFs) of SKB's SR 97 safety assessment were calculated for six hypothetical recipients
(well, lake, river, coastal area, agricultural land, peat bog) at Olkiluoto [4].

For most nuclides, the highest dose conversion factor was obtained in the case of the peat bog.
The contaminated peat was assumed to be used as fuel in power plants, and cultivation on the
drained peat was also assumed to occur. In general, the largest uncertainties are related to the
likelihood of the different recipients in the future. Assuming present conditions, groundwater
from a repository at Olkiluoto would discharge into the sea at the shoreline, but future
discharges may take place inland due to post-glacial land uplift. Land uplift takes presently
place with a rate of approx. 0.6 metres per 100 years at Olkiluoto.

Posiva's research and development plans for the next ten years are guided by the Government
Decision VnP 478/1999 on the general safety criteria [2], which will further be specified in
the regulatory guide YVL 8.4 [3] to be issued by STUK. The plans of Posiva aim for the
safety case to be presented around 2010 in support of the construction licence application for
the spent fuel repository at Olkiluoto [15].

To fulfil the safety requirements presented in Section 2.1, Posiva will evaluate the evolution
that takes place at the potential discharge areas at Olkiluoto during the next several thousand
years. Biosphere analyses and dose assessments obviously need to be performed for the
following recipients: well, lake, sea, sediment that later will be exposed due to land uplift, and
maybe peat bog. For most of these recipients the first assessments have actually already been
done [4] employing the new biosphere models developed for SKB.

Concerning the potential radiological impact on flora and fauna, Posiva will follow and
participate in international co-operative efforts, for example within IAEA, in this new research
field. The goal is to develop appropriate assessment capabilities to fulfil the regulatory
requirements in the safety case to be presented in support of the construction licence
application at the end of the decade.

5. CONCLUSIONS

Biosphere modelling must be seen as part of the performance assessment and, therefore, the
level of detail in it must be in balance with that of the rest of the performance assessment.
This overall level of detail, in turn, depends on the purpose of the performance assessment.
Biosphere modelling of TILA-99 was criticised as being too simplified and inadequate, which
is undoubtedly true. But, one must keep in mind that the raison d'etre of TILA-99 was to study
the technical feasibility of the repository system, and to assist in selecting a site for the
repository, in line with the Decision in Principle process.

Dilution volumes of a well scenario have been estimated by numerical 3D groundwater flow
modelling based on detailed site-specific data for Olkiluoto. The results indicate large overall
variation (30 000-460 000 m3/a) depending on the location of the well, and on the modelling
approach. This in turn indicates considerable channelling of groundwater flow, and a
relatively complicated groundwater flow field in the scale of observation.

The safety criteria being prepared in Finland include a dose limit of 0.1 mSv/a for a period of
few thousand years after closing the repository for the critical group. After that, nuclide-
specific release rate limits (Bq/a) are applied. In this context internationally accepted reference
biospheres would be desirable.
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