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SUMMARY: The design of the repository for final disposal of spent nuclear fuel
proposed by SKB is based on a multi barrier system, in which the geosphere and
biosphere are the utmost barrier surrounding the engineer barriers. This report
briefly reviews the current approach taken by SKB to account for hydrological and
ecological processes at the geosphere-biosphere interface (GBI) and their future plans
in this area. A simple analysis was performed to shift the focus of performance as-
sessment involving geosphere-biosphere interface modelling from the very simplistic
assumption that the quaternary sediments are bypassed to one in which a more de-
tailed model for sub-surface flows is included.

This study indicated that, for many assumed ecosystem descriptions, the presence

of the GBI leads to lower maximum doses to individual humans compared to a case
when the GBI is neglected. This effect is due to the additional “barrier” offered by
the GBI. The main exposure pathways were assumed to occur through the food web.
However, particularly the leakage on land through the stream-network and lakes
can lead to higher doses due to ecosystem interaction with arable land. A scenario
that gives particularly long duration of doses occurs due to land rise and with the
transformation of the former bay and lake bed sediments into agricultural land.

This effect is due to the significant retention or “accumulation” in aquatic sediment,
which causes high activities to build up with time. Particularly, in combination with
changing conditions in climate, humans life-style or geographic conditions (land rise,
deforestation, etc.) doses to individual humans can be large

SAMMANFATTNING: Konstruktionen av slutférvaret av det radioaktiva avfallet som
foreslis av SKB baseras p4 ett flerbarriirsystem, vilket ytterst omges av geosfiren och
biosfiren. Denna rapport granskar SKB’s aktuella metoder att ta hinsyn till hydrolo-
giska och ekologiska processer i kontaktzonen mellan geosfir och biosfir, samt deras
fortsatta planer i detta omrade. En enkel analys genomfordes for att kristiskt testa si-
kerhetsanalysernas modellering av geosfir-biosfirsprocesser. Speciellt undersoktes rele-
vansen av de forenklade antagandena om att radionuklider obehindrat passerar kvartira
avlagringar genom att infora en mer detaljerad beskrivning av den ytnira hydrologin.

Undersokningen indikerar, for manga antagna ekosystemfunktioner, att nirvaron av
kontaktzonen mellan geosfar och biosfir ofta sinker de maximalt uppnidda doserna

till enskilda manniskor jamfort med om zonen férsummas. Detta beror pa den “extra
barriireffekt” som erhills av kvartira avlagringar. De huvudsakliga spridningsvigarna
antogs ske genom niringskedjan. Hogre doser kunde dock uppnas under vissa forut-
sattningar, speciellt pd grund av lackage till grunda vattendrag och sjosediment samt en
vidare spridning till odlingsbar mark. Ett scenario som gav sarskilt hoga doser var nir en
kontaminerad sjobotten omvandlades till odlingsbar mark genom en successiv landhoj-
ning. Denna effekt beror pa den visentliga ackumulering av miljéstorande substanser
som sker i akvatiska sediment, vilket innebar att hoga doser kan byggas upp 6ver en ling
tid. Speciellt, i kombination med forandrade klimatvillkor, minskliga aktiviteter eller an-
dra geografiska villkor (landhojning, minskad vegetation, etc.) kan innebara hoga doser
till manniskan.

NIN\IN o .
hh Statens strélskyddsinstitut

Swedish Radiation Protection Authority

SSI rapport: 2003:14
september 2003
ISSN 0282-4434

The conclusions and
viewpoints presented
in the report are
those of the author
an do not necessarily
coincide with those
of the SSI.

Forfattarna svarar
sjalva for innehallet
i rapporten.



Contents

I 1o Yo [0 o2 o T o T 2
2 Geosphere-biosphere interface and exchange processes ............cccevvreeennnnnnnn. 3
3 SKB's current approach for treating exchange processes at the GBI............. 5
4 SKB R&D programme with relevance to GBI ...........ccccieeiciiiiiiininscceccsnneeeeee 8
5 Modelling exercise of the impact of GBI processes on coupling of sub-
surface and surface hydrology and ecological effects .......cccccccceeiiiimiirrennnnnnnn. 9
6 Simulation RESUILS ..ot e e e 1
6.1 Pathways and transport @analysis............ccccooieiiiienieiiceeeeeee e 11
6.2 ECOSYSIEM RESPONSES......oceviiiiieiiceeeeee ettt ettt e eae e 11
70 o ¢ U2 [0 = ['o Y 4 -t 16

20T = (=] o3 =1 17



1 Introduction

One of the concerns about the SKB programme for finalizing the final disposal of high-level
nuclear waste is how various parts of the safety analysis are coupled to each other. Such a
coupling can be important if there is a feedback between different parts of the system or in
order to ensure a reliable analysis of the “interface-processes”.

This report briefly comments upon the current approach taken by SKB to account for
hydrological and ecological processes at the geosphere-biosphere interface (GBI) and their
future plans in this area. Section 2 contains a general description of the geosphere-biosphere
interface and sections, 3 and 4, contain a review of SKB’s current approach to treating
processes at the geosphere-biosphere interface both from a perspective of measuring (site
investigation) programme and formal assessment in safety analyses.

The report also describes in sections 5 and 6 the result of an introductory study
performed by SSI on processes at the GBI and their impact on ecology. In addition to the
author of this report, the study was perfomed by Ryk Klos, Aleksandra Sciences, Bjorn
Dverstorp, SSI, and Shulan Xu, SSI (Wo6rman et al., 2003).

In the recent analyses performed to date in the Swedish nuclear waste management
programme, the link between geosphere and the biosphere has been treated in a simplified
manner (Bergstrom, et al., 1999). Radionuclides have been assumed to flow directly from the
bedrock into the water column of coastal ecosystems with no interaction between the bedrock
and the overlying quaternary sediments. The study described in sections 5 — 6 focuses on the
geosphere-biosphere interface, i.e. quaternary deposits, provide different discharge pathways
to surface ecosystems and how this affects the risk assessment. The importance of considering
processes in the GBI and their dependence on underlying factors are analysed in the context
both of residence times of radionuclides in different system components as well as doses to
humans related to pathways through arable land, pasture, streams and lakes.



2 Geosphere-biosphere interface and exchange processes

A usual method for predicting stresses in ecosystems is to use compartment models for
contaminant transfer between various species or well-defined biotic, hydrological or
geochemical components. Environmental stresses are defined in terms of external loads of
certain key elements such as phosphorus or heavy metals and focus is on the circulation of the
element between biotic compartments. In safety assessments of the final nuclear waste
repository the loads are expressed in terms of contaminant flows and radiological doses
obtained from transport models representing the deeper geology (“geosphere”) surrounding
the repository and the engineered barrier system. Important factors for the analysis are the
release rates of radionuclides through the engineered barriers, transport through the host rock
in which the repository is placed and retention as well as transport at the geosphere-biosphere
interface (GBI). The term GBI is here used to denote the quaternary and more recent deposits,
which overly the crystalline bedrock. The transport and redistribution of radionuclides on
different biotic compartments at the GBI is governed by a range of complex processes, such
as accumulation due to geochemical processes, interaction between surface waters and ground
waters and uptake of radionuclides in biota.

There are a number of possible pathways and several transport mechanisms with
importance to the transfer rate of solute elements at the GBI as well as the spatial distribution
of exchange rates. Essential factors are briefly mentioned here:

e Diagenetic processes in bottom sediments of oceans, lakes and stream
govern the retention of solute elements that pass through sediments in streams and lakes
draining the catchment area in which the repository is placed.

The water saturated parts of the quaternary deposits host many biotic processes with
relevance for accumulation of solute elements as well as for the pathway selection in
ecosystems. Diagenetic processes in lake or Sea sediments are normally classified in terms of
deposition of sediment, re-suspension/erosion, sorption, bioturbation (and biotic irrigation)
and mineralisation (Berner, 1980). There are also several chemical reactions that are depth
dependent due to the fact that there are gradients in oxygen (redox-potential) and organic
content. The increasing oxygen content towards the interface/bed surface leads to a higher
mobility of metals (or radionuclides) towards the interface, whereas this variation is
counteracted by the higher organic content in surficial sediments (Salomon and Forstner,
1984).

The corresponding processes also exist in streams and other drainage systems
(wetlands, lakes).

e Hydrological/Hydraulic interactions between surface (lakes, streams) and groundwater in
catchments

arise due to the spatial variation in hydraulic potential on different spatial scales. Particularly,
in flowing water there is a hydraulic interaction between the surface water and the sub-surface
because of the variation in hydraulic potential in the landscape that associates with friction
losses along a streamline through the watershed. In a lake, the re- or discharge areas are
governed by regional flow pattern and redistribution of contaminated sediments can occur due
to erosion and deposition patterns. A process referred to as focusing lead to accumulation of
contaminants below the wave base in a central part of the lake.

In streams, the exchange of solutes from the surface water to the sub-surface (often
called the hyporheic zone) can occur in a meandering river that has different flow directions
in relation to the direction of the groundwater flow (Wroblicky, 1995) and in streams with



spatially varying slope (Harvey and Bencala, 1993; Castro and Hornberger, 1991). A flow can
also be induced in the hyporheic zone by its deflection against irregularities of the bed surface
of biotic (Huettel et al., 1996) or hydro-mechanical origin (Elliott and Brooks, a and b;
Runkel et al, 1996a and b) or obstacles like tree branches or stones. Superimposed on these
exchange patterns comes the exchange caused by the regional topography of the watershed
with hills and wvalleys. All together, the exchange pattern can be complicated and it is
furthermore complicated by heterogeneities of the hydraulic conductivity of the quaternary
deposits and underlying bedrock.

® Root systems of trees and plants

can mediate the exchange of water and solute elements from the ground to the surface. Even if
the dominating exchange of water at the GBI is probably due to infiltration and discharge
(hydraulic potential), pathways directly to biota may have a special importance to dose
assessments.

e Regional hydrological systems with special retention characteristics,
like wetlands and lakes, can significantly prolong the export of solute elements from land to
the ocean. Indirectly, this retention has implication to the solute exposure to terrestrial and
limnological ecosystems. Retention characteristics and residence times of wetlands and lakes
are important for the overall residence times of radionuclides in the GBI.

e Human activities

like groundwater policy and mining could potentially have a severe implication to the
exchange processes at the GBI. Tunnel constructions affect the groundwater movements in
large areas and could function as drains for regional areas.

e Global changes

cause time variable conditions that potentially could be very important from a risk
perspective. For instance, with time it is possible that former sea sediments form parts of the
continents due to land rise or sea level changes.



3 SKB's current approach for treating exchange processes
at the GBI

Documents with relevance to SKB’s current approach for treating processes at the geosphere-
biosphere interface include 1) the safety assessment of SFR (SKB, 2001c), 2) SR 97 safety
assessment exercise (SKB, 1999a and c; Lindgren and Lindstrom, 1999; Bergstrom et al.,
1999), 3) the methodology for the site investigation programme for the spent nuclear fuel
waste repository (SKB, 2001a), and 4) R&D programmes (SKB, 1998; SKB 2001b). Two
aspects are addressed in this section; 1) aspects covered by the field investigation programmes
and that potentially can be addressed in future PAs and ii) PA methodology and modelling
procedures that are actually developed and applied in reported safety assessments.

Site investigation programme

SKB suggests that the following factors is covered in the site investigation (SKB, 2000; SKB
2002)

Rock type distribution

Location of fracture zones and water flow

Statistical description of fractures

Bedrock stresses and mechanical properties

Heat conduction properties of bedrock

statistical properties of hydraulic conductivity

natural hydraulic gradients on repository level

Groundwater chemistry: redox potential, salinity, Fe(Il)-content, sulfide, pH, organic
content, colloid content, ammonium content, calcium content, magnesium content, radon
content and radium content

e statistical distribution of matrix diffusivity and matrix porosity

e description of ecosystems and other ground surface conditions

The above factors have relevance to exchange processes at the biosphere-geosphere
interface. Thus, the extensive mapping of the current state of the biosphere and quaternary
deposits that is proposed by SKB and currently executed at regions close to Forsmark and
Oskarshamn, will most probably lead to an improved understanding of the functioning of the
GBI such as pathway formation and effects in ecosystems. Consistent with the site
investigation programme, a more pronounced focus on the GBI is announced in recent R&D
documents (SKB 2001b) and to some extent applied in the renewed safety assessment for
SFR (SKB, 2001d).

An important factor for the characterisation of processes at the GBI, which is not
thoroughly discussed in the site investigation programmes (SKB, 2000; SKB 2001a), is the
spatial resolution of measurements needed to provide a sufficient basis for process
descriptions and risk assessments. The surface hydrological systems are tremendously
spatially heterogeneous with respect to most properties, like hydraulic conductivity, biota and
geochemistry. Further, there is a marked seasonal variation in most factors, particularly in our
tempered climate. In order to facilitate use of the data in PA, the spatial and temporal
sampling distribution must be planned with respect to the spatial and temporal heterogeneity.
The measuring programme seems not to be formally linked with a modelling procedure that
can be utilised in PAs that address the severe problems of heterogeneity. One important task



of the measuring programme, discussed in the next sub-section, is to provide relevant
statistical information needed in a risk assessment.

Due to the rapid change of the biosphere and quaternary deposits on a geological time
frame, there is an additional need to reconsider how the data can be utilised for long-term
analyses. Because of this and other reasons, it would be important to show clear relationships
between the site investigation programme and the modelling context in which the data is
eventually utilised. Similar critics were presented in the SKI / SSI joint review of the SR 97
safety exercise for a lacking relationship between the site investigation and the performance
assessment (SKI /SSI, 2001). Models may not be completely governing for the planning
processes, because of the simplifications and limitations often associated with mathematical
models, but should provide essential guidance for critical decisions on type of measuring
techniques, temporal and spatial sampling frequency, type of data etceteras.

Because discharge of groundwater will pass through aquatic sediments in streams, lakes
or the Baltic Sea bed, diagenetic processes are vital for the exchange of radionuclides from
sub-surface aquifers to surface waters. One may suspect that the site investigation programme
is not fully adequate for a sufficient coverage of relevant factors for retention and transport of
radionuclides in aquatic sediments. To an extent this limitation is understandable, because
there are inherent difficulties to account for the large number of essential transport properties
of aquatic sediments, like sorption properties, topography, biotic activity,
geochemical/geological status and evolution (due to depth and deposition condition), as well
as the spatial heterogeneity of these properties. However, it would be desirable if the
rationales behind this part of the site investigation programme were more clearly declared.

Further, the site investigation programme should be related to on-going, independent
environmental monitoring programmes in Sweden, e.g. the national programme initiated by
the Swedish Environmental Protection Agency, and other independent investigations. For
instance, there have been extensive investigations of sediments, particularly in the Baltic Sea,
forests, streams, lakes and land in a large number of university projects. Not much is
discussed in the site investigation programme (SKB, 2000) on how these independent data
bases (e.g. http://infol.ma.slu.se/db.html) can be accessed and utilised, or how the programme
complements the results of other investigations in an appropriate manner.

Modelling procedures

The performance assessment comprises both a general framework used to assess the overall
“risk” associated with a leakage scenario and underlying detailed models that deals with
specific physical, chemical or biological issues ranging from canister failure and transport of
radionuclides to climatic changes and ecological effects. The overall risk framework has a
general significance for coupling of the detailed models and the possible problems that may
arise in such a coupling.

The approach to evaluate risk applied in SR 97 was relatively simplistic in that the main
probabilistic analysis concerns flow properties of the geosphere, whereas other probabilities
are represented from assumed (simple) functions that to some extent are arbitrary without
underlying analysis or data (SKB, 1999c). An essential simplification in this approach is the
negligence of conditional probabilities (how the probability distribution of one system
component depends on the behaviour of a related system components). The limitation of the
outcome space for an individual event given a specific position in an outcome tree, implies
that the conditional probability of the individual event is generally higher than the
unconditional probability for that event. Since, conditional probabilities are strongly
associated with the coupling of different biological, geochemical and hydrological processes,


http://www.ma.slu.se/

the risk approach of SR 97 can be interpreted as having a “weak focus” on coupling all
processes and system components in an overall risk perspective.

Consistently, the geosphere-biosphere interface (given a certain definition discussed in
sections 2 and 5) is not treated in all (expected or suspected) relevant details in either the
radionuclide transport models (Lindgren and Lindstrom, 1999) or in the dose assessment
models (Bergstrom et al., 1999). The estimation of doses to individual humans is based on the
assumption that radionuclides are released in coastal water without a direct accumulation in bed
sediments (unless recirculated through the coastal water) by diagenetic interactions (Klos and
Wilmot, 2002). The analyses of radionuclide migration do not comprise a complete pathway
from the respository to individual humans and this is one implication of neglecting the
conditional probabilities in the risk analysis.

Before SR 97 the SKB research programme did not contain much research on the
hydrological interaction between groundwater and surface water and the relevance of
biological and geochemical processes at the GBI. More recent safety assessments comprises
an even more simplistic risk concept than applied in SR 97 (SKB, 2001¢ and d), but do,
however, regardless of this limitation include studies with a more clear focus on processes in
the GBI. The studies underlying the safety assessment of SFR describe a more holistic view
on hydro-geological modelling and, especially, the coupling between surface and sub-surface
hydrology is recognised in terms of surface topography and quaternary deposits (SKB, 2001d;
Holmén and Stigsson, 2001). In this manner, the surface topography defines essential
boundary conditions that drive the sub-surface flow on the watershed scale, also in the
bedrock at the depth of the repository. However, the hydro-geological model used to represent
this boundary effect due to the GBI is not the same as used for the analysis of radionuclide
transport in the geosphere (SKB, 2001 c, p 105) and this regrettably introduces concerns
about fragmentation of the approach and insufficient completeness in the overall risk
assessment.

The R&D programme of 2001 includes a discussion on the importance of a formal risk
analysis and includes many aspects of the GBI. These planned developments are discussed
below.



4 SKB R&D programme with relevance to GBI

The SKB research and development programme of 2001 (SKB, 2001b) contains several
positive new contributions. Here follows a list of factors that most likely will improve the
manner by which processes at the GBI will be accounted for in the safety assessment:

A probabilistic development of the performance assessment is proposed. This will
significantly strengthen the coupling between previously separated components in the
analysis of radionuclides that are transported through the geosphere into the biosphere.

The R&D report suggests an improved mapping of surface water hydrology (mapping of
discharge and infiltration areas, GIS, hydrological and geochemical field studies). This is
the basis for development of the understanding of how radionuclides are distributed in the
biosphere and with what rates the exchange at the GBI occurs.

Development of models for particle associated transport. This is of utmost importance to
the understanding of the transport of sorbing elements, like radionuclides, in all surface
water systems. The accumulation and retention of contaminants in sediment is the primary
mechanism that retards the export of solute elements from land to the ocean.

Mires (and bogs) are given special attention — studies of their hydrology is proposed. A
particularly high degree of retention can be expected in certain aquatic systems with a
high availability to solid surfaces on which sorption of radionuclides can occur.

Sediment deposits and diagenetic processes are given special attention. There are also
suggested studies on providing historical evidences of erosion events and transport of
Chernobyl Cs in the GBI. These studies should be helpful in improving our understanding
of the transport of radionuclides. It should be noted, however, that the scientific
community has already produced huge amounts of results on these issues and that further
"in-depth" studies should be based on already existing knowledge. Especially, the short-
term perspective (1 — 15 years) on transport of Cs in the biosphere (surface waters and
sediments) is well covered (Nyffeler, et al., 1986; Comans et al., 1991; Comans and
Hockley, 1992; Wieland et al., 1993; Monte, 1995, 1996; Meili and Worman, 1996; Smith
et al., 2000).

The various factors included in the safety analysis are suggested to be included in a

formal risk analysis (SKB, 2001a). However, there are no suggested detailed plans on how the
risk analysis should be developed in order to account for complete transport pathways and
different scenarios. Exactly how sub-surface and surface hydrology should be coupled and
linkage with ecological effects is left to be defined in future R&D activities.



5 Modelling exercise of the impact of GBI processes on
coupling of sub-surface and surface hydrology and
ecological effects

A minor research project initiated by SSI comprised a modelling exercise of the coupling
between sub-surface and surface hydrology on a watershed/regional scale. The purpose was to
investigate for specific geological, hydrological and ecological conditions to what extent
processes at the GBI are important for ecological effects, particularly doses to individual
humans.

A schematic geological setting was assumed in which the final destination for
radionuclides released in groundwater is a coastal bay ecosystem or a lake receiving inflow
from a terrestrial catchment system, respectively (Fig. 1). Two ecological models were used
in the study and the corresponding simulation exercises are referred to as case 1 and 2. Case 1
is based on the ecosystem model of Bergstrom, et al., 1999 and the case 2 model is
BIOMASS Example Reference Biosphere 2B (IAEA, 2002, a, b and c). In the first model
case, release to the “biosphere” model takes place by groundwater filtration through
quaternary sediments below the sea-bed of a bay and a contribution which has emerged in the
surface hydrology and subsequently flows into the bay. In the latter model case, release takes
place to bed sediments in a lake and the superficial deposits along the catchment drainage
system. Thus, there is a secondary pathway to the lake via the surface hydrology. The
complexity in exposure pathways is considered in the latter model by accounting also for
terrestrial ecosystems as well as a more complex food web.
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Fig 1: Geometry and equi-potential curves. Black curves represent 10 trajectory paths from different
release points on a depth varying between 240 — 440 m. Note that these pathways are clustered, which
means that the individual trajectories do not reveal in this figure. Water surface is aligned with the
ground surface on this scale. A lake is placed to the right.



In the bedrock — quaternary sediment system we distinguish two hydrological
pathways. Pathway 1 goes through bedrock, quaternary sediment layers to surface
hydrological systems and continue through streams and rivers to the lake/bay water column
on the right hand side of Fig 1. Pathway 2 passes through the bedrock directly to the lake/bay
sediment. The sub-surface hydrology is simulated in a two-dimensional plane (vertical and
longitudinal directions) based on stationary Darcy flow.

Particles are released at random positions to represent leakage of radionuclides from a
hypothetical repository that is placed at a depth of 240-440 m about 5 km from a lake. On top
of the bedrock there is a 20-meter thick quaternary sediment layer both on land and beneath
the lake/bay (Fig. 1). The particles are released at different positions along the circumference
of an ellipse with axes 400 and 200 m and a pulse release (Dirac o-function) of the example
radionuclide '*°Cs is assumed. In this way, we represent significant uncertainties in the
transport pathways and the result is a distribution of pathways with different hydrological and
geochemical characteristics. The modelling techniques are defined more thoroughly by
Worman et al. (2003).
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6 Simulation Results

6.1 Pathways and transport analysis

The hydrological simulations indicate that surface topography can cause local circulation cells
that extend from the ground surface down to the level of the repository. This implies that there
is probability of establishment of a pathway through the quaternary sediment layers into
surface water and, further, into the lake or bay water (pathway 1 in Figure 1). In this
calculation example, 19% of migrating radionuclides escaped through this pathway, but this
proportion is highly dependent on the depth in bedrock, surface topography and location of
the repository in relation to the lake. Presence of heterogeneities in rock conductivity is
another important factor.

The remaining fraction of radionuclides (81%) migrated along a deeper pathway to the
lake bottom sediment (pathway 2 in Figure 1). Depending on what type of bottom area the
discharge merges into, radionuclides may accumulate in bottom sediments (deposition areas)
or be advected into the water column through erosion bottoms. The accumulation process of
Caesium in deposition areas has been well studied, for instance, by Comans et al. (1991),
Wieland et al., (1993), Meili and Wérman (1996) and Smith et al. (2000). There is also an
internal turnover of radionuclides that lead to a reaccumulation in deposition areas. In the
subsequent example of ecosystem modelling it is assumed that 50% of the discharge goes
directly into the lake water column.

Table 2 shows the average residence time for water and '*°Cs in different zones of the
hydrosphere. The average residence time for water in the bedrock (both pathways) is 1438
years, which is much higher than for the quaternary sediment layer for which the time is only
35 years. The difference is smaller, however, than expected from the Darcy velocity due to
the much lower porosity of the bedrock (water flows relatively fast in a few fractures).
Furthermore, the difference in residence time is reversed for *°Cs because of the high
retardation factor in quaternary sediments (Table 1). The residence time in the deep lake
sediments is exceptionally long for '*°Cs (485,000 years) due to the slow flow velocity below
the lake and a high retardation factor.

For each of the pathways shown in Fig. 1 there is a distribution of residence times in the
subsurface, i.e. a distribution of times when migrating radionuclides contribute actively to
exposure pathways in the biosphere and to doses to individual humans. These residence time
distributions were used as input for estimation of ecosystem responses as described in section
6.2.

6.2 Ecosystem Responses

The effect of the GBI was investigated with the coast model (case 1) mentioned in section 4
for two calculation variants; one in which the quaternary deposits were eliminated and all
radionuclides that reached the biosphere were instantaneously put in the coastal zone and one
variant with account taken to transport processes in the GBI. 500MBq '*°Cs is released
instantaneously in both variants. No pathways through terrestrial ecosystem were considered
in this analysis.

From the results of case 1 in Fig. 2 we can see that the total activity in the coastal zone
will be much higher when the GBI is taken into consideration. The average radioactivity
represented by the radionuclides accumulated in the top sediment for the case with GBI was

11



Table 1: Retardation coefficients for different media. Z = matrix "depth" in bedrock, n = porosity, i =
fracture aperture in bedrock, p = rock density, £ = area reduction factor for the water exchange between a stream
and the hyporheic zone, P = wetted parameter of a stream, V, = exchange velocity for water between a stream
and the hyporheic zone, T = residence time of inert solutes (water) in the hyporheic zone, 4 = cross-sectional
area of stream, K = ratio of particulate solute mass to dissolved solute mass in soil (concentrations defined as
mass per a certain, e.g. bulk, volume) , Kp = partition coefficient defined as adsorbed solute mass per mass of
rock divided by dissolved solute mass per volume of water and K = ratio of particulate solute mass to dissolved
solute mass in the hyporheic zone of streams.

Medium Retardation factor, R References
n. p .
Bedrock 2ZZ (1+=K,) [Xu and W&rman, 1998]
n
Soil and lake sediments (1 +K d) [Kutilek, Nielsen, 1994; Berner, 1980]
1 PV.T
Streams and rivers E(l +K, ) il ) [Wérman et al., 2002]

Table 2: Mean residence times in different zones in the hydrosphere for the current calculation example.

Average  water | Average Caesium
residence  time | (*Cs) residence time
[years] [years]

Average through bedrock all pathways 1438 15,819

Through quaternary sediment layer to stream drainage | 35 17,716

system

Through river to lake or bay 0.033 427

Through bottom sediments (20 m) of lake 968 485,300

Path 1: Bedrock and quaternary sediment layer 2,495 44,754

Path 1: Bedrock, quaternary sediment layer and river to lake | 2,495 45,181

Path 2: Bedrock, sediments and lake 2,166 498,470

800 times higher than without consideration of GBI. The accumulated radionuclides represent
a potential risk for man depending on what exposure pathways are assumed to develop with
land rise or other time dependent factors (see comparison below). The peak value of the dose
to individual humans is about 6 times higher for the case when GBI was omitted than with
account taken to GBI (Fig. 3), supporting the claim that neglect of the GBI is a cautious
modelling assumption. However, the time of duration with a relative higher biosphere dose is
much longer for the latter case. Furthermore, this result takes no consideration of land
development.

Results from the Terrestrial — aquatic ecosystem model of case 2 are shown in Fig. 4.
The total activity released was about 500 MBq. In this model scenario, the dose to humans
becomes slightly higher due to the GBI than when GBI is neglected. This is because of the
terrestrial interactions of ecosystems and surface hydrology.

12
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Fig. 2 Radionuclide content in Bq accumulated in various compartments as function of time for the coastal
ecosystem model used in SR 97 (case 1). On the left-hand side is the result when GBI is neglected and on
the right-hand side is the result with account taken to GBI, in which radionuclides are transport into the
bay through two pathways, pathway 1b and pathway 2 as shown in Fig. 1.
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Fig. 3 Dose rate to individual humans caused by release of radionuclide the hypothetical repository as
function of time according to the coast model (case 1). The diagram on left-hand side reflects the results
without GBI and to the right are the results with account taken to GBI.

With no interaction with the quaternary deposits there is effectively a direct release to
lake or bay water. Some of the exposure pathways due to, for instance, fish in streams,
livestock water consumption and human water consumption would be inactive and give zero
dose. When interaction with the quaternary sediments is taken into account, all pathways are
active.

Doses from the woodland ecosystem dominate slightly those from the other ecosystems.
As with the coastal ecosystem, the duration of the doses is longer than in the case of direct
release to the ecosystem models. In contrast to the coastal model, accumulation in the
terrestrial biosphere leads to higher doses, contradicting the assumption of conservatism
placed on the direct release scenarios used by SKB (1999b).
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To investigate the effects of landscape evolution a further simulation scenario was
carried out using the ecosystem model arable land. With land rise, the lake eventually dries
out and the accumulated activity in the sediments becomes distributed throughout the
saturated, deep soil and rooting soil zones. This change occurs at around 600 years. All arable
and pasture land pathways where then evaluated with equivalent climate conditions based on
an initial inventory of '*°Cs in the system. There was no aquatic component to this model and
no further radionuclide input to the system. The results in Fig 4. indicate that the doses arising
from agriculture on such a system would be dominated by the arable pathways (at least for
this radionuclide). The doses are rather lower than in the direct release scenarios but the
duration of the dose at fairly constant levels is prolonged.
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7 Conclusions

Migration pathways from a repository for spent nuclear fuel that is placed in crystalline
bedrock may significantly depend on the presence of quaternary deposits. For certain realistic
assumptions, the residence time for radionuclides in quaternary deposits can dominate over
those in the bedrock. Also the migration time in surface hydrological system cam play a role,
especially if the interaction of terrestrial and aquatic ecosystem is taken into account.

The SKB research programme and safety assessment approach generally do not include
aspects of the geosphere-biosphere interface. Analyses of radionuclide transport in the
geosphere (GBI) are performed to a large degree regardless of surface hydrological conditions
and ecological effect studies (e.g. estimates of doses to humans) are not mathematically
coupled to the geosphere modelling. The R&D programme of SKB, however, includes a more
clear focus on GBI and there are also discussions on a framework for integrated previously
partly fragmented models; a formal risk analyses is announced.

This study indicated that, for many assumed ecosystem descriptions, the GBI leads to
lower maximum doses to individual humans. This effect is due to the additional “barrier”
offered by the GBI. The main exposure pathways taken into account are related to the food
web. However, particularly the leakage on land through the stream-network can lead to higher
doses due to ecosystem interaction with arable land. A scenario that gives particularly long
duration doses occurs due to land rise and with the transformation of the former bay and lake
bed sediments into agricultural land. This effect can be considered to be an “accumulation”
effect in which high activities build up with time. Particularly, in combination with changing
conditions in humans life-style of geographic conditions (land rise, climatic change etc.)
doses to individual humans can be large.

This work has shifted the focus of performance assessment geosphere-biosphere
interface modelling from the very simplistic assumption that the quaternary sediments are
bypassed to one in which a more detailed model for sub-surface flows is included. Results
here indicate the potential for accumulation in the surface ecosystems to be important in
determining radiological risks at far future times. With improvements in detailed models of
flow in quaternary material, linked to deeper bedrock flow and transport, the emphasis should
shift to more realistic interpretations of the mixing between meteoric water and groundwater.
An improved representation of these processes will enhance our understanding of the
biosphere functions and provide a better basis for evaluating environmental impact and
radiological dose consequences.
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