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INTRODUCTION 

Geological facilities are the preferred option for disposal of long-lived and high-level radioactive 
waste, due to their potential to provide isolation from the surface environment (biosphere) on very 
long time scales.  Safety cases developed in support of geological disposal include assessment of 
potential impacts on humans and wildlife on time scales extending from tens to hundreds of thousands 
of years in order to demonstrate compliance with regulatory criteria.  In addition to uncertainties 
associated with modelling radionuclide migration and exposure within a biosphere system, the 
biosphere system itself may change significantly on such time scales.  This may not only affect 
radionuclide mobility, but also human habits, agriculture and diet composition and thus potential doses 
to man.

As disposal programmes move from site-independent/generic assessments through site selection to 
applications for construction/operation and closure, the degree of understanding of the present-day site 
increases, together with increased site-specific information.  Assessments need to strike a balance 
between simple models and more complex approaches that draw more extensively on this site-specific 
information.  This paper explores the relative merits of complex versus more stylised biosphere 
models in the context of a site-specific assessment.  

The paper is based on work undertaken on behalf of the Swedish Radiation Safety Authority (SSM) in 
review of the latest assessments by the Swedish Nuclear Fuel and Waste Management Co. (SKB) in 
support of a licence application for a final repository for spent nuclear fuel in Sweden (Walke, 2014).  
The work is contributing towards Working Group 6 of the International Atomic Energy Agency’s 
(IAEA’s) programme on Modelling and Data for Radiological Impact Assessments (MODARIA), 
which is developing guidance on addressing environmental change in long term safety assessments of 
radioactive waste disposal facilities.



BACKGROUND 

In 2011, SKB submitted a post-closure safety assessment (termed SR-Site) supporting a licence 
application for a final repository for spent nuclear fuel at the Forsmark site in Sweden (SKB, 2011).  
The assessment represented the 5th iteration of assessments for a spent fuel repository in Sweden and 
the second iteration for the Forsmark site itself.  The SR-Site assessment builds on a large volume of 
site-specific information gathered from surface-based site investigation, studies of sites that represent 
analogues of future conditions at Forsmark as well as from supporting modelling studies and 
projections.  The site is located on the Baltic coast with a terrestrial landscape including lakes, mires, 
forest and agriculture.  The land at the site is projected to continue to rise due to post-glacial uplift 
leading to continued ecosystem transitions on time scales in excess of ten thousand years.

The biosphere modelling for a spent fuel repository in Sweden has developed with each assessment 
iteration.  Biosphere modelling within the SR-Site assessment itself is built on a landscape evolution 
model, whereby radionuclide releases to distinct hydrological basins/sub-catchments (termed 
‘objects’) are represented as the objects evolve through land rise and climate change.  The landscape 
evolution results in objects evolving from present-day marine systems, through isolation to form lakes, 
which are in-filled to create mires and forests and which, ultimately, have potential to become 
agricultural land.  The modelling is used to calculate Landscape Dose Factors (LDFs) that convert 
calculated radionuclide release fluxes from the geosphere (Bq a-1) to effective doses in the biosphere 
(Sv a-1).  The LDFs are time-independent values that represent the highest dose factors modelled 
across all 17 objects within particular time frames.  SKB conservatively uses the highest LDFs over 
the whole 60,000 years represented in the landscape evolution models in the dose assessments that 
support SR-Site.

As part of its ongoing review of SKB’s license application for a spent nuclear fuel repository, SSM is 
tasked with reviewing the SR-Site assessment.  Following an initial review phase, SSM concluded that 
SKB’s application and its supporting documents fulfilled the basic requirements related to 
comprehensiveness and overall quality.  SSM therefore decided to move to the in-depth review of 
safety critical issues via a main review phase (see e.g. Dverstorp and Strömberg, 2013; Strömberg and 
Dverstorp, 2014).  Following the initial review of the biosphere modelling in SR-Site (e.g. Egan et al., 
2012; Klos et al., 2012), SSM has investigated key topics through the main review phase (e.g.Walke, 
2014; Klos et al., 2014; Xu et al., 2014; Howard and Beresford, 2014).  SSM has adopted a two strand 
approach to reviewing the biosphere modelling as part of the main review phase: (i) to compare LDFs 
used by SKB with results obtained from simpler biosphere models based on SKBs data (Walke, 2014); 
and (ii) to compare the landscape modelling approach against an independent model of the Forsmark 
system that incorporates ecosystem transitions (Klos et al., 2014).  This paper uses the first of these 
two studies to draw conclusions relating to the balance between simplicity and complexity in 
biosphere models.  



APPROACH

Independent biosphere models for marine, lake, mire, forest, pasture and arable systems under 
temperate climate conditions at the Forsmark site were developed using an approach consistent with 
that advocated in the IAEA’s BIOMASS methodology (IAEA, 2003).  The simple models represent 
static biosphere systems, without the ecosystem transition/succession that is explicitly represented in 
the LDF models (Walke, 2014).  Rather than model whole river/lake basins and/or sub-catchments, the 
simple biosphere models conservatively represent the smallest coherent area for each type of system 
that might potentially receive direct discharge of contaminated groundwater.  This approach is typical 
of simple biosphere models and seeks to calculate the highest reasonable average concentrations in 
environmental media (soils, sediments, surface water) for use in subsequent exposure calculations.  In 
each case, a small family group is considered with maximum reasonable use of the resources within 
each system.

The models are implemented in AMBER (Quintessa, 2013), with all six biosphere systems represented 
in a single case file, so that the models for all six biosphere systems can be run at the same time.  The 
implementation tracks the radioactive decay chains for radionuclides entering the biosphere so that all 
of the biosphere dose factors can be evaluated with a single calculation.

RESULTS AND CONCLUSIONS

The complex biosphere models used in the SR-Site assessment adopt a relatively coarse representation 
of the near-surface strata, which is shown to be conservative, but also to under-estimate the time scale 
required for potential doses to reach equilibrium with radionuclide fluxes to the biosphere.  Some 
radionuclides do not reach equilibrium within the time frame that the biosphere evolves at the 
Forsmark site, making associated dose factors sensitive to time scales assumed for biosphere 
evolution.  

Comparison of the results generated by both types of model demonstrates that, with consistent 
underlying assumptions, the simple biosphere models produces biosphere dose factors that are similar 
or higher than the landscape modelling approach for 22 out of 39 radionuclides.  For the remaining 17 
radionuclides, the landscape modelling approach results in biosphere dose factors that are more than 
an order of magnitude higher than those calculated with the simple biosphere models.  However, the 
simple biosphere models produce dose factors that are higher when potential for long-term irrigation 
with shallow groundwater is considered.  Surveys of groundwater wells in the Forsmark area today 
show that some shallow groundwater is used to water plants, which demonstrates that small scale 
irrigation from such sources cannot be ruled out for present-day or warmer climate states.



Complex models use more of the available site-specific information and contribute to an 
understanding of complex process interactions and effects of system heterogeneity.  The long 
time scales associated with post-closure assessments of geological disposal facilities for radioactive 
waste mean that significant uncertainties are unavoidable, especially relating to evolution of the 
biosphere.  These uncertainties can partly be managed by adopting conservative approaches to 
biosphere assessment.  However, the degree of conservatism associated with complex modelling 
approaches can be difficult to interpret.  The study demonstrates that simple biosphere models enable 
processes that control potential radionuclide impacts to be identified, taking into account climate 
variability.  They help to build understanding and confidence in more complex modelling approaches 
by providing bounding results, checking the reasonableness of the complex modelling and help to 
quantify the conservatisms involved in the biosphere modelling overall.  Simple biosphere models are 
shown to provide a useful point of reference in themselves and remain a valuable tool for nuclear 
waste disposal licensing procedures.

REFERENCES

Dverstorp, B. and B. Strömberg, 2013. Initial Review of a License Application for a Spent Nuclear Fuel 
Repository in Sweden, in proc. of the IGSC International Symposium on The Safety Case for Deep 
Geological Disposal of Radioactive Waste: 2013 State of the Art, OEDCD/NEA.

Egan, M.J., R.H. Little and R.C. Walke. 2012. Review of Landscape Models used in SR-Site. 
Strålsäkerhetsmyndigheten (SSM) Technical Note 2012:46, Sweden.

Howard, B. and Beresford, N. 2014. Assessment of radiological effects on non-human biota. 
Strålsäkerhetsmyndigheten (SSM) Technical Note 2014:17, Sweden.

IAEA, 2003. “Reference Biospheres” for Solid Radioactive Waste Disposal. Report of BIOMASS Theme 1 of 
the BIOsphere Modelling and ASSessment (BIOMASS) Programme, International Atomic Energy Agency 
report IAEA-BIOMASS-6, Austria.

Klos, R., L. Limer, G. Shaw and A. Wörman. 2012. Initial review phase – Dose Assessment Methodology. 
Strålsäkerhetsmyndigheten (SSM) Technical Note 2012:59, Sweden.

Klos, R., L. Limer, G. Shaw and A. Wörman. 2014. Modelling comparison of alternative biosphere models with 
LDF models and evaluation of selected parameter values used in the biosphere dose assessment.  
Strålsäkerhetsmyndigheten (SSM) Technical Note 2014:35, Sweden.

SKB. 2011. Long-term safety for the final repository for spent nuclear fuel at Forsmark: Main report of the SR-
Site project. Volumes I to III. Svensk Kärnbränslehantering AB Technical Report TR-11-01, Sweden.

Strömberg, B. and B. Dverstorp, 2014. SSM’s Evaluation of the Long-Term Safety of the Proposed Repository 
for Spent Nuclear Fuel at the Forsmark Site in Sweden: Early Experiences from the Main Review Phase, in 
proc. of WM2014 Conference, March 2 – 6, 2014, Phoenix, Arizona, USA.

Quintessa. 2013. AMBER 5.7 Reference Guide. Quintessa report QE-AMBER-1, UK www.quintessa.org/amber/ 

Walke, R.C. 2014. Modelling Comparison of Simple Reference Biosphere Models with LDF Models. 
Strålsäkerhetsmyndigheten (SSM) Technical Note 2014:34, Sweden.

Xu, S., B. Dverstorp, and M. Nordén, 2014. Modeling in Support of SSM’s Licensing Review of a Geological 
Repository for Spent Nuclear Fuel, in proc. of WM2014 Conference, March 2 – 6, 2014, Phoenix, USA.

http://www.quintessa.org/amber/

