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International “recommendations” on assessment of 
post-disposal impacts of solid RW disposal

Protection objectives for humans and environment 
based on assessment of radiation doses and related risks

Timeframe for application, “Containment shall be provided until 

radioactive decay has significantly reduced the hazard posed by the waste.” 
SSR5 {requirement} 8. So can be many thousands of years

Environment does not remain constant 
“..it is important to consider the performance of the disposal system under both 
present and future conditions. This means that many different factors (e.g. 
future human actions, climate and other environmental changes as well as 
events or processes that could affect the performance of the disposal facility) 
need to be taken into account.” The need for the work comes directly from the 
international documents, not a research wish list

ICRP 81 and 122, IAEA SSR-5, SSG23 and SSG14 and examples of national 
regulatory application set out in detail in IAEA TECDOC 1799, App IV 
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How long time-frame for assessment of NORM waste disposal 
facilities..?
What does it mean in context of long-term stewardship?
Radioactive decay will not reduce the hazard posed by the waste, 
because is {usually} dominated by the heavy metals…?

Need for a joint rad and chemical hazards index to answer: are we 
dealing with a RW or a hazardous waste …?



Forsmark, 
Sweden

El Cabril, 
Spain

Yucca Mountain, 
Nevada

LLWR, 
Cumbria, UK

One dose assessment model not likely to fit all these sites!



International collaboration
• History of international collaboration in biosphere assessment
– Learning from each others experience/expertise
– Establish and disseminate good practice
– EC PAGIS 1984! Single model for biosphere for all EC, NRPB R169

• BIOMOVS I programme (1985 – 1990), initiated by Sweden 
• BIOMOVS II programme (1991-1996)
– Explored potential for “Reference Biospheres”
– Concluded a “Reference Methodology” was better
– Developed a methodology
– Recommended that it was taken further

• Taken forwards in IAEA BIOMASS project (1996 - 2001)
– Developed structured step by step methodology 

Key objectives to ensure traceability and transparency, and support 
justification of assumptions for long-term dose assessment



IAEA-BIOMASS-6 (2003). Documented a 
range of constant biospheres and how 
they might change (see right) but not 
how those changes might be analysed.

Not predictions, but reasonable 
projection of possibilities based on 
a set of traceable and transparent 
assumptions





IAEA TECDOC 1799 (2016): EMRAS II WG3 report on 
environmental change

Significant involvement of different disciplines

Key contents:
➢Use of analogues for climate change
➢Soil-plant processes in different climate conditions

o BDCFs for different climate and agricultural conditions

➢Dynamic analysis of biosphere systems at specific sites
➢Demonstrating compliance with protection objectives

o Review of international recommendations and national regulations and 
guidance on addressing climate change

➢No single approach is likely to be effective in all 
contexts!



Need for special 
consideration to 
processes that occur at 
the interface between 
geosphere and 
biosphere models:
• Dilution of GW with 

meteoric water
• Geochemical gradients
• Scope for accumulation 

and acute release
• All influenced by 

environmental change, 
e.g. landscape effects, 
surface hydrology

Report available at www.bioprota.org

http://www.bioprota.org/


IAEA MODARIA I WG6

Conclusion from TECDOC 1799 work  was the need for a:

A Common Methodological Framework for Addressing 
Climate Change in PCSA of Solid Radioactive Waste 
Disposal 

Focus on understanding how the system may change from present 
into far future in a wide range of regional and local contexts

Contributions from: Belgium, Finland, Germany, Spain, Sweden, 
Switzerland and the UK, and IAEA 

Report in publication with IAEA. Summarised in 
Lindborg T, et al (2018). Climate change and landscape 
development in post-closure safety assessment of solid radioactive 
waste disposal: Results of an initiative of the IAEA. Journal of 
Environmental Radioactivity, 183, p41–53.



Acknowledging the MODARIA I WG6 participants!

➢ Operators
➢ Regulators
➢ TSOs
➢ Academic
➢ Assessment 

specialists
➢ Hydrologists
➢ Climate and 

landscape 
specialists

Important mixture
working together



Understanding the role of site characterisation

• Significant experience in site characterisation in last 30 years, 
but how can you characterise today the surface environment in 
the long term e.g. when releases from a repository might occur?

• Or maybe you have to assess an old disposal facility which was 
not built or operated to design, or to modern requirements.  You 
have to assess the present day as well as the long term.

see “Remediation of Legacy Trenches containing Radioactive 
Waste - LeTrench (Legacy Trench) Project”  meeting this week
And draft report of NEA expert group on legacy management

• Key message: rely on understanding of the site, by 
• Characterising the site as it is today
• Applying modelling techniques for system evolution, e.g. 

based on climate change and landscape evolution to 
determine the future system

• Support that understanding  with study of analogues of 
that future system that exist today

Avoid running to models designed for other purposes or for 
application to other sites!



Three types of analogues to consider as the future 
unrolls

• Human behaviour, how will that change 
under system evolution

• Ecosystems, similar issues, potentially 
influenced by human actions

• Landscape and climate change 

There may be regional and global drivers 
beyond the site of interest

Note that they can overlap as following 
examples will show



Human behaviour analogues

The human behaviour assumptions in the model 
should fit with the future system in which the 
people are supposed to be living. But how to 
select the relevant analogue? 

You need the system evolution modelling based 
on present day characterisation and wider 
environmental change understanding (analogues) 
to identify potentially assumptions for human 
behaviour

Cannot separate from ecosystem evolution



Ecosystem analogues

• IAEA and other nuclide specific data 
compilations can be useful if you cannot make 
site specific measurements of sorption and root 
uptake etc., for example if no access, no 
resources or time before a decision is needed, 
or we are working on the far future

• But how do you know how to select the 
appropriate  value from what is often large 
range of values?

i.e. how to select the relevant analogue? 
You need the system evolution modelling based 
on present day characterisation and wider 
environmental change understanding to identify 
the suitable ecosystem analogue data.





Timescale for simulations

Less than a few thousand 
years

More than a few thousand 
years

Ensemble of AOGCMs 
based on IPCC and run in 
transient mode

Ensemble of EMICs

Global climate 
characteristics as a function 
of time

Snapshot or transient 
AOGCM simulations of key 
time intervals

Mapping of EMIC outputs 
onto AOGCM inputs

Regional or local climate 
characteristics as a function 
of time

Rule-based downscaling
RCM or physical-statistical 
downscaling

Consistency checks

EMICs and AOGCMs forced by 
specified insolation and 
greenhouse gas concentrations 
as time-dependent boundary 
conditions



Long-term 
climate 
change 
processes

10-1 100 101 102 103 104 105 106 107 108 109 1010

Timescale (years)

Variations in galactic dust concentrations

Evolution of the Sun

Continental drift and polar wandering

Orogeny and isostacy

Changes in the orbital parameters of the Earth

Ocean circulation

Evolution of the atmosphere

Volcanic activity

Air-sea-ice-land feedbacks

Solar variability

Atmosphere-ocean feedbacks

Atmospheric auto-variation



CMIP5 
Projections 
of Global 
Temperatur
e Change 
for Various 
Radiative 
Forcing 
Scenarios





Characterisation at Forsmark

Lindborg, et al (2006). A strategy for describing the biosphere at candidate sites 
for repositories of nuclear waste: Linking ecosystem and landscape modelling. 
AMBIO 35: 418–424.



tonne C or tonne C year-1

Ecosystem model for basin 121 in Forsmark
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Lake Bolundsfjärden

Chloride concentrations in Lake 
Bolundsfjärden during the period 
2002–2007, and measurements of the 
sea level in the Baltic Sea. 
Red dashed lines mark the gradual 
decrease in Cl concentration due to 
dilution by supply of freshwater from 
the catchment



Recharge/discharge areasWater balance

Conceptual models

It’s not just about the biosphere: e.g. SKB Hydrological models

SKB R-10-02, Bosson
et al. 2012 JGR; 
Bosson et al. 2013 HJ 



From hydrological models to dose calculations

LAKE MIREMIRE

Lake sediments

Till layer

Bedrock layer

Above soil surface

LAKE+MIRE

a

c

b

d

a: distributed 3D hydrological model in MIKE SHE; b: compartment representation of 
MIKE SHE-calculated water fluxes for a specific biosphere object; c: conceptual biosphere 
model for radionuclide transport and dose calculations; d: compartment representation
of the radionuclide transport and dose model, to which water fluxes are imported (from b).

AMBIO Special Issue 
(2013). Humans and 
Ecosystems Over the 
Coming Millennia: A 
Biosphere Assessment 
of Radioactive Waste. 
Guest editor, Jack 
Valentin. Vol 42, No 4.



Baltic Ice Lake Yoldia Sea

Ancylus Lake Littorina Sea

Future development at Forsmark during a glacial cycle



Periglacial analogue for Forsmark in periglacial conditions
“Two Boat Lake” Kangerlussuag, Greenland

Periglacial analogue for Forsmark under periglacial conditions.
SKB kindly organised a field trip 11 – 14 June 2018
Lindborg et al (2019. Two Boat Lake catchment. Field guide for a safety 
assessment analyst. SKB and Umea University



Talik:
Water can

flow
throughout
the yearPermafrost: 

Water can’t move

Active layer

Permafrost: 
Water can’t move

Active layer; 
seasonal flow



Talik

Active LayerPermafrost

Hydrology in 
temperate climate
good knowledge

Hydrology in 
periglacial climate
poorly understood

Johansson, E. (2016). The influence of climate and permafrost on catchment hydrology. 
ISSN: 1653-7211. Department of Physical Geography, Stockholm University



Why studying periglacial hydrology?

• Arctic – subarctic warming
• Carbon cycling
• Infrastructural stability
• Long term future conditions effecting nuclear waste repositories



• Understand element (radionuclide) transport and accumulation
• Quantify pools and fluxes within and between ecosystems
• Determine Productivity

The Two Boat Lake catchment 
- describing periglacial ecosystems from safety assessment 
perspective as an analogue for the future at Forsmark





Spatial description of catchment
Vegetation Active layer

Johansson et al (2015). Hydrological and meteorological investigations in a periglacial lake catchment near Kangerlussuaq, 
west Greenland – presentation of a new multi-parameter data set. Earth System Science Data, vol. 7, pp. 93–108, 
Johansson et al (2015).Data evaluation and numerical modelling of hydrological interactions between active layer, lake and 
talik in a permafrost catchment, Western Greenland. Journal of Hydrology, vol. 527, pp. 688–703.



Characterisation of Terrestrial and Aquatic ecosystems 



Mass balance of Carbon and 42 other elements

C-14 important radionuclide
Biological mediated fluxes tend to scale with C fluxes
Productivity key concept
Some radionuclides have a high affinity for organic matter (mobilized/immobilized)
Soil Organic C-pool senistive to climate change

Lindborg et al (submitted). Terrestrial and Aquatic Pools and Fluxes in a Periglacial 
Landscape: Carbon Budget Analysis for a Catchment in West Greenland.



Current WG6: Incorporating this experience into the 
enhanced BIOMASS methodology

• Describes the biosphere assessment strategy and how it links to 
the overall safety case to support transparent evaluation against 
protection objectives

• Describes the lessons learned and experience developed since 
2001

• Describes supporting information/system description models 
needed for long-term dose assessment

• Extends consideration to a wider range of geographical 
environments

• Links landscape and wider  environmental change to long-term 
dose assessment

• Assesses latest science that supports all the above, and
• Describes how site understanding is the main basis for model 

development



Conclusions about the updated methodology!

➢ Significant involvement of different disciplines
➢ Step by step framework draws on experience and expertise 

from many countries and contexts to establish an approach that 
may be applied consistently across different radioactive waste 
disposal programs. 

➢ Different approaches can be useful in different contexts, both 
physically and because of different regulatory requirements.

➢ A common traceable, systematic approach to making 
projections of long-term climate and landscape change helps to 
build confidence in the resulting safety assessments.  

➢ Not be seen as an instruction list, but as a guide for local 
application based on real scientific, technical and regulatory 
experience.

➢ It does not make sense to address complex issues by 
pretending they are simple. 



Joining up future modelling and assessments for near 
surface waste disposal, contaminated land and legacy sites

➢ May common features to the assessment problems for repositories and 
legacies,  ONE SIZE DOES NOT FIT ALL FOR LEGACIES EITHER

➢ At end MODARIA I, further work was recommended to provide more 
detailed understanding of the first 1000 years. 

➢ This period goes beyond the typical focus of the Intergovernmental Panel 
on Climate Change but is especially relevant to near-surface disposals and 
the long-term management of legacy sites.

➢ We now see great scope for:
• Sharing the experiences from the two groups, WG1 and WG6
• Social context as well as regulatory drivers in the assessment context
• Site characterisation methods
• Analysis of Features, Events and Processes, scenario development
• System description and evolution, human and biota behaviour and 

modes of exposure
• Improving the logic for the continuity of assumptions from present day 

to far future 
• Building on the wider experience of other EMRAS/MODARIA WGs



Focus on need for modelling improvements that support 
decisions, based on case studies/real examples!

➢ Analyse results of regulatory reviews
▪ What was weak about safety cases?
▪ Why was confidence lacking?

➢ Analyse results of options analyses and optimisation 
programmes
▪ What made  it difficult to select an option?
▪ What helps understand safety/optimal end-state?

➢ Holistic consideration of risks (Geert WG5..)
▪ Develop proportionate risk assessment methodologies that 

allow comparison of radiological impacts with other 
environmental impacts

➢ Actively seek advice on what is needed from
▪ ENVIRONET/DERES/LeFrench/GEOSAF/NSForum/RSLS…
▪ Contacts made in IAEA missions/training courses
▪ Your own operators and regulators



More information/let’s discuss 
Tobias.Lindborg@skb.se,    
gmsabingdon@btinternet.com,   
MikeThorneLtd@aol.com

Thank you for your 
attention!
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