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Performnnce criteria fer radioactive wnste repositories are often exprc:;:;cd in terms or dose or 
ri.~k. The chatactcristics of biosphere modelling for pcrfonnnncc asscs.'lmcot nrc that: (a) 
pctentia.l rele:a.~ occurs in the distant future, (b) reliable predictions or human behaviour at the 
rime or relense are impracticable:, and (c} the biosphere is not considered to be n barrier ns the 
gcosphcre and the engineered barriers. For these a.nd other rea.~ons, differences have ..1risc:n 
in the approaches to bio~pherc: modelling for repository dose und risk assessment. The 
BtOMOVS II Reference Biosphere~ Working Group hns developed (a) n recommended 
methodology for biosphere model development. (b) n structured list or features, events and 
processes IFEPs) which the model should describe, and (e) an illu~tr.uive example llf the 
recommended methodology. The Working Group has succc:ssfully te:~rc:d the Interaction 
Matrix (or R()(:k Engineering Systems. RES) approach for developing conceptual model.~. The 
BIOMOVS 1l Working Groups on Referencr.: Biospheres und. Complementary Studio have 
laid the basis for considel".1ble ha.rmoni:~ation in approac:hO> to biosphere modelling of long 
term rodionuclide releases. ((; 1998 Elsevier Science Ltd. All rights reserved. 

•corre~ponding author. 

0~(;,·93 1 X/98/S 19.00 tO 1998 Elsevier Science Ltd. All ri!Ult~ rc~rved 
Pll: S0:!6,S.QJ I X(IJIIIOOOS6·3 
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I. Introduction 

Performance criteria for radioactive waste repositories are orten expressed in terms 
of dose or risk. If other criteria arc used, they may well have beeo derived from dose or 
risk criteria. Some sort of biosphere modelling is therefore usually required to assess 
radionuclidc migration and accumulation in the humao environment. and to assess 
the associated radiation exposure. Different views are held. however, both on Lhc 
scope of processe.." to be included and on the level of detail required in biosphere 
models. 

The characteristics of biosphere modelling for performance assessment of solid 
r::~dioactivc waste disposal arc thar (a) potential release and exposure occur in the 
distant future. (b) reliable predictions of human behaviour at the: time of the relc:1se arc 
impracticable and (c) the biosphere is not·considcred to be a barrier as the geospherc 
and the engineered barriers and cannot be optimised. For these and other reasons, 
differences have arisen in the past in t~c appro:~ches to biosphere modelling in 
difTcrcnt countries and projects. 

Given the uncertainties associated with biosphere modelling. it has been suggested 
that a desirable approach might be to adopt 'reference biosphere models'. These 
models could then be used to derive C-'~nversion f<~ctors. expressed as the radiologic~l 
dose or risk associated with unit release rates of rOJdionuclidcs. These release rates to 
the biosphere would be provided by geosphere modelling within the perfonnance 
assessment. A Working Group on Reference Biospheres was set up within the 
BIOMOVS 11 programme to address these issues. 

Participants in the Reference Biosphere Working Group arc experts in the field of 
biosphere modelling and data collection working for the implementator as well a:• the 
regulator. 

The: Reference Biospheres Working Group considered that the concept of'refcrencc 
biosphere models' would be difficult to achieve. because of the different types of waste, 
sites and assessment purposes. The Working Group did not find it practic.1.l to try in 
the early stages of its work. to develop just one or a limited number of reference 
biospheres. It decided rather to develop and test a. 'reference biospheres methodology' 
for analysing radio nuclide bcha viour in the biosphere and associated radiological 
exposure pathways. ft limited the scope of work to assessment of the long-term 
implications for deep geological disposal. Nevertheless. it considered that many of the: 
basic principles would also apply to other areas of biosphere assessment for solid 
rndioactivc waste disposal. The objective was to define a systematic generic approach 
for developing a biosphere model. This would include the documentalion ofun 'audit 
trail' and would show that a biosphere model is fit for its intended purpose. The 
Working Group expected that this uppro01ch would also reduce the unresolved 
differences between different models and so harmonise biosphere modelling. 

The BIOMOVS fT Reference Biospheres Working Group, therefore. defined its 
;tims ots to dc:.,·clop (BlOMOVS II, 1994): 
• a recommended methodology for biosphere model development, which is consistent 

for different types or radio;:~ctivc: waste ;1nd di:;posal concepts (Section :! of this 
paper), 
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• a structured list of generic Fearurcs. Events and Procc~ses (FEPs). which can be 
used to gujdc: the development of conccptunl biosphere models for specific assess
ment.; by indicating which FEPs should be included (Section 3 of this paper) • 

• an example illustrating the application of the methodology (section 4 of this paper), 
which uses the test case of the Complementary Studies Working Oroup 
{BJOMOVS 11, 1996b). 
This papl;t' summarises the results of the extensive discussions of these item~ in the 

Working Group. The interim and final reports of the BlOMOVS II Reference 
Biospheres Working Group (BIOMOVS U. 1994; BIOMOVS li, 1996a) provide 
more details. 

2. :vtctbodology ror tht dfvelopmcnt of biosphere models 

The methodology recommended by the Reference Biospheres Working Group 
con:;ists of several steps (see also Fig. 1 ). The Reference Biospheres Workios Group 
discussed the following steps t-3 in detail, bcc:1use they are relatively new in biosphere 
modelling. The iurthcr steps which are standard components are summarised in 
point 4. 

Swp 1. A ca-;c.specific FEP fist is developed (sec details in BlOMOVS. II. l996a} 
starting rrom il generic FEP list such as the international F EP list (italics refer to items 
in Fig. 1} in Table l. by marking non-relevant FEPs and giving detailed comments to 
the relevant F'EPs. This needs to take account of the assessment contr.;(t, consisting of 
(a) the assessment purpose ~nd target audience. (b) the endpoints to be assessed 
(including regulations and the definition of critical groups), (c) the description of the 
repository system, {d) the site context and (e) the nature of the release. 

Step :!. The hosic system representative of long-term conditions including the 
charJcterisation of the: process system domain, climate conditions. assumptions for 
human actions (society) and identification of the biosphere systems. 

Step 3. Com:eprua/ models or textunl descriptions of the biosphere system :1re 
ct:mstructed. Thjs involves an initial screening of the FEP list against the basic sy:>tem 
description and the assessment contc:<r. and the identification of relationships /Jctwcc:n 
F EPs. For this step scvcr:.1l methods can be applied such :tS (a) influence diagrams 
(Chapman et :ll., 1995), (b) the rock engineering system (RES) approach (Eng et al., 
1994: Hudson. 1992: Smith et al., 1996a) which involves the development of ~n 
interaction matrix (this approach was tested by the Working Group), (c) directed 
diagrams (UK·N!REX, 1995), or (d) a reverse method, which compares existing 
models with the assessment-specific FEP list obtained after the initial screening (sec 
above in this paragraph). The result is a relational F EP list indicating the relationships 
between the FE'Ps. These FEPs and their relationships are categorised according to 
priorily, taking into account (a} the known influence of the FEP or the interaction on 
the result, if known from previous experience or expert opinion (well known impor
tant FEPs have high priority, well known unimportant FEPs low) and (b) the state or 
knowledge about the: FEP· or the: interaction (unknown FEPs have high priority). 
FEPs with high priority should be included in the models. FEPs with low priority 
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Fig. I. tllustrntion of the R.t!fm:nc~ Blnspl•tm methodology. One phnsc in nn itcrntivc process is shown, In 
practice, the priXCdurc for defining the conceptulll model includes tbe results orprc,•ious calculntion!l bn~cd 
on c~isting ~thcmatical representations and nr.sc:ssmcnt tools (mathematical mcxlel plus appropriate 
c!atab:~se). The development ofc:oncepcual models WIIS performed within the Reference Bi011phcrC$ Working 
Group, while tbe implcmcn1ntion or mathcmntic.'l.l model~ (or an inland biosphere inn lemperniC climate is 
addrC$'cd in the Complementary Studies Worlclng Oroup. 

might be· lc:ft out. The result is :in assc:ssmc:nt·spc:cific relational FEP list or included 
FEPs and u list or excluded F EPs with .the. re:J.Sons for c:xcl usion. The relatiQnaJ F EP 
li.~t forms the basis. for the rcxtutJI description or the: conceptuul model. 
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Step 4. The textual description is developed into the mathematical description. 
A sire-specific database is defined based on the basic system description and a generic 
database is defined consistent with the international FEP list, The asscssmenc r.ool, 
generally a computer code, is developed and finally, calculations produce resulrs. 
which have· to be interpreted relative to the assessment context. 

The methodology described here is applied in seven! iterations involving one, 
several or aJI steps. 

The following· two subsections of Section 2 discuss t.hc steps that were particularly 
important in the study as the Working Group discussions showed. 

2.1. Critical group definition 

JCRP bas developed the critical group concept for normal routine reJeu:>es. Jn 
a habit a.nd diet survey of the exposed population. the most exposed groups have to be 
idcntifiecl (ICRP, l977. l98Sa. 1991). For solid radioactive waste disposal, because 
potentin.l releases may occur far in the ruture. habits and diet cannot be surveyed and 
the exposed population is hypothetical (ICRP.l98Sb). Therefore. the principles have 
to be adapted. The approaches used in previous assessments as well as regulatory 
guidance were reviewed (Appendix A2 of BIOMOVS II (1996a) reports tile results). 
The review showed that assumptions vary significantly and harmonisation seems 
desirable. A new international exercise. Theme- 1 in BIOMASS, continues the work 
initiated here (BIOMASS, 1996). The critical group could be defined a.s a subsistence 
agricuJtural community and, so rar, many assessments have implicitly or explicitly 
used this definition. However, situations can be imagined where other critical group 
definitions would be required, for example in a tundra climate. 

A release into the biosphere will result in a distribution of doses or risks within the 
exposed populations, wilh a small number of persons being exposed to relatively high 
levels :1nd tl large number exposed to lower levels. Important arc tbe degree or 
conservatism and the level of protection required by the authorities. Dct3lls of the 
treatment or FEPs in the calculations depend sjgniflc:mtly on the critical group 
assumptions, for example the size of the modelled biosphere and diet, 

2.2. Conceptual model dt.ovcfopmcnr (procedure to construct conceprunl models. set! Fig. /) 

Various methods for the identification of relationships between FEPs and the 
subsequent development of concej)tual models or textual descriptions have been 
tested in .,ational programmes. Examples are the 'influence diagrams~ approach 
(Chapman et al .. 1995), the ·rock engineering system (RES)' or 'io[eraction matrix' 
approach (Eng ct al.. l994: Hudson. 1992: Pinedo et al., 1996: Smith ct al .. 1996a; 
Yieno ct al .• 1994) nncl 'directed diagrams' (UK.'J\11REX, 1995). In most assessments 
published so far, a reverse method has been applied in which the list of relevant FEPs 
i:; mapped against previously developed conceptual and mathematical models. 

The BfOMOVS U Reference Biospheres Worlcing Group .has tested the RES 
approach and concluded that it can provide a clear overview of the interactions 
between processes and features to be included in the conceptual model (Fig. 2). 
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~otl 
"'" (,/ll1l,IJ. 

6~~~~--~--~--~~~~------~--~--~---
Fig. ~ Th~ Rd'erenc~ Biosphere:; interaction matrilt developed for the Jllustr:t!ion described in Section 4. 
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A comp~:ison of the FEP list and the m~rrix of interactions between the most 
important aspect." produced by the RES approach lead to identification of missing 
clements in each. This proo:ss provides confidence in the complc:tcnc:~s of the concep· 
tual model. given t.hat absolute complctenes..~ can never be proven. A further step in the 
RES approach is the categorisalion of tbe FEPs and their interactions. This Qtegorisa· 
tion should take into account the import01nce for the results and the smte of knowledge 
concerning a FEP or an interaction. FEPs with significant effect on the result and FEPs 
with an insufficient st:Ite of knowledge should get a high priority in rhe categorisation. 
This categorisation will often be based on experience, for example from previous 
assessments. or on expert opinion. The interactions or relationships identified by the 
RES approach form a relational F EP li.'it. The relationships identified in the relational 
F EP list form the textual basis (tcxrual description or conceptual model.l of the 
equations to be included in the mathematical dc:;cription. Due to time limit:Hions. the 
Reference Biospheres Working Group could not investigate these relationships. 

3. The intcm:~tiorutl biosphere list or features. event'! and prOCCS.'ICS 

Table t shows the structure and the key FEPs of the International Biosphere FEP 
list developed by the Refercllcc Biospheres Working Group. The Working Group 
constructed this list (a) for groundwater release from a. deep repository at an inland 
sire and (b) in view of the requirement to calculate the annual dose to :1 representative 
member of a critical group (representing the Assessment Context for the illustration. 
see Section 4). For other releases. other sites and other Assessment Contexts thl! FEP 
list may have to be extended. for ex:1mple for coastal1iites. 

This FE? list should provide a comprehensive framework which COlO be used (a) as 
a stm·ting point to develop project-specific FEP lists or (b) as u list against which to 
check the completeness of project-specific FEP lists. Most FEP lisL~ published so far 
do not systematically contain rcaturc:s such a.~ an a.'iscssment cnnccxt and basic system 
description. When comparing models. these features have been shown to contribute 
significantly to differences between models. An example is the implicit assumptions 
about the person for whom doses nrc calculated (critical group definition) and the 
degree of required conservatism. Therefore. the Working Group has added asse::smcnr 
conre.'(t and basic sy.'item description at the beginning of the FEP list. 

T:1c ;op,oroach for constructing the lntc:ma.tional Biosphere FEP list is consistent 
with the approach of the 'NEA Working Group on development of a d.:lta bose of 
features, events and processes relevant to the assessment or post-closure safety of 
radil:<tctivc waste repositori~· (NEA. 1998). 

4. An illustration of application of the methodoloJ:Y 

The Reference: Biospheres Working Group defined the assessment comc.<t for 
illustr<ttion of the methodology as one in which the endpoint of interest is the dose to 
an individual of a critical group. Releases to groundwater from geological disposal at 
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Table I 
Structure of I he lntcmationnl Biosphere F'EP li~t 

I 
1.1 
l.l.l 
t.t.! 
1.1.3 
1.1.4 
1.: 
1.:!.1 
l.l:: 
I.!.J 
I.J 
IJ.l 
I.J.:: 
I.JJ 

1.1 
~L! 
::.1.1.! 
!.1.1.:: 
2.1.:! 
::.I.:. I 

li..::.J 
2.1.:.4 

:!.1.:! . .5 
~.1.:.6 

Z.J.::.7 
.::.u 
.::.J.J.l 
:.u.~ 
::,J,.; 
~.1.4.1 
::.1.4.:! ., .. -~.:.J ...... 
~ .... ~ 

:.J 
:.~.I 

!3.J.J 
:.J.t.: 
2.3.U 
:!.3.1.4 
!3.J.S 
::..:t:. 
!3.3 

FEATURES 
as.~tnt context 

usse:~.•mcnt purpo~ 

aMmmcnt endpoin~ 
rcpo~itory rype ·-~..,.C-.. 
site C:OniCXI 

I ' 
'~ ~· ,_,.,.._ I C tJ.\)~1' 

source tnm 
geasphcrc/bio~phcrc intcrlncc 
release: mcchnni'm 
source term c:harnctcristics 

ba.•k ~ysrem dtseription 
gencrol c:ltmntc de-JCription 
gc:neml biosphere SYJtcm docriprion 
general human society d~iption 

f.."VENTS AND PROCESSES 
nallJD) ~erlf!lllnd pr~ 

environmental evolution 
environmental dynamics 
climate·drivcn cbangCll 

radionuc:lidc trnnspon 
atmosphcnc: tmn~port proceuc~ 
~urfacc wa tcr aqueous transport procc~r.c~ 
porous mc:di:~ uqueous trnns))Ort procCliSCll 
tran~port proc:esscs between surf;u:c warcrs and porous me· 
dia 
solid phase: rr:~nsport 
d Ulll Oow ~)'lltCm!l 
transport mediated by flora and fauna 

proc:cssc:s nlfec:llng radionuclidc conccntratrons 
cht'mic;ll reactions 
phlfsic:ll proc~~c:.~ 

radionuclidc metabolism 
crops and nut ural, semi-natural flora 
live5tock and natural. scmi•natur:d fauna 

~nl!land prOCnM!I rclattd to hum11D ac:tiviry 
chemical chang~ by human nc:rion · ·--., 

I 
phy'i~l chang~ by buman action \. .-,... 
recycling or m:l!erinls and mixin~: by human actlon r 
radionuclidc rrunsporc mediated by hum:~n uc:tion 1 

e¥~1• and prOCt'!lW!I rrlart'd to human expMurr ,; 
human hilbits 

resource usage 
storage or products 
air, water and food proccssin~t 
location and ,;hic:ldlns (ac:torn 
diet 

external expo~urc processes 
internal exposure ptOCC3liC:S 
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an inland valley site form the main component (source term) of the basic system 
description. The illustration is based on the Complementary Stuclies case (BIOMOVS 
U, 1996b). The cHmate is as at present (basic system deuripcion). The society in which 
the dose or risk to ~ average individual of the critical group is to be cnlculated is 
a subsistence community in a mountain valley. Such a community makes significant 
use of natural (e.g. forests) and semi-natural environments (e.g. alpine meadows). 
However, the d.lt.-abases for such environments arc not yet complete (mainly Cs data 
are available) and have not yet been evaluated for radioactive waste disposal. There· 
fore. only agricultural crwironments could be included at tbis stage. 

The Reference Biospheres Working Group has applied the methodology from the 
beginning co the construction of a relational FEP list. The Complementary Studies 
Working Groups started with the textual descripcion. checked that the FEPs identified 
by the Rc:fcret~cc Biospheres Working Group were included and procc:cdc:d with the 
methodology, finally producing results, doses to individual members of the defined 
critical group. The step from relational F EP list to textual description was only 
super-ficially invc:stig:~.ted. 

The exercise of defining the example illustration identified several points. When 
describing a generic system. it is difficult to simplify and to justify the simplification. 
Simplification is only justified if it either does not significantly effect the: result or 
produces a more conservative result. In an early stage the Reference Biospheres 
Worlcing Group tried to delete unimportant FEPs from the generic FEP list, but no 
such FEPs could be identified. Useful screening is possible given a particular assess
ment context :md a FEP management procedure such as the Interaction M:Ltrix. 

The systematic application or the suggested methodology did make the definition of 
the example illustrntion straightforward and easy, although the result was not 
a simple model. This was possible due to the careful definition of the basic system 
de.~criprion and the: assessment context and. in panicular, of the critical group. 
Analysing existing databases for the assessment of radioactive waste disposal showed 
that the requirements to be fulfiUcd by these cluu bases have not been sufficiently well 
defined: particularly important are (a) the· potentially large number of relevant 
radionuclides or elemcnm, (b) the long time scales ror which the data should be 
applicable. (c) the fact that effective data are often required, for e~mplc by averaging 
recurring events (e.g. once-in-a-century Aood) into processes and (d) the uncertainties, 
varbbilities :tnd avernges relating to the temporal and spatial scale which :trc relevant 
for the assessment. Although the· definition of the critical group as a selr·sustaining 
agricultural community should include the use of natural and semi-natural environ· 
ments, no relevant reviewed da~bases exist. 

5. Summary and sugt:cstions for furur~ ~ork 

Conclusions (for details sec BlOMOVS n, l996a, b) from the study are 
The methodology and the FEP list developed by the Reference Biospheres Working 

Group rorm a possible common approach to bios-phere modelling; which should help 
to harmonise the approaches used in the different organisations. 
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The discussions showed that the same words often have~ different meaning and 
that different words the same meaning for different persons. This is partieula.rly 
pronounced in a more philosophic::ll exercise such as rhc: description of a methodology 
for nsscssments. Astonishingly, it was much easier to constrJct a biosphere model by 
applying the proposed methodology, than to define and document the principles. The 
authors apologise for any remaining confusion in terminology in this paper. 

The formulation of simple, defensible models is not an easy task and in particubr, 
the definition of generic biospheres is not straightforward. However, using the rneth· 
odology (a) :1n audit tr:UI can be documented. which facilitates the detailed scrutinis
ing of all seeps in a specific assessment and (b) dHl'crcnccs in modelling will be reduced. 
or. if they still exist, will be better explained. 

Analysing existing datab:lscs for the assessmc:nt of radioactive wnstc disposal 
showed that the requirements ro be fulfilled by these databases have not been 
sufficiently well defined. Particularly import:mt arc (a) the potentially large oumber of 
relr:vanl radio nuclides or elements, (b) the long time s~Jcs for which the data should 
be applicable, (c) the f.1ct that effective data arc often required, for example by 
avernging recurring events into processes and (d) the uncertainties. vllriabilities 
and averages related to temporal and spatial sales which arc relevant for the 
:1sscssmen t. 

BTOMOVS-II and. in particular. the Working Groups on Complementary Studies 
and Reference Biospheres have laid the basis for harmonisation in the approaches for 
biosphere modelling. Smith et al. (1996b) have applied and demonstrated the viability 
of the Reference Biospheres methodology. Many of the tasks of the Reference 
Biospheres Working Group could be delegated to participants and results discussed 
in plenary. This dcmonslr.lted that international cooperation can be much more 
efficient th:tn multiple individual effort<:. 

The Working Groups suggested the following further studies: 
• Refinement of the steps in the methodology concerning(~) the definition of hypo· 

thetic:tl critical groups and (b) the definition of criteria for dat01bascs to be used as 
input in assessments. 

• fmplcmcntation of the methodology used to derive Reference Biosphere dcscrip· 
tions additional to the one of the example. including the derivation and testing of 
da.t.aba.ctcs. 

• Augmentation of the methodology to incorporate specific issues, for example the 
eOC:cts or transitions between climates. the effects of landscape evolution, and to 
evaluate the importance of different exposure pathways. 

Theme J or the new inrcm.1tional exercise BIOMASS (81 OM ASS. l 996) has taken up 
these suggestions. 

M:1ny people and groups have contributed ideas. comments and text to the 
Reference Biospheres Working Group, includjng: J. Andersson (SKI. Sweden), R. 
Avadhanul01 (AECB, Canada), I. Barr:1clough (~RPB. UK). U. Bergt-trom (Studsvik 

> i. 
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Ecos:tfe.. Sweden), G. Bird (AECL, Canada), D. Cancio (CIEMAT, Spain), P. Carboncra..; 
(enresa. Spain), L. Chamoey (AECL, Canada), P. Cough trey (Mouchcl, UK), M. Elc:rt 
(Kcmakta. Sweden), C. Haegg (SSL Sweden), E. Henrich (BMGSK. Austria), K. 
Higley (Colorado State Univ. USA), M. Jensen (SSI, Sweden) G. Johansson (SS[. 
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