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A BIOSPHERE MODELING METHODOLOGY FOR DOSE 
ASSESSMENTS OF THE" POTENTIAL YUCCA .MOUNTAIN 

DEEP GEOLOGICAL HIGH LEVEL RADIOACTIVE 
WASTE REPOSITORY 

B. M. Watkins,"' 0. M. Smith. 111 R. H. Little.* and J. Kcsskrt 

t\bstrnct-Reccnt devl!lopmcnL~ in performance standards for: 
propoqd hi2tt lcovel r:~dlouctlve wa.,te disposal ut Yucca :\ofoun• 
bin !>U~l'!lllhat he'.lllh ri!lk or. do~ rate llmlL~ will likely be 
pllrt or fUIUI't! :o.tandurd."'. ,\pproaChe.'j Co the development or 
biosphere modelln~o: and do:.e a.'i.w;.timcnt'l for Yucca Moun win 
have hef!n n!latinly lnck1nx in prniou.' performance U.'l.'ia.'l­
menl.<~ due to the abuncc ol ~uch u rrqulrcment.. Thl11 paper 
d~crlh~ a prm:tlcal methodoloey u.~d to devdop a blo.o;phcrc · 
model appropriate for Qlc:uJatJn.: d!Kft rrom ~or \~ell wales· 
by hypotheticnl Individuals due to dl.~han:~ or contaminated 
groundwater Into a d~p well. The biONphcs~ model method· . 
flloey, developed In pur:~llel with th~ BIO:'t10VS II lnterna• 
tlon:ll~otudy,.uJiow!l u tt:Jn11p11rent recordlm: or the declslon.t~at 
each ~tC!p, from the !lpecincatlon or the blo~phcr~ U.'l.'ia'lmtnf 
context throu~o:h to model development and anuly:ds or rC!Iul~ . 

)
I,A. list or reo.~ture!!. event."- and proci!MC!I relc'Y:'"l to Yuc~ 

:\o'ounualn WJU recorded and' an inleraetlun matrix developed Uo help Identity rel:ulon!ihlp!i hetwetn them.,Speclal comdder· · 
atlnn wa."~tiven to crltlcal/polentl:al cxp~ure woup lt~.om~ und 
upprnuche. The c:oncepCWll model otlhc hlo!~phtruy!llem wa.'l1' 
then dcwlop4!d. ba.~ on lhe lnter:~ctlon matrix. to 10how how I 
radlnnudldt.~ miVoltc and accumulate in the bio~phcre media.~ 
und re.-.uJt In potentialt.":q))''~ pa:hwll~'!l. ,\ mathcmatica.l do.w 
:a.W!.'I.~ment mocld wa,., :~pedncd u.,in~ the nexible AMBER. :;oR­
wnre oppllcudon, which uiiOWli· DR~ to c:on .. ~:ruct their own 
c:ompunmc:nt model ... The !IUirdnJ: point ror the biosphere 
calculutlon.'l wa., a unit nux or each r:uilonuc:Jide rrom the 
woundw11ter In the ~fl)!lpht>re Into the drinkln~ wnter In the· : 

...--·well, .Eor each of the ~6 rndlonucllde:t cnn11ldered. the m~t:fl 
\ ._shcnin .. cu~~ exposu.rt! pathways [o_r. hypothftleal lncii~I~~L!..V 
1 ~e~e identlried~-·For 14 or the radlonucllde.<i. the primaryw 
·-· · ~po!llurc patbwnyll w~r~ lden~lncd .ru consumpUon ol 'I'Urlous-

crop!l and animal product."! rollowiniC os.~umt:d :IRriculturnl u.~e 
or the conbmlnnted water derived rrnm the deep well. Inhu· 
latlnn nr dU."'l Ill r:ullonuclldetl and external ltr:Jdintinn I l 
ntdlonuc:lidcl were 1Wio ldentlncd 11."1 !ll~tnincant expiY.'Iure 
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modes. Contrlbullon to the lollll nux \I) do10C convel 
rrom llle drlnkin~: wntl!r pillhwuy ror euch rndlm 
abo u.~\t':'i.\t.'Clund for mo~t radlonuclldt'li WIL~ foun, 
I.)Uln 10% uf the toUsJ flux lO do~c tOO'I'Cr.llon ruct' 
ucros." ull puthwuy\, St•me or thl' uncei'Ulln tlc.'l rei 
resuJL'I were considered. Tiu! biosphere modeling r 
been upplled within· un EPRJ Tot.al SY!items Pl 
A.~'H!!I.~ment or Yucca Mountain. Conclu.\lons und 
dutlons for future performance a.'!.oces,\mt:nl.'l urc pr 
Heullh Pbys, 76(.J):JSS'-J67; 1999 
Key word.\: conanminutlnn, envlronmcntul: ~;round 
unnly11ls; do~c cfruivalent 

L'-:TRODUCTION 

rs TH~ United Smtes of America (U.S.). 01 
rca.'ions for the :uisin~; ot' high lever radio04ct 
(HLW) is the gc:ner:uion of electricity through 
arion of nuclear power plont..;. Ultimately, there 
for a long-term disposal solution for spent 
invc~tigations are underway to assr::ss the sa 
potcr:tial location for a deep geologicul rcpo 
HL W at Yucca Mountain, Nevada. Although 
Department of Enersy rOOE) is rcsponsibl1 
disposal of spent fuel. the generntors of the v 
electric utilities! need to be sure that Lhcr' 
technical issues that would make the Yuc:c:l , 
site unsuitable from public safeLy and r:nvir 
protection perspcclivcs. For this rc:tson Elc:ctr 
Rcsc:rut:h Institute (EPR!) undcnakc:s research 
appropriate computer codes and modeling calcu 
make safety a.\sessmcr.t.o; or' the toml repositor 
(called total system performance assessments, o 
of the c:mdidate site (Kessler ct aJ. 1996). 

R~cnt legal. congressional. und regulatory 
mcnt...; within the U.S .. including publication of tl 
mendations by the Committee on the Technical 
Yuca Mount:lin St:md:lrd.'> of the Naliomtl Ae 
Sciences (NAS), suggest that the surface cn":iron 
biosphere) at Yucca Mountain. should ·sc· give 
i:onsiacrntiori'in ~1li:!V o:~~ssmcnt..; lNAS 1995),:; 
which ha~ not been l~lly undcrt:tkcn in lhr: pll.'>t c 
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Jbsenc.: of such a requirement. This paper describes work 
undertaken by Q~tiSci on behalf of EPRJ in applying a 
methodology to illusmuc how impacts from rndionucl!dc 
rclc;JSCS to the swfnce environment micllt be used in ~ 
performance assc.o;..;menL The srudy did not include ground· 
water n,~.>deling since it w:ts only concerned with examining 
Lhe r:1dionuclide pathwnys leading to human exposure 
foUowing the release of contaminated groundw:1ter into the 
surtaee environment throush nbstr.~c:tion of water from n 
well sunk into ::1 cont::ltninated aquifer. Fuller details can be 
found in Smith ct al. (1996). The EPRl srudv ha.~ drJwn 
upon biosphere modeling developments thai h:~ve been 
undcr-.:l.ken in m:tny parts of the world. especially Europe. 
and in particular on the work of the Rcf::rencc Biospheres 
Working Group within the second ph:!Sc of an international 
cooper.1tivc: study called BIOMOVS D (Biosphi!TC Model 
Va!id:ltion Study) (BJOMOVS ll 1996a). 

Safety as:;essmems for proposed r:ldioactivc waste 
repositories undergo extensive cc:chnical and public cx­

... amination. For this reason. it is important to have :.(;' 
' clearlv specified, justified. and cr::~ce:~ble account of the ; 
, :i?pro;ch taken and method~ used for dev~:Joping ~ i 
~biosphere model for dose calculations. To addrc:s5 this:· 

the EPR.I biosphere study consisted ot' the following 
casks: 

--; development of a list of potential fe:llurc:s. event.~; 
. :md processes (FEPs) which could contribute to; 

: · the tr:ln~port ana behavior of radionuclides in the! 
biosphere and usc: of an fnte!':lction ~1atrix. to help 
document the rel.ationships between these FEPs .. 
spccitica.lly for Yucc::1 Mount:~in: _;, 

• specilic::~tion of an <~ppropriate conceptual ~md 
mathem6ltical model or' the Yucca Mountain bio· 
sphere ba.o;c:d on a.n assumed contc::<r for ~ safety 
assessment for the site: 

• a review of da~ for a wide range of processes 
related 10 radionuclidc: beh:~vior in the biosphere. 
with special reference to radionuclidc:s or iodine. 

· neptunium. and technetium; 
·,.... • a brief review of i.!isues related to the dctinition of 

those groups of people for whom dose calculu· 
tions are cm'riec.l out (called critical group~ or 
porendal cxposurt: groups); 

• dose calculations carried out using !I sofrwarc 
•.. applicution c:~lled AMBER (Brice 1996); :md 
l• consider:~tion of some kcv factors th~t contribute 
';_to uncert:lintics in the re::ults. 

This work resulted in the development :tnd testing of a 
pl':lctiC:ll methodology for tbc biosphere modelin!J parr of 
the YucQ .o'vfouni!Lin TSPA earned OUt bv EPRJ. The 
biosphere work was undertaken in parailcl with the 
development of lhe ~eneric BIOMOVS ll Reference 
Biospheres methodology (BlOMOVS Il 1996u). 

The biosphere methodology applied to Yucca 
Mountain (illustratc:u in Fig. 1) requires the t'ollowinJ;: 

• a dl!scription ot' the context for the assessment: 
• the use ot' an independently produced and a 

spc:cilic FEP list together with an lntcraction 
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Fi&:o 1. Ad:ipt:Hion of the reference bio~phcrc mcthodoloS)' '' 
Yu~c:a Mountcin TSI'A. 

Marri:< to help with r.he specific:llion of the < 

ceptual anc.l mathematic:~! models: 
• idc:ntiliC:ltion of the potentially exposed group 

people for whom doses are c:~lculared: 
• c:~lcul:~tion of results :~nd analysis of the imp! 

tions of the dose calcul::~tions: and 
• recognition of the uncertainties involved. 

Each of these topics is summarized below, but :r 
sroges it should be recognized tim to develop and ju~ 
an Adequate biosphere model may require more than 
iteration of some of Lhe various steps shown in Fig. 1 . 
example. new daUI or infonn:~tion mny be made ;wail: 
for the assessment :n any sUlge. This will need intcl'j 
~tion and ::~pplication within the ussessmcnt. resultinJ 
::~dditional consideration of r.hc treatment of the rei; 
FEP~ and possibly in a revised model and feedback i 
the overall s:~fc:ty asses~ment. This paper discusses 
complete iteration of the biosphere merhodology 
demon.str.ttc its practicability and adequacy. 

ASSESSMENT CONTJ!:XT Jo"OR 
YUCCA MOUNTAIN 

Before any calculations are undertaken in a per1 
mnncc assessment it is important to know the purp 



itnd 'cope oJ' the work which i~ to be camcd out :md ro 
document this information together with any assump­
tions m~dc:. This process is summed up by the phrase 
"a.'l.,cssment comexc." '111e a.·"cssmcm contc:<r answers 
three func.Jamental questions abo~t the performance. a.~· 
sc:ssment. namelv: what is one tryrng to assess? why 1s 1t 
being :1SSCS~cd? and what degree of COnservatism should 
be ;1dopced? In quantitative terms the assessment context 
should .answer questions about what h:t.'i to be c:;~lculatcd 
:1nd why. rn qualitative terms. the as~essment context 
should specify the ··assessment philosophy" ~hut governs 
the level ot' conservatism {where appropriate 1 to be used 
in rhc development of conec:pru.al modc:ls and selection of 
parJmcter vnlucs. For example. if the a..;sessment is to be 
performed to dc:monstr:ue compliance with regulations. 
then the a,'lscssment philosophy should match the philos­
ophy used to develop the regul:ltions. A formal st:llemc:nr 
c:oncc:ming the ove!':ltching context of an assessment h:~s 
often been lacking in the past. resulting in confusion. for 
example. ~bout the prec:i~c n:zrure of the quantities to be 
ca..lculated and in incoherent approoches to dealing with 
uncertainties. An a,o;sessment. context should be cstab-=-: 
lished for each part of a safety assessment-for the', 
near·tield. geosphe~. ond biosphere. For a full pcrfor ... 
ma.,ce :rssessment. it would be imporumt to ensure that 
the ovcrJII a.-;scssmcnt context is consistent for all these:· 
various parts. For the biosphere. the a.'i:;essment context 
would ideally provide statements :utd information about 
the purpose :u1d endpoint.~ o( the :lSScssmcnt: t~ re~os· 
itorv svstem: sire context; source tenns: the tntert:~ce 
bcnYcc:n the geosphere and biosphere: timc-frnmes for 
which culculations should be made: :md assumptions 
about the future human society that might be living at the 
time ot' rndionuclide discharge into the environment. For 
c:ach component of the assessment context there could be 
a number of dilferc:nr purposes or associ:~tc:d information 
(see Tab!c 1). Work on thc!>e altcma:ive usscssmcnl 
context compor.~nrs is currenrly being carried out within 
the lmcrnational Atomk Ener~y Agency ([AEAl CO• 
ordinated research project culled BIOMASS (BIOsphere 
Modeling ASS~::.mc:nt Methods) (fAEA 1997). 

Setung the biosphere as~essmcnt context is espe .. 
cially imporunt in the ca.o;c ofYucc:~ Mountain given the 
likely future requirement to calcul:~ce dose and human 
health imp:~crs more e."tplicirly. ln order to illu~trnte the 
biosphere a.'isessrnenr methodolosy developed lor EPRJ, 
a rel:~tively simple :~s1>essmenr context wa.o; assumed. Five 
import:mt componcnl'i wc:r~: included in the assc:;smc:nt 
context informution and. for the purpose or this exercise. 
we~· deli ned a.o; follows: 

I. Assessmtnt Purpou: dcmonstr:Ition of compli:~ncc 
with regulatory requirements concerning humm1 rndio­
logic.:U protection for the po:;r-closu~ phase ol' a poten­
tial Yucca Mount.:lin 1-U..\V rcpo~itory, Assessment phi· 
losophy genernlly "cautious" I for a gencml discussion of 
what is meant bv ·cautious' sec: BIOMOVS·II ( t996u)]; 

2. Radiological Endpoint::: indi..:::ltive cslimatcs of an· 
nun! individual effective dose to member.. ot' the 
hypothetical exposure group 10 ~how doses arc: less 

Table 1. ,\lrcm:Hi\·~ componcnr~ 1Jf an th\C~~mcnr 1 
(IAI~A 1997i, 
·--~---------------------------------Component 

''~":"1~111 P\lfiKN! and 
phllll..Oflh:-" 

Sire conre:r.r 

Source rcnn and 
gL'IJotphcrc·t"o'ph~rr 
mtcr!'acc 

TimefrJme\ 

S<XIctal ~~~umpuon' 

t\lrrnwlJve• 

Drmon•lratc regularory campi: 
re~:ularory dc\•ch•pmcnt 

Guide •lie 'C!Ir~:IIOn 
Sy•rem opumii.Jllon 
Conmburc to public conl1dcnc• 
Cunrnllutc ro ~:nnJidcn!:c or' lltl 

aoll ...:•cr.ll\1\ 
Gu1dc rc~c~rctl pnontu:s 
Proof ol concr:p1 
Philo~uphy: nmJic lmm ~!:JUlie 

"equllnhle" tlllO:.!O\'S II I 
!ndrvldual cJo-..!ln~k 
Collccm·e cJo'tdrl~k 
Do-c~ ro non-hum~n hior~ 
Mo.Juic~uon~ ro the rndi~riun c 
Flu~l'' mro nr rhrough pam ot' 

hio•phcrc 
l!\llm~re, nf uncenainue~ or ~~ 
~filii 
Ho~r medium 
Wu,te ryp.: 
Uio,phcrc I<Xullnn lc,g .• tn!iinll 
TOJlll!!l:lPhY rq;., mounJ;,rn. \';r 
Climarc 
Spullol dum1110 
Oi!>Ch~e rnro •urfJ~e water bel 

deeper ami upper ~imcnt~ 
Di..:har~e tnto \Uti t.onc 
Wdl ..tnlll!d into near ~urfal!l! :11 

Orounawarcr, '"~cour. ~nu cro,; 
Facto,...: 111\IIIUIIon;ll ~onrrol per 

~nvtronmL"nl chan~:c~: ~eolo.: 
.:hange\: r~dinnu~lille hillt'•h' 

Current or future human bch~v,, 
c~plnttJIIon 

than u rc.:gulutory stamlard ba~cd on risk. b 
lin.:ar uo~c-risk rclation~hip. The t.lr:taib of 
robe calculatcJ haYc a strong intlucncc on w 
be includcl.l in the model. while: judgemcnl'i 
level of Llctuil :111d treatment of unccrt:li 
affected bv whv the assessment is being m: 

3. Geo.tphcre·Bio.~pher~ lmerfacc: assumed 01 
cur in groundwntei from a deep well sun~ 
:~qui fer within the a:;sumcd plume or rndion 

4. Societal Assumption,\·: technologicnlly devc 
order to ~ink the deep well: the well wmcr u.• 
domestic (consumption. bllthing) and ag 
(crop irrigation .and livestock watering) r. 
foods consumed by the hypothctic:tl cxpost 
produced locally using current :'arming prnc1 

S. Climate: warm and dry, as at present, i.e .. nc 
or environmc:ntnl change consic.!crco. 

Three components of an a.l\sessmcnt context 
Table 1 that wr.:rc not explicitly ~pceitied in 1 
study arc repository system. site context. a 
frJmcs. The: repository system w;ts taken to be 1 
rcposito~· proposr.:d lor Yucca Mountain and 
contc:<t (which includes \!limatc assumptions 
(1 997)] was taken to be the cco!-ystcms :me 
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behavior cum:ntly found in the Amargo!>:t V:dlc~·. Con· 
ccminr, time.frnmcs, no limiwtion or cut·off time was 
adopted. a.-. suggested in NAS ( 1995). Timescalcs for 
dose impaCt.'i depend primarily on the timing of the 
relc:a.o;es from the: gcosphere. which are a.o;sc~!icd by 
geosphere modelers. and not signitic:u1cly on biosphere 
conceptual modr:l nssumption.s. 

BIOSPHERE FEP L~"T Al't'D J};TERACTJON 
MATRIX FOR YUCCA MOlr.'iTA~ 

A problem that frequently faces biosphere modelers 
is how to justify wh:It is included and what is excluded in 
the model. In the methodology that ha~ been dcveiopcd. 
there nrc two useful tools which e:l!l be used. Th~rst is ~·,: 

·to prod~ a list of all the vnrious fe:l!ures. cVI:_!!~ and .. ; 
processes <FE?~) th:Jt could be mcluded..!!!_~.~~:E..t~ 
undcm:Jn"llii'igorthi.:oT~here ~stem bein,s cons1derc . 1 
The-si:coricliS a meiliO<I of conccptualizm~ howtfic 
various processes internet with one :~nother ;~nd. it' 
rJdior.uclide5 are present.. how they arc transport-:d 
withir. the :o>yl>tcm. 

Biosphere "FEP List" . 
The use of :l list of FEPs is an e~scntialstarting point 

inth~es~.Q(a.rmroprlate model develoru;;Cnt. A F'EP. 
list is a procedure for ~ubdividing a complex an~Of 
tln:-bio~phele into slll!!llef'"compgnents tnq~re 
easily-managed. bOtli conccptuallv and ;m:11~.i~1.ll,y. 
Oi'icelhc tundamc:ntal budding block.o; of the analysis are 
cho:.c:n. thc:y iltC organized by dc:tcmtinin~ and quantify· 
ing the relationships between them. Est:tblishing the 
structure of the components and their inter-relationships 
makes subsequent steps in developing a model easier and 
provides conlidencc: that the analvsis is subst:~nriallv 
complete ~ince r1::1sons for FEP inclusions and omission~" 
:U'c: u·nccably and t.ro.nspruently recorded and this there· 
fore ha.'> technical, manageri:tl. :tnd qu:J.Iiry a.o;surance 
benefits. 

There arc: many uncc:rt;~inties associ;~ted with the 
lo11g·tcrm evolution of the biosphere and. in panicular. 
the unknown and unpredicto~ble inlluem:~s of future 
human actions. Since: rhc:.sc: c:l11not be predicted. various 
a..-;:;;umption:; must be m:1de. The impomnt point is 10 
document the assumptions and to adorn u consistent and 
losic:U approach to the process of model building. It is 
very useful to begin with a pre·cxisting independent li:;t 
of potentially relevant FEPs since thb assist.~ with 
auditing and checking for completeness. It also provides 
a degree of independence in tcnns of .what has been 
included in the saferv :J.ssessment. That i~. if the list of 
potentially relevant FEPs ha.o; been drJwn up indepen· 
dent!y and tre:ument of each FEP ha.'i to be documented. 
then the safety a.o;sessment is forced to :~ddress all the 
issues, either by dealing with them explicitly. or by 
showing why they arc: omitted. The "FEP List" used as a 
srartins point in the work reponed here wal' the one 
developed before completion of the BIOMOVS II project 
<BIOMOVS n 1994.). [This intc:mational FEP list W:JS 
rev bed in l 996. after the completion of the EPRI' work 
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CBIOMOVS II !996at.J Each FEP in the li!Ot was 
viewed. in the light of the assessment context and wh. 
known about the general Yucca MounUlin biosphere. 
decision for it.-; inclusion or omission was recorded. 
important that the FEP list is reviewed again :lt a I 
st:tgc in the development of the concc:prual model so 
decision11 m.:~dc <~bout the inclusion or e."<clusion of 
FEPs can be changed in the H~ht of experience or 1 

information. The fullli!.l of FEPs sclecu:d for the Yt 
:Vfounuin assessment context outlined above. with 
sons. is given in Smith et aJ. (1996). rt is an impor 
point th:tt future changes in the assessment conrcx:. s 
a.-> chan~ed regulatory rcquiremenL~. muy result in m 
chan~e!i in the appropriate treatment ol' r-EPs. but 
methodology would still be rclcv;~nt. 

lntci"..ICtion m~trix 
A useful tool ro help with conceptual model de 

opment a.1d JUstllrcatlon 1s an rnrc·r:rctiO~:.f!lFd.\:-' 
procedure-\va., ont:tnalTv dc;velonc:d i~J..J!~c..2!!!.9J 

-roCf" cngincenn_E_ svstc:m~i CI;.M.d.s.on 1,99"'· En~ cL 
T99a)';'"Thc methocJOlo,sy smns with a tog down ~ll2121:!l 
to dividing the syst'Cm under consrderauon ir12-,.C_Q.D: 
uenrparts oycfcarlfit!_i:ntifii.riiQhe re!ii~n"itfiiJ?J2tU~ 
the features:everiL~. ana processes present in the syst 
ThiS""C:ufoeuo""iie\v•thoUT-ciifecCreferer1cc-ro-the-f 
List" generoted c:lflier. since. :Jt later stages in 
methodoloS)'. the matrix and the "FEP List" contems 
audited against each oth::r. The main components or 
system arc idc:ntilicl.! and listed in the leading diagc 
elements (LDEs) or segmenLo; of the matrix. In 
example Intcmction Mutrix developed spccilically 
Yucca Mount;Un all the LDE.-: are mrun "!=carurcs" of 
svstcm. The intcrnc:tions between the LDEs arc l 
n'oted in the off.Uiagonal clements (ODEs). These in 
actions between "!=eaturc:s" arc gencr:Uly "Processes' 
the Yucca Mountain example. Fig. : illustrates 
procedure with a 2 X 2 m!ltrix and also demonslr.ltes 
clockwise convention for recording imeraction/inllue 
direction. The greater the number of LOEs in tllc mat 
the greater the number of interoctions (processes) 1 
c:m be clc:arlv identified in the ODEs. More than one F 
ca., be included within uny partil:ul:lf clement of 
matrix (I..OE or ODE). and a FEP can appear in m 
than one element. For example. erosion is a potcnti: 
import:J.Ilt process relevant to more than one ODE in 
action. or course, each reference is [0 cro~ion ir 
separ.11e parr of the system bein~:t modeled. When c 
si<lerine; the interactions it is impol't;lnt to ensure thm tl 
arc direct interactions and to identit'v which clcmen 
the cause and what is the effect. More than two ckmc 
in the matrix can be involved in describint; a sin 
process. A connected chain of inter.Jctions throu!;h 
matrix is called a pathway. Thus, in a properly c• 
structcd Interaction Matrix all relevant FEPs nnd tl· 
interrelationships arc idc:ntilied. 

Interaction matrices are useful not jusL for 
biosphcr~ system description. but they can be dcvclo1 
for other components of a safety assc:s~ment as well 
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Fia:. :. lllusU'Oition or a : X ::! intcr:lclion mntri:<. 

care· is taken to ensure th:.t the output of one part of u'le 
assessment is consistent with the input for the ne~t pan. 
then the matrices can be joined together to produce an 
overoll m:ltrix of the whole svstem. :v1ore or less l.DEs · 
can be used. or the system can be sub·divided and :lJ1 
interoction m:nri~ developed for e:u:h sub-division. The 
limit ot' thirteen matrix elemenL-; suggested by BI­
OMOVS tr (BIOMOVS·lll99S. 1996a'J for any one part 
of the system or pc:rt'orm:mcc ~sessment is a :;uidc:linc·to 
make representation cnsicr rathcrthan a restriction on the 
comple;tiry ofthc problcms.thar can be represented by 
the procedure. 

The next stage in the methodology is to check that· 
ali the FEPs in the "FEP List" are included somewhere in 
the [nteraction Mat!ix. then to record the reason why 
those that have been ornir.ed are excluded. A tina! step in 
the development of the £nteroction Matrix is to record · 
which FEPs are included in each Matri~ clement. This 
mav result in identification of some additional FEPs that 
can be added and dctined in the second iteration of the 
list. The tinaJ re~ult is an fnteraction Matrix incorporat­
ing all the FEPs . to be included in the conceptual 
biosphere model and the intcroctions between them. plus 
a t'ull list ot' FEPs with documentation showing where·· 
each one: h:J.S been included in the fnteraction Matrix, or 
wh: it ha.'i been omitted. This process of indc~ndcntly 
developing a. "FEP List" :lJld a.n Interaction Matrix. then 
checking one against the other. provides added assurance· 
that all relev:lJlt FEPs will be included in the concepruaJ 
biosphere model. 

The lnteraction Matrix developed for the Yucca. 
Mountain biosphere exercise [acl;ipted from BIOMOVS 
ll ( 1996a)] is illustrated in Fig. 3. [t included II main 
"Features" (LOEs) and a multitude of "Processes" 
(ODEs). For example. LDE [ 1.1) represent.\ the "Source 

Tenn." which is the radionuclide concentr:lti 
aquifer. The "Variable SalUJ"Jtcd Zone" [S.Sl ex 
beneath the surface soilull the wav dowr. to the" 
Saturated Zone" [2.2]. It is imponant to point o 
study wa.o; not concerned with ncru'·tield or 
modeling. Since groundwnter is considered ~ 
geospherc. the processes whjch lead to ground 
uunin<~tion were not repn:.~entcd or modeled. 

During the second iteration of the "FEP 
Interaction Matrix. it wu.s considered that irrig~ 
ubstrac:tcd from the deep well would not be st 
to agricultural use . .;ince this is not current 
agriculturJI practice in the area. This led to a ~ 
tion of the Intcmction Matrix by clim.inati 
associated with irrigation water. a.o; shown in I 

The convention of defining ODEs to desc1 
nuclide: migration means thnt rndionuclidc 
pathwavs can be traced nnd translated direct! 
com:eptual model (see the thin arrows on FiJ 
exposure pathways can al:io be dclincd (sec thi 
on Fit;. 4). For example. conmmination in the S( 

[l.l] is used for water supply [I.IOJ and throu 
activities [I 0.1 OJ is used. among other agricult 
tices. for irrigating [ 10.61 surface soil [6.61. 
elides accumuluting in the surf:1cc soil :ll'C tl 
ferred via uptake and ruin spi>~Sh [6.8] 10 t1 
Human radiation exposure [ 11.1 1 ]then arises d 
consumption Ci.c .. by ingestion) [8.11). Full de 
ccming the definition of the LDEs :llld ODE 
itcrotive process using the "FEP List" have 1 

vided in Smjth ct aJ. ( 1996). 

HYPOTHETICAL EXPOSURE GROUP : 

In 1995. the committee on the Technical 
Yucca Mount;lin Standards recommended a h' 
ba.'ied standard using a linear. no·threshold c 
between radiation dose :llld hcal~h risk (NAS 
their reporr. the ~roup of people for whom do: 
mc:n~ should be carried out is called the criti( 
The NAS committee report discussed ''arious ~~ 
to the identilication of critical groups but di1 
equivocally recommend a single approach. The 
is thuc it is not possible to predict the future • 
with respect to biosphere conditions or human 
the time of the potcnti:ll radionuclidc rclc:~s 
biosphere. r:speciaJiy for Ions term :l.'isessmen: 
geolosicu.J' disposal. All a.o;sumptions :1re hypoth 
the critical ~;roup cannot be identiticd with cc 
the way that it might be possible to do so for pr 
releru;c,.;, 

tf one examines the approach to critic 
detinjtion in orber countries with wnstc dispos:J 
it C:lJl be seen that there arc differences in r 
guid:meclcriteri3, potential future biospheres. r 
locations and types. anu in :l.'isessmcnt :1pproac 
single international description of one group 1 

which mjght be exposed to future relea.-;es wo~ 
sufticicnt for all safety assessmenL.;. As port ot' 
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for EPRl, and in parallel with the BlOMOVS If study, a 
review of v:~rious national and intcmmional :1pproachcs. 
to potential e:tposurc· ~roup detinilions was unucnakcn 
and the relationship between critic;.tUexposure group size 

and tolerability of risk wa.o; explored CSmitl· 
The delinirion oJ' the potential exposure gr 
used in the dose calculations described bclo• 
for illustrJtivc purpo~cs. However. EPRl Cl 



dctinicion and u.o;c of:~ rJngc of exposure groups to explore 
lXliCntial imJXICL'i of i.!dionuclidc n:lca:;cs tO humans. 

All the issues related to potential exposure groups 
arc being dis~ussed in \'arious national and intcmarional 
committee:-; and worlcing groups and the topic is the 
~ubjcct of a task group in the [AEA BIOMASS co­
ordinated research program (JAEA 1996). It is expected 
that open discussion of the different approaches. ;Jnd 
i~sues will result in an agreed methodology for defining 
potential exposure ;roups for usc in waMc disposal 
pcrformunce assessmenLo;. 

BIOSPHERE :'I-10DEL DEv'ELOP!\lliNT. 
HYPOTHETICAL EXPOSURE GROUP 

ASSUM.PTlO~S. AND ILLUSTRATIVE DOSE 
CALCULATIO;"<.'S FOR YUCCA MOUI\'TAJN 

Biosphere model de\'clopmcnt 
The biosphere conceptual mcxlel wus developed 

from the rmcraction ,\11atrix shown in Fig. *· Conccntra· 
tions of radionuclides in the atmosphere. fauna. and nora 
were assumed to be in equilibrium with the dynamically 
c:dculated concentr.~tions in the upper soil and in the 
abstrJcted water. Thi:; :~pproach is ju:otified for two 
reasons. First. the: processc:;. affecting the concentrations 
in the :ltmosphcrc. t1or:1. and t'nuna are ropid compared 
with those .Ufecting conccntr:~rions in the donor media. 
Second. assuming equilibrium tends to ma:dmize radio· 
nuclid.: conccntr:ltions in soils. This is consistent with the 
generally "cautious" assessment philo:oophy used in this 
example. Given these assumptions. the conceptual model 
can then be relined and this is shown in Fig. S. There may 
be losses from the :.vstern from which there is no 
feedback p:ithWilY and such losse:; can be represented in 
the mode:! as a "sink." The final stas:e in model devcl· 
opment wa.-. the representation of the conceptual model 
by a mathematical model using uppropriatc mathemati· 
cal equations for the tronsfer processes. A llcxiblc: 
software :1pplic:nion developed by QuantiSci called AM­
BER wa. .. used (Brice t996). AMBER can be used to 

I 

I I 
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WATER 

ArmMI !. Human UIM! 
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~OIL I ""-
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Fl~:. S. Conceptual model (or the Yuc:c:a ;<.lountoun hio~phcrc 
ll':ln~fcr prcxc~~~. 
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build dynamic comp:mmcntal models to rcprcscn 
migr:nion and fate of conU~minants in surface :md 
surface environments and the user c:~n r~pidly con~ 
generic or ca.o;e specific models and tailor them to 
~pccitic needs. 

Hypothetical c.oxposurt! ~roup definition (or 
Yucca Mountain 

It is :Jcknowledged th:Jt there is still unccn 
concerning the selection ot' appropriate potc:ntiul c 
sure group :lSsumptions rcle\'ant to Yucca :vlour 
partly bccau!>c of on-going regullltory development~ 
also partly due to availability of all relevant site·sp' 
information. In the EPR1 study. just one radionu 
rele:tse mode was considered. namdy release ro gra 
water. It would be po~sible. however. to consider di 
ent mcch;misms for release from the geosphcrc ar 
look ar the different impucts. For example. there cou 
direct discharge of comamin41ted groundwater dir1 
into the surface environment This would require 
identification of a different potcmi;ll ~xposure gr01 
for each rype of release. 

From the exposure pathwu~·s l<hown in FiJ;. 4, 
for the purposes of the biosphere dose cnlculai 
presented below. the following assumptions for 
hypothctic;U exposure group were made rconsistent 
the assessment context and considered to be approp 
to a cautious assessment philosophy): 

• the rc:s;:ulatory objective is to assess avcrJgc 
nual individual doses to those mo!(t likelv '' 
affected in the vicinity ol' the repository 
:JC;CI.)Unt was taken of human intrusion dclib< 
or inadvertent: the need to consider temporal 
spatial aver.1gin:; is acknowledged): 

• radionuclide rclca.~c to the biosphere is via , 
!aminated groundwater supply t<~ken from a ( 
well: 

• the hypothetical exposure group bclon~;s 1 

farming community (consistent with :1 caut 
assessment philosophy) with beh:~vior pall 
based on current farming practices at Amar1 
Valley: 

• the components of the hypothetical expo 
group's diet and lifestyle allow closes receive' 
members of the exposure grollp to be sum 
across all relevant exposure pathways: 

• exposure modes arc inhalation (ga ... cs, dusts, a 
sols). external irradiation (contruninatcd surtn 
bulk m:lleriuls. immersion) ;~nd ingestion ( 
''ariel\' of foodstu!'fl,, as well us inadvenent in 
lion of lo.Oil (sec T:iblc 2): :Jnd ' 

• the hypothetical e:\posurc group consume~ i 

local produce derived from contamin:Jtcd m1 
rcprc::;cntcd ;n the model compartments (inclu' 
root and above-ground vc~;cwblcs, fruits. gr:1 
meat. liver and rcl:trcd animal producls, n· 
warer. soil). 
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Tuhl~ :. f1oo;posure moo.Jc1o and a:;~ociau:d e:~posurc p:uhw:1y~ for 
lhe potcntiall!:r.pu!<ure ~,:roup. 

Ux1c:mnl 
irr<~llinllon from; lnlluluuon •.•f: 

SoiV•cdirnent \U\I!ent.IC!\1 '''•llr.<o:hm~m 
tupper ~uall I Uppt'r ~0111 

Wo~tc:r Utom ,.ell I 

~ow lneut• 
cow liver' 
ca,.· mtlk" 
pi)! meat• 
\lwt'Jl me;n• 
1;)11<:ken tnc:,u• 
chu:k~n liver" 
cmm• 
root vr.~elahlc~· 
~rt:cn ve~:etables' 
frull' 
wntc:r 1 from WI! II l 
walJJ«<irnc:nr luppc:r \Oill 

• U,.pt,..url.' 1~ lluc to .:on~o;mlnolllun dcnvefJ from the upper \Oil illld well 
water compartment•. 

Table J. R:ulionuclidc~ considered in lhe f!PRI study. 
P11rent Prn!)eny 

Sotc: ~h rnllionuJ:Iidc: 111 a 11«~:- ~h:lin " mooclct:.l e~plll:lllY. unle~' 11~ 
1\al(·life j, le,, lhiiM !5 ll. If itt twll'•li(e i• h,.,, th~n !5 J, 11 I\ auumc:d ro 
~ 1n \eCular cqualibnum wnh ita parent tn all hio•f!llere media. '1'111! 
rat:Jiolo~:u:al effect of the l'lldionu~lide i, a!ldtlllt\ thai ,,rib plll'tnl. 

Biosphere c:IIc:ul:ttions 
In order to undertake the actual biosphere r:alcula· 

tions. appropri:ae data for r:~dionuclide dependent :md 
independent proce~se~ were collated. The rndionuclides 
considered and the associated dccny chains are given in 
Table J. Twcntv•'ix different rndionuclidcs were mod .. 
eled bccnuse they arc: all relev•lnt to Ions term releu.-.es 
from high level radioactive wa.o;tc repositorics. Account 
W<l'> tlkc:n of the incrowth of anv decav product radio· 
nuclides over the vej:y long time scales bcin,~; considered 
in the a.o;sessment calculations. Because ot' the rcl:ltivcly 
rupid timescale for important biosphere proccsscs. any 

progeny with n half-life t;rcatcr than .!S t.l v 
modeled. It is recognized that even shoncr 
may need explicit considerJtion for the b 
example. ro de<JI with proce.~scs involving 
half·life ot' 3.8 d. However. in this invcstil 
producL" with u hulf·life of lcss than !5 u 1.1 
to be in secular equilibrium with their paren 
of the environment. Thdr rudiological cffe 
dose per unit activity ingestion I were taken 
by adding them to the thosc of their parent; 
r.~dionuclidcs include~> some not normullv c 
gc:osphc'ri:-moocrers-:-Thls 'i'Sb"C:causc: ·,geo;pJ;; 
usuallv"'lakcniccount -or fai:tor.(suCh-a,;; 
retlU'd~tion anc(_con"i:cqucni:cs . or:-cJiffcrc 
fO.!:m!!.t _S_i_ncc :my output from geosphcrc rn 
not il\'ailublc TortfiCWOFKrc:· oM.c01ierCalllli 
rc:lcv:int'7:it:t.onuchdcs fi:s to c consJ ered 
·nuchUe:. 1 !''T. ·~c. and ·'7Np have bCcili(ti!f 
radionuclidcs of interest in previous safety ; 
:-o prior to undcnakint: :my dose calculutio 
tion concerning a numbt:r of t:lcment•de~ 
sphere parnmcter values fo1· the~;c three r: 
were reviewed. For thc:~c three. and other r, 
of interest. site-specific daw for Yucca Mo 
used where sut'licicnt information was avai 
wise data were .o;c:Jecrcd from published da1 
and thb selection wa!> based on a "cautious" 
philosophy approach (Smith ct al. 1996). 

RESUL 'l'S 

The sUJrtin!! point for the calcul<Jtions w;J 

of e:~ch rac.Jionuclic.Jc from thc contaminated ~ 
into the well. Table .J. prescnL.; the t1ux co dos~ 
factor!S\· v- 1/mol v- 1 released in well wale 
pathways ·and tb) • thL: drinking wmcr on 
calculated usinb the mathematical model set t 
AMBER software application. Results rcpre: 
nual indh-·idu.al t!!'fcctivc t1ux to t.lo~e convcr 
for avc:ro~ge members of thc hypolhctical cxpc 
tn a full safety U.'\!iessmcnt the predictions l'or 
10 the well would be derived by gcosphcr 
using a separntc groundwater conwminrui 
code. 

Table S provides information for each r 
concerning the top three exposure pathwa 
percentage contribution from each pathw:ay 
dol'le conversion factor together with the c 
from the drinl;ing water only ptHhway. From t 
can be seen that the drink.ins w:1ter pathway is 
to give highest do~cs to members of lhc ~ 
e~posure group. f-'or fourteen different r.1dior 
highest t1ux to dose conversion IJctors ari:-.e 
W:S:-"S knding to ingestion of variou~ crops (c 
rndionuclidc:sJ and animal products (Si.'( of tl 
elides). For eleven of the r=~dionuclidcs in 
contaminated dust is Jhc mo~l important c.'(pc 
For one rndionuclide. "4 Nb. the most impona1 
mode is t:xtemal irr:Ji.liiltion. When a wiuc 
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Table ~. Do..e convel'!lion !'actol'!l for unit nu:( to the well. 
l'luA 10 uu..e convcr..ion l'~clor rSv y- 1/mol y~') 

"'Se 
,,.Sb 

'"'"rc 

·~ mcs 
:uTb 
="'Po 
~"1{.;. 

l~·~Q 

::l"Ac; 
!l"Th 
::o, 
l.~ 
:~,, 

mpa 
l'lpll 

!UU 

twu 
n'u 
l"'U 
:••u 
""'Np 
.l."'Pu 
~ .. 'Pu 
:"~Pu 
1"·'Am 

Fuctor for 
uJI palhwuy~ 

1.7 X 101 

),;1 X 101 

:.7 )( 10-J 
r.~ x ro·~ 
1.:1 x ro-1 

J,O X 10"' 
!9 X 10" 
7,3 X to-1 

)(,0 X 10" 
9.7 x I!T 
LJ >< 10' 
1.1 X ((}' 

JA x raJ 
:.1 x ro~• 
~.1 X toJ 
:.1 X 10' 
!.9 X 100 
9.J x ro·• 
3.:: X 11),.. 
3.!1 x to·• 
:.K-.: ro-' 
7,4 X 10~ 1 

4,0 X 101 

l.!i X loJ 
.D X tO" 
uxw 

F~c1or ror dnnk!ng 
w~ter only palltwuy 

1.-1 x w·l 
::.:~ x rn-• 
'J,o-..: ro·• 
:.t x ro·• 
:.6 x ro-• 
.:.6 X 10" 
4,0 X 10' 
fo,'l X 101 

l,b X tO" 
1.6 X 10" 
:.6 X !0" 
b.6X 101 

u; x ro-• 
:.IS X 10-~ 
fo,M X tO" 
~.~X 101 

<J.!! x ro·l 
M X to•l 
::.ox to·~ 
~.'~ x to~• 
l.: x 1o•ft 
t.ttx ro·: 
J.1 X 10'' 
1.:: X 101 

1.9 x ro·• 
K.: X 10" 

• The conrnbuuon to do'>C frorn the in•growth or proj:eny '" the bio,phe~ 
I~ included in !he f:!CIIlf given for IJle 1!:irenl. 

migration pathw<~ys and exposure modes is wen i~to 
account. the most important rodionuclides. ~c and 1

"
9L 

give toG~l dose conversion factors of :.bout one or two 
orders of magnitude higher than those: arising from direct 
consumption of the grounc!wnter. For ::l'Np. the llux to 
total dose conversion factor in proportion to tbc drinking 
water dose factor can be hjghc:r (!'ee Table 4). These 
findings arc in line with other biosphere assessments that 
have been undertaken (see for example Watkins :~nd 
W:ttcrs 199~: BIOMOVS lll996b). 

ft is important to note. however, that the signilicance 
of the re.'iult~ irom these biosphere calculations c:m only 
be judged in combination with results from geospherc 
modeling intel'!'retcd in the context of the overall pert'or· 
m.1nc:e a.o;sessment. However, the illustrntivc resulto; can 
be used to provide fcedb:.tck conccrnin!) !iignitic:mt bio­
sphere pathways and thus provide guidance on topics and 
issue:-. for iurther consider:nion. 

KEY FACTORS COr-;TRmUTING 
TO UNCERT1Ul'.'TY 

Factors which contribute to the uncertainty of results 
presented above arc related to lhe assessment context. 
FEP anulysis and conceptuul model development. dat.l 
selection for model npplication. and olhcr unccrtainliell 
which are assoc:iated with the performance assessment. 
Each of the~e is discussed briclly below. 
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lssues rchllL>d to the :•~scssm•mt context 
The illustrative results presented in Tablc:s 4 

relate only to Lhe particular assessment context 
above. The issues involved in dcvelopins an assc: 
context ure liable to ch:1n~e. especially a.'> reg1 
developmenL'I become clarified. Assumptions inC· 
tion with the hypothctic;~l exposure: groupfs) deli 
(e.g .• human habiL'i. geospher.: release area) are p 
larly diflicult. but pan.icularly imponant. [t may 1 
potential exposure group assumptions will not be 
tied within the regulations. but in :my event rcg1 
and implemenUJtion should follow a consistent ; 
ment phjJosophy. Assessment context assumptio 
the biosphere should also oe consistent with the < 
conrcxt for the safery assessment. 

F'EP :mnlysis and conceptual model dcvclopmc 
Tite FEP analysis and conceptUal model de 

ment illustr:Jted above have a.o;sumed th:lt conwr 
relca.'ic to the biosphere occurs vin a deep well 1 
into a contaminated aquifer and thut !.he water is us 
all domestic and a~cullur.al purposes. Geosphere 
cling within a safety assessment could explore rclc 
the biosphere by direct discharge of sroundwater 
surface environment in the: area to the south of Am: 
Va.llev. In this case some ~pc:ct.'i of lhe rel:uc:d FEl 
exposure pathway~ would be different although th 
list and interaction matrix methodology would s 
applic.aole. Whatever !he relense mc:ch:mism, rh' 
however. the question of how to decide when 
differentiation is :;uflicient. FEP simplific:nion or c 
sion should be undertaken according to informatior 
scopins calculations. overJll a.~scs~mcnt result.~ 
availabilitv of relevant data for models derived fro 
FEP :malysis through the rntcrnction Matrix. 

Dnt:l uvnilnbilit:y for model appli~tion 
A range of unceruintie~ is associated with 

element dependent and element independent data u 
model applications. For ~xamplc:. there arc variab 
.and uncertainties a.'isociated with use of scncric 
bolic dal:l: specific soil types: farming practices 
food/water consumption amounts. Althoush some 1 

nuclide and exposure pathway combinations arc 
supported by available dam. this is not the case wi 
combinations. Ir should be noted. however. that 
calculations are provided as indicntivc: estimates c 
pact given particular assumptions ir. order to i'r 
regulatory insight. Provided a relevant range of ir 
tivc calculations is made. uncert:linties associated 
data use can be accommodated. It is not especially t 
to spend major resources to ch:tr.~cterizc a surface 
ronment (to bcner justifv ~pecilic choice:; of param 
when that environment will be subject to signi 
change betorc relca.-;es occur. 

Performance assessment uncert:llntle.' 
The rc:..;ults for the bio~phcre a.'isessmcnt were 

in EPRI's Pha:;e 3 total system performance asses~ 
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Tublt! S. Re~ults from the illustl':luvc biosphere c:~lculntion~. The tnblt! gives the top three r:.~po~urc puthways 1a1 
pcrccnwgc contribution from euch pathway to the to1411 doiiC convc~ion factor) und thu perccnw~:c cuntnbuuon fro 
drinkin): wmcr only puthw:~y. 

Tap~ C:~J.'I"'IW palhwuY' lllllll % contnbuaon 10 10011 ~ ~'01\VI!r.llllll liiClorJ Percent contnbu 
from dnnl.ang w 

R;.u.lionu~lidc: I l'lrl ::c'l-l 3(%) oni)'J'IIIhWII) 
~~sc Cow liver 11:.1 l Cow mc111 (11.7) Sheep meut rJ.$3l o.o: 
... ~b ~~ imnl from \Oil CIJK.6J Cow m1l~ (O,I'IS) Co\\- mcut ro.:ll 0.1 
'-r.: rruit (30.::) Root Yt!' ( 1'1.7) Grain 114.1!\ 5.4 
I ::<II Frun f-13.9) Orinklnll wa1cr 1 1$.~) Ora1n 113.7) IS.J 
"~c~ Cow meatll!l.7) Fntit (IJ,8) Rootve~: 110.71 :.a 
110pb Cow liver rJ::.9t 

. 
Chicken liver 1~4.3) Fru1t r::o.-11 !!.(1 

=•Opo Chlclo;en liver 1 ;14.3) Fnuc 13::.::1 Orinlcinj! water IIJ,b) 13.6 !.:"'ru Chi.:ken liver 1-I::.J 1 Cow liver (::!GJ) Rou1 veg tS.!!Jl 0.9 
UIRa Fruil t-17.31 Onn.k.mg .wau~r r:O..tl Root vcg 1 IO.Kl :o.o~ 
:rr,\c Fruu r4J.:l Drinlcing water ((6.K} 
~~ 

Cow liver rl:.9l 16.X 
Fruit 1-IQ.~) Drinkln~: water r:0.$1 Root veg !11,7) ::0 . .5 

ll',.h lnhalauon o( dUJt I ~6.11 Fruu n,,4J Cow liver IH.I~) !'t.l 
l.ll, Chid.cn li\cr t-10.!11 Cow liver t:.5.3i lnlla!.uion of duM t':'.IX> Q,J :.•r;n lnhalauon of du~t 1-10, I l rruniii.IJ Root vc~: !I 0.5) :A 
!.llpD ln~.alulion of dU51 (SJ.ti) Root veJ:.(I:..S) Fruit CID.II J.J 
!33pa !=ruu 1~3.::!1 DrinklnJ: water (~0.71 Root veg 111.91 :o.7 mu lnhalauon o( du~f tb:.O) !=ruit IIJ.I) Cow liYer II'J,I6t 4,9 
!J~u lnhalauon or du~t t:\l.9) Chi~kc:n llver(l7.7) Fruu 117.~) 0.4 
:Hu lnhJlOIIion of du•t rJ:.I\ Frull r:O.OI Root veg I 10.9) r..:! 
:.J"U Fruu (-13.::1 Inhalation of du" (11!.7) Drinking wnrer 117,01 17.0 mu lnh~lauon o( du11 rJJ,9) Fruit r:9.3J OrinkingiYater tll.6l ll.fl 
:.J':-.;p Fruit 1~.61 Drinkln~: water (;:I. I) Root Yell (I ::.J l ::1.1 
ll~f'u !nhaluuon or dustt57.::1 Fruitll7j) 
l"'i'u Inhalation or 1lU1I t.5:l.$ l Fruit r.o.n 
:.:ru lnrulfatton of dus• 176.$1 Fruit !9.391 
:•.•,\m lnholation of du51 t5H.Ql Fruit 1 14.3) 

(J<~sslcr et al. 1996). From the over:t11 resultS of the 
TSPA. it can be seen that some of the above uncertainties 
associated with the biosphere c:U~ulations. such as poor 
quality data for a p:micular radionuclidc. may be modi· 
tied when put in the context of the overJll assessment. 
which may show that the r:Jdionuclide i:; not so important 
as others. A key observation l)f m:my pcrfonnuncc 
assessments is that onlv :1 relativelv limited number of 
raclionuclicles contribute significamiy to the total annual 
individu61l dose r:llc both ::t the rime of peak do:;c and at 
other time~. 

The TSPA results :1lso showed that the period of 
peak rele:Jse rare is long comp:u"ed with the time taken for 
dose r:Jtes to peak. ;;tven the :l.'isumption of u continuous 
constant rcle:lSe to the biosphere. This ha.o; importmt 
~mplications for biosphere mor.leling. potentially reduc­
mg the need to model some tr:ulsients. 

Taking :11:count ot' pi.ithways other than the drinking 
water pathway does :Jdd signifie:lntly to dose r:lle esti· 
m.:~tes. und additlona.lly the relntive signilicancc of indi­
vidual rndionuclides is changed. However. it is consis· 
tently shown th:Jt rodionuc:lides th<tt are poorly sorbed in 
the geosphc:rc and those which :u"e long-lived continue to 
domin01tc individual dose rates. 

Undc:rmkins biosphere assessment.~ for a.ltcm:~tive. 
but potentially relevant. :J..o;sessmcnt contexts and rclc:;l.'ic 
mc:ch.:misms c:tn be used to help identify mdiologically 
important rodionuclides. and pathways so r.hat research 
ar:d data collation effort.'i can be· focused and thus prevent 
wasrc ot' resources. 

Cow liver tK.91) b.H 
Cow llver 18.1!4) 7,!1 
Cow liver tS.IUJ J.7 
Cow liver r9,89J !1.5 

DISCUSSIO:"i Al\'0 CO:"iCLUSI 

A prnctical biosphere modeling mc:th 
application to the potential Yucca Mountair 
repository ha.o; been described. tested. and do 
set'i out how u biosphere model c<tn be devcl 
assessment of ilnnual individunJ uoscs to 
hypothctic<~l r.::<posure groups !'rom potentia 
the biosphere of r.tdionuclidcs from a pro1 
repository at Yucca Mount:~in via cont<ln 
water. Other release mechanisms and cnu1 
readily be accommodated using the same: me 
approach to take uccount of different infon 
other p:t.ns of the perfonnance asscssn 
chllJlges to regulatory requirement.;. The r 
(Fig. 1) provides a structured protocol for n 
opment given information on the assessment 
a knowledge of the biosphere system in t.J 
repository location. It a.lso provides a trnceal 
the assumptions mndc particulnrly in rc!:uic 
behavior and cnvironmentll change~ and 
impnct on rJdionuclide migr.ttion llJld potent 
exposure. The fnter:Jction Matrix approac 
shown to be able to capture all of the potcnti; 
FEPs for Yucc:J Mountnin. This is import!u: 
dcmon:matc:; that idcntilicaLion ol' all rclcva 
be accomplished in a manner that makes 
more c:~.o;ily undcrs~ndnblc to the modeler. tl 
and the public. Notnbly. the appro:Jch uses as 
an independently developed ''FEP List." t\ n 
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documented argument i1> required to justifv how each 
FEP i:> included in the model or whv h has been 
exc.l~ded. The rncthod.otogy is flexible c:~ough to allow 
rev1s1ons to assumpt10n;s, parameters. and par.unc:ter 
v:llues. and hence both the conceptual and the rnathc:mat· 
ie<ll models. if re:;ul:uory criteria. available input infor­
mation. and site·spccitic data change or if new FEPs arc 
:.~ddcd to the list. 

The conceptual model developed for EPRl encom· 
pas~ed a v:1ricty of expo:;urc: pathwavs. t\ number of 
different exposure pathways and r:Jdionuclidcs contrib­
uted to the: torul flux to do!;e conversion factor. This 
causes a dilemma in conducting dose :JssessmcnL'i for 
compliance purposes because the precise nature of hu­
man habiLc; givins rise: to exposures in the far future: is 
unknown. Similarly. assum?tions about future human 
habits affecting food consumption and e:~temal exposure 
will always appear arbitrary and yet will affect the dose 
asses!>ment. Since it is impossible to predicr the future: 
reliably in this contexr. the calculations of dose to 
mc:m.bers of a hypothetical exposure: group can only ever 
prov1de an illustration of the !eve: I of future impacL'i. It is 
recommended that the regulator should spc:cifv a range of 
potentially reievant illustr:Jtive human habit ch:tr:~cteris· 
tics in advance of any compliance assessment. Which 
char:~cteristic is critical can only be determined in the 
light of the safety a.c;sessmcnt. and so. r:Jlher th;:m refer to 
hypothetical critical groups. these alternatives could be 
better called hypothetical or potential exposure group(s). 
In the calculations reported here. cautiou~. bur. not ovc:rlv 
pessimistic. p;~rametcr values were used so th;~t it i's 
unlikely th:Jt other asscl>sment come:m or plausible 
exposure pathways would result in significantly higher 
flu;o:. to dose conversion factor estimate!> within the 
chosen assessment c:onrexr. 

The systematic steps used to develop the I.ntcraction 
Matrix result in the documentation or how C:lCh FEP 
from an independent lisr has been included and if 
excluded the rea.o;ons why. In this way. the methodology 
forces the treatment of issues raised indcpendentlv of the 
group Q~Tying out the: assessment. The matrix comains 
all the impormnc- component.~ of the: svstem and the 
internctions between them th:~t are rele.,.ant to radionu­
clidc: rrugrntion and the as:;oci:lled exposure pathw:~vs. 
The aevelopmcnt of lhc lntcr:Jction Matrix thu~t pcnnits a 
conceprua.l ~odc:l. to be defined by following the puth­
ways of r:Jd11:muchde movement. ln tum. the: conceptual 
model description makes it COL'iier to understand how the 
"FEP List" has been implemented, and it can be used 
to verify th&~r all <~pproprinte FEPs have been included. 
This means that the independent observer can see how 
particular FEPs have been trt.uted in the perfonnancc 
assessment. 

In the srudy undcrtJken for EPRl. annuul individual 
11u:< to dose conversion f:~ctors for aver:Jgc members of a 
hypothetical exposure group using contaminated ab· 
str:Jcted groundwater have· been presented for 26 radio· 
nuclides assuming unit relca.o;e r.Jtc in ~1e water to the 
deep well. RcsulLo; took into uccount the in-growth of 
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mdioactive progeny following release: into the bios 
Re~ulL'i have been presented for the sum over all 
sure pathway:; and for the drinking water pathwav 
Th~ contributions of key pathw::~ys were also ider 
It is interesting that the drinking water pathwav cc 
UteS less than l 0% tO the nux tO total dose conv 
fnctor for most of the: radionuclides considered and 
does not dominate potential exposures. Bearing ifl 
tl1at the: long-v:nn dose estim:~tes should only be c 
c:red as indicators of the potential impact. the rar 
calculated doses could be considered acceptable &:il 
other possible sources of uncermimy for the c 
perfonnance a..;sessment. It is also important to rc:cc 
th:Jt result-; from biosphere: calculations cannot be j 
in isolation since output from both £Cosphere ant 
sphere modeling must be evaluated in the context 
overall performance assessment. 

Recommended improvements for future a 
mcnto; relate to the need for addition>~! inform:~ti 
better define the assessment context or models. C 
cation and spcciticaLion of regulatory rcquiremen 
needed. particularly regarding what is to be :t<;St 
how to assess it. and how to define the potential cxF 
groups. Proi.!J'ess could also be made through itc 
with the other part.'i of the safety as~essment 
(Kessler et al. 1996). Rc·examin:Jtion of FEP.s, r 
developments. and daUl acquisition should not bed< 
isolation. Focusing on the key radionuclides such :1 
and "'7c would allow better use of rc~ourccs for r 
development and data gathering. 

lf U.S. Environmental Protection Agency and 
regulation developments result in the setting of lim 
he:.~Jlh risk or dose r:aes. then the biosphere p:m c 
perfonnancc: a.'isessment will be very important. A 
sistc:nt asselisment philosophy will be: required. 11 
also be: important to reduce ovcr:lll unceruinties. 
can be achieved by working co-vpcmtively and 
tranl\purcnt manner. Participa.tion in international 
grams will abo help through the sharing of ide: 
COmmOn problemS re.g., the JAEA CO•Ordinated rC:SI 
study. BIOMASS ((AEA 1996)]. !h.~ .. C?..!lle.£.~i~c is.J 
:1 robust ~afety a...:scssment acce.,e~able to all inter 
panles-reguTai.or~nut:is!:t)•. and ilie gencrn'f1:lUb1i', 
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