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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,* G. M. Smith.*

Abstract—Recent developments in performance standords for’
proposed high level radiouctive waste disposa) at Yuces Mouns.
taln suggest that health risk or dose rate Nmits will likely be
purt of future standards. Approaches to the development of
binsphere modeling and dose assessments for Yucea Mountain
have been relatively Incking in previous performance ussexse
ments due to the absence of such u requirement. This. paper
describes a practical methodoloyy used ta develop u biosphere
model approprinte for calculating doses from use of well water
by hypothetical individuals due to discharges of contaminated
groundwaler into u decp well. The blosphere model method-
ology, developed In purallel with the BIOMOVS. 11 interna-
tional study,.nllows 3 transporent recording of the decisions a1
each step, from the specification of the hlosphere ussessment -
context through to model. development and analvsis of results,
CA.list of features, events, and processes relevant to Yucea
| Mountain was recorded and’an interaction matrix developed
[_to help identify relationships hetween them. Special consider. -
atlon was given to critical/potential exposure ygroup ixsues und
upproachey, The conceptual model of the hiosphere system was+y
then developed. based on the Interaction matrix, (o show how l
radionuclides. migrate und accumulate in the biosphere media |
und result In potential exposure pathways, A mathematical dose
assewment model was specified using the Nexible AMBER soft-
wire application, which nllows. users to construct their own
compartment models. The starting point for the biosphere
Galculations was a unit flux of cach radlonuclide from the
groundwiater in the peosphere into the drinking water in the .
7~well, For cach of the 26 radionuclides considered. the mostT)
. _Signiflcant exposure pathways for hypothetical individuals Y
) “were identified.” For 14 of the radionuclides. the primary;
T exposure pathways were identified ns consumption of vurious™
crops and animal products following assumed agricultural use
of the contaminated water derived from the deep well, fnhu- -
lation of cust 111 radlonuclides) and externn) irradiation (1
radipnuclide) were nlso Identified us significant exposure
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modes. Contribution to the tetal flux 10 dose conve
from the drinking water pathway for euch radior
alvo ussessed and for most radlonuctides was foun
than 10% of the total flux to dose conversion fuct
ucross all pathways, Some of the uncertabnties rel
results were consldered. The biosphere modeling ¢
been applied within'un EPRI Total Systems P
Assessment of Yucea Mountain, Conclusions ind
dations for future performance assessments urce pr
Health Phys, 76(4):355-367; 1999

Key words: contaminutlon, envirenimental; ground
analysis; dose equivalent

INTRODUCTION

In mie United States of America (U.S.). o
reasons for the arising of high level radioact
(HLW) is the generation of clectricity through
ation of nuclear power plants. Ultimately, there
for a Jong-term disposal solution for spent
investigations are underway to assess the sa
potential location for a deep geological repo
HLW at Yucea Mountain, Nevada. Although
Department of Energy (DOE) is responsibli
disposal of spent fuel. the generators of the v
clectric utilitics) need to be sure that ther
technical issues that would make the Yucca |
site unsuitable {rom public safety and envit
protection perspectives. For this reason Electr
Research Institute (EPRI) undertakes rescarch
appropriate computer codes and modeling calcu
make safety assessments of’ the total repositor
{called 1otal system performance asscssments, 0
of the candidate site (Kessler ot af. 1996).
Recent legal. congressionil, und regulatory
ments within the U.S.. including publication of t
mendations by the Committee on the Technical
Yucea Mountain Standards of the Nationa Ac:
Sciences (NAS), suggest that the surface environ
biosphere) at Yucea Mountain_should be give
considsration in'satety assessments (NAS [995), s
which has not been fully undertaken in the past ¢
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absence of such « requirement, This paper describes work
undertaken by QuanuSci an behalf of EPR! in applyving a
methodology to illustrate how impacts tfrom radionuclide
releases to the surface environment might be used in a
performance assessment. The study did not include ground-
water nixdeling since it was only concerned with examining
the radionuclide pathways leading to human exposure
following the release of contuminated groundwater into the
surface environment through abstraction of water from a
well sunk into a contaminated aquifer. Fuller details cin be
found in Smith et al. (1996). The EPRI studv has drawn
upon biosphere modeling developments that have been
undertaken in many pasts of the world, especially Europe,
and in particular on the work of the Reference Biospheres
Working Group within the second phase of an international
cooperative study called BIOMOVS T (Biosphere Model
Validation Study) (BIOMOVS I 1996a),

Safety assessments for proposed radioaclive waste
repositories undergo extensive technical and public ex-

-amination. For this reason, it is important to have a'

clearly specified, justified, and traceable account of the !

upprouch taken and methods used for developing a

biosphere model for dose calculations, To address this,”

the EPRI biosphere study consisted of the following
tasks:
" o development of a list of potential features, events”
. and processes (FEPs) which could contribute tor
t* the transport and behavior of radionuclides in the:
biosphere and use of an [nteraction Matrix, to help
documert the relationships between these FEPs.,
specifically for Yueea Mountain: -4
e specification of an uppropriate conceptual and
mathematical mode! of the Yucca Mountain bios
sphere based on an assumed context for a safety

. assessment for the site;

- ® 3 review of data for a wide range of processes

related to radionuclide behavior in the biosphere.

with special reference to radionuclides of iodinc,
ncptunium, and technetium;

@ 2 brief revicw of issues related to the detinition of
those groups of people for whom dose caleula-
tions are carried out (called critical groups or
potential exposure groups):

® dose calculations carried out using z software
L-application called AMBER (Brice 1996); and

's consideration of some key factors that contribute
'1o_t0 uncertainties in the results,

This work resulted in the development and testing of a
practical methodology for the biosphere modeling part of
the Yucea Mountain TSPA carried out by EPRI, The
biosphere work was undertaken in parallel with the
development of the generic BIOMOVS {1 Relerence
Biospheres methodology (BIQMOVS 11 {996),
The biosphere methodology upplied to Yucca
Mountain (illustrated in Fig, 1) requires the following:
e 1 description of the context for the assessment;
e the use of an independently produced and a
specific FEP list together with an Interaction
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Fig. 1. Adaptation of the reference biosphere methodology t
Yucca Mountain TSPA,

Matrix to help with the specification of the ¢
ceptual and mathematical models;

e identification of the potentially exposed group
people for whom doses are calculuted:

e calculation of results and analysis of the impl
tions of the dose calculations; and

e recognition of the uncertainties involved,

Each of these topies is summarized bejow, but o
stages it should be recognized that to develop and jus
an adequate biosphere model may require more than
iteration of some of the vurious steps shown in Fig, 1.
example, new data or information may be made avaik
for the ussessment at any stage, This will need intery
tation and application within the assessment, resultin;
additional consideration of the treatment of the rek;
FEPs and possibly in a revised model and feedback |
the overall safety assessment. This paper discusses -
complete iteration of the biosphere merhodology
demonstrate its practicability and adequacy.

ASSESSMENT CONTEXT FOR
YUCCA MOUNTAIN

Before any calculations are undertaken in o pert
mance assessment it is important 10 know the purp
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and scope of the work which is to be carried out and (o
document this information together with any assump-
tions made, This process is summed up by the phrase
“assessment context,” The assessment cOnlExt answers
three Tundamental questions about the performance ase
sessment, namely: what is one trying (o assess? why is it
being assessed? and what degree of conservatism should
be adopted? In quantitative terms the assessment context
should answer questions about what has to be caleulated
and why. In qualitative terms, the assessment context
should specifv the “assessment philosophy™ that governs
the level of conservatism (where appropriate) to be used
in the development of conceptual models and selection of
parameter values, For example, if the assessment is 10 be
performed to demonstrate compliance with regulations,
then the assessment philosophy should match the philos-
ophy used to develop the regulations, A formal statement
concerning the overarching context of an assessment has
often been lacking in the past, resulting in confusion, lor
example. about the precise nature of' the quantitics to be
calculated and in incoherent approaches to dealing with
uncertintics. An assessment context should be estabs

lished for cach part of a safety assessment—for the :

near-ficld. geosphere, and biosphere. For a full perfors”
mance assessment, it would be important to ensure that
the overall assessment context is consistent for all these
various parts, For the biosphere, the assessment context
would ideally provide statements and information about
the purpose and endpoints of the assessment: the repose
ilory system; site context: source terms: the inlerface
between the geosphere and biosghere: time-frames for
which calculations should be made: and assumptions
about the future human society that might be living at the
time of radionuclide discharge into the environment, For
each component of the assessment context there could be
a number of different purposes or associated information
(see Tuble 1), Work on these alternative assessment
context componants is currently being carried out within
the International Atomic Energy Agency (IAEA) co-
ordinated research project called BIOMASS (BIOsphere
Modeling ASSessment Methods) (IAEA 1997,

Setting the biosphere assessment context is espe-
cially important in the case of Yucea Mountain given the
likely future requirement 1o caleulate dose and human
health impacts more explicitly, In order to illustrate the
biosphere assessment methodology developed for EPRI,
arelatively simple assessment context was assumed. Five
important components were included in the assessment
context information and. for the purpose of this exercise,
were defined as follows:

[, sssessment Purpose: demonstration of compliance
with regulatory requirements concerning human radio-
logical protecuon for the pot-closure phase of a poten-
tial Yucca Mountain HLAV repository, Assessment phi-
losophy generally “cautious™ | lor a general discussion of
what is meant by ‘cautious’ sce BIOMOVS. [T (1996a)];

2. Radiological Endpoints: indicative estimates of an-
nual individual cffective dosc to members of the
hypothetical exposure group 10 show doses are less

Table L. Altermative components of an Assessment €
(IAEA 1997,

Component Altermanves

Assesnient purpose und

Assessenent end-paintl s

Repository systert

Site conteat

Source term and
geosphere-osphere

Demonstrate regulatary compl
regulatory development

Guide sie selection

System opumization

Coninbute to public confidenc

Contnbute to contidence of po
und senittsty

Guide research priontics

Prout ot concept

Philosophy: range from “cautic
"equutable” (BIOMOVS I 1

lodividual dase/tiak

Collective dose/riak

Doses to non-human hiota

Modifications 1o the radiation ¢

Fluxes inte or through pans of
hiosphere

Estimates of uncertainties or ¢o

Depth

Host medium

Wuste type

Biosphere location te.g.. mlund

Topography (e.4., mountnn, v

Climae

Spattal domain

Discharge nto surface water bo
deeper and upper sediments

plosophy

itertace Discharge into sinl zone
Well dnlled into near surface s
Groundwater, gaseous any eroni
Timeframes Factors: instituttonal control per

Socictal assumpnions

environment changes: geoloy
changes: radionuchide halfshiv

Current or future human behavi
expimtation

et

v

than a regulutory standard based on risk, b
lincar dose-risk relationship, The details of
to be caleulated have a strong influence on w
be included in the model. while judgements
level of detail and treatment of uncertai
affected by why the assessment is being m
GeospheresBinsphere Interface: assumed o1
cur in groundwater from a deep well sunh
aquifer within the assumed plume of radion
Soctetal Assumptions: technologically deve
order to sink the deep well: the wel] wier us
domestic (consumption. bathing) and ag
(crop irrigation and livestock waltering) n
foods consumed by the hypothetical expost
produced locully using current farming prac!
Climate: warm and dry, as at present, i.¢.. n¢
or environmental change considered,

Three components of an assessment context
Table 1 that were not explicitly speeitied in
study arc repository system. site context, a
frames, The repository system was taken to be |
repository proposed 1or Yucea Mounwin and
context {which includes climate assumptions
(1997 was wken (0 be the ecosvstems an
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behavior currently found in the Amargosa Valley, Con-
cering time-frames, no limittion or cut-off time was
adopted, as suggested in NAS (1995), Timescales for
dose impacts depend primarily on the timing of the
refcases from the geosphere, which are assessed by
geosphere modelers, and not significantly on biosphere
conceptual mode} assumptions,

BIOSPHERE FEP LIST AND INTERACTION
MATRIX FOR YUCCA MOUNTAIN

A problem that frequently faces biosphere modelers
is how 1o justify what is included and what is excluded in
the model, [n the methodology that has been deveioped.

there are two usctul tools which can be used. The firstis ™/

‘to produce a list of all the various features. events. and

processes (FEPS) that could be included in 3 conceptaal

undersTanding of Ui biosphere svsiem being considercd.
. The™Second™is 2 meth
various processes interact with one another and, if
radionuclides are present, how they are wansported
within the sysiem. :

Biosphere “FEP List" s :

The use of a list of FEPs is an essential stating point
in the process ofappropriate mode! developmeny. A FEP.
list is a procedure for subdividing a complex analvsis of
the” bissphere—mto—Smuler Components thal_are_fore
casily managed, bothi conceptually _and _analytically.
Onice'ihe Tundamentul duslding blocks of the analysis are
chosen, they are organized by determining and quantify-
ing the relationships between them. Establishing the
structure of the components and their inter-relationships
makes subsequent steps in developing 4 model casier and
provides confidence that the analysis is substantially
complete since reasons for FEP inclusions and omissions
arc traccably and transparently recorded and this there-
fore has technical, managerial. and quality assurance
benefits,

There are many uncertamntes associated with the
long-term cvolution of the biosphere and. in panicular,

. the unknown and unpredictable influences of future
human actions. Since these cannot be predicted, various
assumptions must be made. The imponant point is 10
document the assumptions and to adopt a conistent and
logical approach to the process of model building, It is
very usetful to begin with a pre-cxisting independent [ist
of potentally relevamt FEPs since this assists with
auditing and checking for completeness. It also provides
a degree of independence in terms of .what has been
included in the safery assessment. That is. if the list of
potentially relevant FEPs has been drawn up indepen-
dently and treatment of cach FEP has to be documented.
then the safety assessment is forced to address all the
issues, cither by dealing with them explicitly, or by
showing why they are omitted. The “FEP List” used as a
starting point in the work reported here was the one
developed betore completion of the BIOMOVS 1 project
(BIOMOVS 11 1994), [This intcrnational FEP list was
revised in 1996, after the completion of the EPRI work

of conceptualizing how the

!
)
/
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(BIOMOVS 11 1996a1.) Each FEP in the list was
viewed, in the light of the assessment context and wh
known about the general Yucea Mountain biesphere.
decision for ity inclusion or omission was recorded,

important that the FEP list is reviewed again ut a |
stage in the development of the conceptual model so
decisions made about the inclusion or exclusion of
FEPs cun be changed in the light of experience or
intormation. The full {ist of FEPs sclected for the Yt
Mountain assessment context outlined above, with

sons, is given in Smith et al, (1996). It is an impor
point that future changes in the assessment contex,
as changed regulatory requirements, may result in m
changes in the appropriate treatment of FEPs, but
methodology would still be relevant.

Interaction matrix

A usetul tool to help with conceptual model de
opment and JUSUTIGATION 15 an Thicraction matex.
procedure-wus onginallv developed in_the_contex)
Tock cngineering svsiems (Hudson 1992 Fne ot
1994), The methodology starts with a top down appro
to dividing the sysicm under consideration into_con:
uent parts By clearly ideniifvingthe felafiohship bewy
the features. events. dnd processes present in the svst
ThisTan™be done withoul diféet rélercnci o theI
List" generated carlier. since, at later stages in
methodology. the matrix and the “FEP List” contents
audited against each other, The main components of
system arc identificd and listed in the leading diage
clements (LDEs) or segments of the matnx. In
example Interaction Mutrix developed specifically
Yucca Mountain ail the LDEs are main “Features™ of
system. The interactions between the LDEs are t
noted in the off-diagonal elements (ODEs). Thesc in
actions between “Features™ are generally “Processes’
the Yucca Mountain example. Fig, 2 illustrates
procedure with a 2 X 2 matrix and also demonstrates
clockwise convention for recording interaction/influc
direction, The greater the number of LDEs in the mat
the greater the number of intcractions (processes) !
can be clearly identified in the ODEs, More than one F
can be included within any particular element of
matrix (LDE or ODE), and a FEP can appear in m
than one clement, For example, crosion is a potenti
importunt process relevant to more than one ODE in
action, Of course, cach reference is to crosion it
separate part of the system being modeled. When ¢
sidering the interactions it is important to ensure that 1)
are direct interactions and to identify which elemen
the cause and what is the effect, More than two eleme
in the matrix can be involved in describing 2 sin
process. A connccted chain of interactions through
matrix is called 4 pathway. Thus, in o properly ¢
structed Interaction Matrix all relevant FEPs and tF
interrelationships are identified,

Interaction matrices are useful not just lor
biosphere system description, but they cun be develoy
for other components of a safety assessment as well
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Compoanent Influence
A ofAonB
1.1 1,2
Influence Component
of BenA B
2,1 2.2

Fig, 2, llluswation of a 2 > 2 interaction matrix.

care is taken to ensure that the output of one part of the
assessment is consistent with the input for the next part,
then the matrices can be joined together to produce an

overall marrix of the whole system, More or less LDEs

can be used, or the system can be subedivided and an
interaction matrix developed for cach sub-division, The
limit of thirteen matrix elements suggested by Bl-
OMOVS 17 (BIOMOVS.11 1995, 1996a) for any one part
of the system or performance assessment is a guideline to

make representation casicr ratherthan 2 restriction on the.

complexity of the problems. that can be represented by
the procedure,

The next stage in the methodology is to check that-
all the FEPs in the “FEP List” are included somewhere in

the [nteraction Matrix. then to record the reason why
those that have been omired are excluded. A final step in

the development of the [nteraction Matrix is to rccord

which FEPs are included in-cach Matrix element. This
may result in identification of some additionul FEPs that
¢an be added and defined in the second iteration of the
list, The final result is an [nteraction Matrix incorporat-
ing all the FEPs to be included in the conceptual
biosphere model and the interactions between them, plus.

a (ull list of FEPs with documentation showing where’

¢edch one has been included in the [nteraction Matrix, or
why it has been omitted. This process of independently
developing a “FEP List™ and an Interaction Matrix, then

checking onc against the other, provides added assurance-
that al} relevant FEPs will be included in the conceptual

biosphere model. .

The Interaction Matrix developed for the Yucea
Mountain biosphere exercisc [adapted {rom BIOMOVS
0 (1996a)] is illustrated in Fig. 3. [t included |1 main

“Features” (LDEs) and a multitude of “Processes™

(ODEs). For example, LDE [1.1] represents the “Source

Term,” which is the radionuclide concentrati
aquifer, The “Variable Saturated Zone" [5.5] ex
bencuth the surface soil all the way down to the *
Sawrated Zone™ [2.2). 1t is important to point o
study was not concermed with ncar-field or
modeling. Since groundwater is considered [
geosphere, the processes which lead 10 ground
tamination were not represented or modeled.

During the second iteration of the “FEP
Interaction Matrix. it wus considered that irrigy
abstracted from the decp well would not be st
to agricuitural use since this is not current
agricultural practice in the area, This led to a s
tion of the Interaction Matrix by climinati
associated with irrigation water, as shown in |

The convention of defining ODEs to desc
nuclide migration means. that radionuclide
pathways can be traced and translated direct!
concepivil model (see the thin arrows on Fij
exposure-pathways ¢an also be defined (sec thi
on Fig. 4), For cxample, contamination in the sc
(1.1] is used for water supply [1.10] and throu
activities [10.10] is used. among other agricult
tices, for irrigating [10.6] surface soil [6.6].
clides accumulating in the surface soil are tl
ferred via uptake and rain splash [6.8) to f]
Human radiation exposure {11,117 then arises d
consumption (i.c.. by ingestion) {8.11}. Full de
ceming the definition of the LDEs and ODE
iterative process using the “FEP List” have !
vided in Smith et al. (1996).

HYPOTHETICAL EXPOSURE GROUP !

In 1995, the committee on the Technical
Yucca Mountain Standards recommended a he
based standard using a lincar, no-threshold ¢
between radiation dose and health risk (NAS
their report. the group of people for whom do:
ments should be carried out is called the eritic
The NAS committce report discussed various af
to the identification ot critical groups but di
equivocally recommend a single approach, The
is that it is not possible to predict the future ¢
with respect to biosphere conditions or human
the time of the potential radionuclide releas
biosphere, especially for long term assessment
geological disposal, All assumptions are lvpoth
the critical group cannot be identitied with ce
the way that it might be possible 1o do so for pr
releases.

If one examines the approach to eritic
definition in other countrics with waste disposa
it can be seen that there are differences in r
guidance/eriteria, potential future biospheres. 1
locations and types, and in assessment approac
single international description of one group «
which might be exposed to future releases wou
sufficient for all safety assessments, As part of
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Fig, 3, BIOMOVS 11 reference biosphere interaction matrix modificd for the Yuces Mountain biosphere,
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Fig. 4, BIOMOVS [l reference biosphere internction matrix modified for Yucea Mountain biosphere, no surfave
body is assumed. The thin arrows refer to nuclide migration processes: the thick arrows refer to exposdre pathy

for EPRL and in parallel with the BIOMOVS Il study, a and tolerability of risk was explored (Smitt
review of various npational and internationa) spproaches . The definition ol the potential exposure gr
to potentizl exposure group definitions was undenaken used in the dose caleulations described belo!

iand the rejationship between entical/exposure group size for illustrative purposes. However, EPRI ¢
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definition and use of a range of exposure groups to explore
potentia] impucts of radionuclide releases to humans.

All the issues reluted to potential exposure groups
are being discussed in various national and international
committees and working groups and the topic is the
subject of a task group in the LAEA BIOMASS co-
ordinated research program (TAEA 1996). It is expected
that open discussion of the different approaches and
issues will result in an agreed methodology for defining
potential exposure groups for use in wastc disposal
performance assessments. '

BIOSPHERE MODEL DEVELOPMENT,
HYPOTHETICAL EXPOSURE GROUP
ASSUMPTIONS, AND ILLUSTRATIVE DOSE
CALCULATIONS FOR YUCCA MOUNTAIN

Biosphere model development

The biosphere conceptual mode! was developed
from the interaction Matrix shown in Fig, 4. Concentra-
tions of radionuclides in the atmesphere. fauna, and flora
were assumed to be i cquilibrium with the dynamically
calculated concentrations in the upper soil and in the
abstracted water, This approach is justified for two
reasons. First, the processes. affecting the concentrations
in the atmosphere. flora. and tauna are rapid compared
with those affecting concentrations in the donor media.
Second. ussuming equilibrium tends to maximize radio-
nuglide concentrations in soils, This is consistent with the
generally “cautious™ assessment philosophy used in this
example, Given these assumptions. the conceptua} mode)
can then be refined and this is shown in Fig, §. There may
be losses from the svstem from which there is no
feedbuck pathway and such lasses can be represented in
the model as a “sink.,” The final stage in model devel-
opment was the representation of the conceptual model
by a mathematical model using appropriate mathemati-
cal equations for the wansfer processes. A {lexible
software application developed by QuantiSci called AM-
BER was used (Brice 1996). AMBER can be used 10
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Fig. 5 Conceptual muodel for the Yueca Mountain biosphere
ransier pProcesses.
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build dynumic compurtmental models to represen
migration and fate of conaminants in surface and
surface environments and the user can rapidly con:
generic or case specific models and tailor them to
specific needs.

Hypothetical exposure group definition for
Yucca Mountain

It is acknowledged thut there is still uncen
concerning the selection of appropriate potentiul ¢
sure group assumptions relevant to Yucca Mour
partly because of on-going regulatory development:
also partly due to availability of all relevant site-spe
information, In the EPRI study. just one radionu
relcase mode was eonsidered, namely release 1o gro
water, 1L would be possible, however, (o consider di
ent mechanisms for release from the geosphere ur
look at the different impacts, For example, there cou
direct discharge of contaminated groundwater dir
into the surface environment. This would require
identification of a different potential exposure grot
for each type of release.

From the exposure pathways shown in Fig. 4,
for the purposes of the biosphere dose calculal
presented below, the following assumptions for
hypothetical exposure group were made (consisient
the assessment context and considered to be approp
to a cautious assessment philosophy);

= the regulatory objective is to assess average
nual individual doses to those most likely
affected in the vicinity of the repository
ageount was taken of human intrusion delibx
or inadvertent: the need to ¢onsider temporal
spatial averaging is acknowledgzed):

o radionuclide relcase to the biosphere is via
taminated groundwater supply taken from a ¢
well:

e the hypothetical exposure group belongs
farming community (consistent with u caut
assessment philosophy) with behavior patt
based on current farming practices ut Amary
Valley:

e the components of the hypothetical expo
group's dict and lifestvle allow doses receive
members of the exposure group to be sum:
across all relevant exposure pathways:

o cexposure modes are inhalation (gases, dusts, o
sols), exteroal irradiation (contaminated surfa
bulk materials, immersion) and ingestion ¢
variety of foodstuffs, as well as inadvertent in;
tion of soil (see Table 2): and

o the hypothetical exposure group consumes |
Jocal produce derived from contaminated mi
represented in the model compartments (inejuc
root and above-ground vegetables, fruits, gra
meat, liver and related animal products, n
wuter, soil),
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Tuble 2. Exposure modes and associated exposure pathways for
the potential exposure group,

External
irradiation Yrom;

inbulunon of: Ingestion of

Soil/scdiment suspended sod/sediment cow meat*

fupper s} {upper st} cow liver
Water tfrom well) cow milk*
myg meat*

sheep meat”

hicken meat

chicken liver”

grain®

mot vegetahles”

green vegetables”

fruie®

water (from well)
soil/sediment tupper soil)

 Exposwre 1s due to contamiation derved from the upper soil and wel
water compartments,

Tuble 3. Radionuctides considered in the EPRI study,

Parent Progeny
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T

IJ‘O‘

l.Hc_‘

Hopy Hay o 3y o TRy = T
U it > E'Ra M

.‘.ll-rh J:lRa = '.’.'hn‘

::'Rél ::lTh

v,
i‘“.\'p f)!Pa - iJ‘U - :."Orh
S T

m 3
4] T
:J'brh
.‘AIPU :le = ;uU = :mm - ::OR;‘ o :‘"Ph = ”"Pu
By UL D BTy SRy 2 0y S My
ey S0Th 2 4Ry Mpy 2 1y
J‘"Th ““Ru - ""Pb e :mpo
f:”Ra Sy o H0py,
::::Pb 310pyy
=Py
Iam My MY Py T
_":Pu LTI M W
2 e L N
u.U’ . ,f'ﬂ = A\¢
Pa A
Fac

Note: Cach radionustide in a decay chain 1s modeled exphicitly, unless tis
half-life is less than 25 d. o its Malfolife is less than 25 d, it 1 assumed 10
be 1n secular equilibnum with ita parent 10 all hiosphere media, The
radiofogical effect of the radionuchide is added t that of its parent.

Biosphere caleulations

In order to undertake the actual biosphere caleulas
tions, appropriate data for radionuclide dependent and
independent processes were collated. The radionuclides
considered and the associated decay chains are given in
Table 3. Twenty-six different radionuclides were mods
cled because they are all relevant to long term releuses
from high level radioactive waste repositories, Account
was taken of the ingrowth of any decay product radio-
nuclides over the very long time scales being considered
in the assessment calculations, Because of the relatively
rapid timescale for important biosphere processes. any

progeny with a half-life greater than 25 d v
modeled. 1t is recognized that even shorer
may need explicit consideration for the b
example, 1o deal with processes involving

half-life of 3.8 d. However, in this investi
products with a half-life of less than 25 d w
to be in secular equilibrium with their paren
of the environment. Their radiologica) effe
dose per unit activity ingestion) were taken
by adding them to the those of their purent:
radionuclides includes some not normally ¢
geosphere modelers. THis Ts becitse geosph
usually “takesiccount "6f factors™such us

retardation” and”consequences " of Uiffere
forms, Sincc any output from geosphere m
not availuble Tor the work réporied idre all th
relevantFadionuclides had to be considered
wuehdes . "Te, and - Np have Beer e
radionuclides of interest in previous safety
s0 prior to undertaking any dose caleulatio
tion conccming a number of clementedeg
sphere parameter values for these three r
were reviewed, For these three, and other
of interest. site-specific daw for Yucea Mo
used where sufficient information was avai
wise data were selected from published dal
and this selection was based on 3 “cautious”
philosophy approach (Smith et al. 1996),

RESULTS

The starting point for the calculations wa
of euch radionuclide from the contaminated
into the well, Tuble 4 presents the 1lux to dosc
factor tSv v~ !/mol v~ released in well wate
pathways and (b) the drinking water on
caleuluted using the mathematical model set 1
AMBER soltware application. Results repre:
nual individual etfective flux to dose conver
for average members of the hypothetical expe
In a full safety assessment the predictions for
to the well would be derived by geospher
using a separatc groundwater contaminar
code,

Tuble § provides information for each r
concerning the top three exposure pathwa
percentiage contribution from cach pathway
dose conversion facior together with the ¢
from the drinking water only pathway. From t
can be seen that the drinking water pathway is
to give highest doses 1o members of the b
exposure group. For founteen difTerent radior
highest flux 10 dose conversion factors arise
ways leading 1o ingestion of various erops (i
mdionuclides) und animal products (six of tl
clides). For cleven of the rdionuclides in
contaminated dust is the most important expe
For one racionuclide. **Nb. the most importa;
mode is external irradiation. When a wide
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Tuble d. Dose conversion factors for unit flux to the well,

Flus to Juse conversion fuctor (Sv y~'/mol y™")

Fuctor for Factor for dnnking
Radionuglide* ull pathways water only pathwiy
Se .7 % 10! 1d % 10~?
“Nb ax 28>t
Te 17« g 90 % 10
It 1 X 10™2 2110t
¢y 1.3 %1072 26 % 10
3topy, 10> 10° 26X 10
ipg 29 % 10 40% 10°
“Ma 13 % 100 6,9 % 10!
13m0 R0 x 10* Lo % 10*
Tae 9.7 x 107 1.6 x10*
et 13 X 10t 6% 100
S2%Th 1.1 =10 0o X 10
2o 34 % 107 A6 % (07!
P >0t 26 % 10°*
Nipy 5.1 % 108 6.4 < 10"
Mp, 1% 44 % 10
Wy 1.9 % jo¢ 9,5 % 10~?
Yy 9.4 x 107! 6.0 % 1073
My 22 %107 20 x 10°*
ey 3.8 > 107! 8.9 % 1074
1 28 % 107 2% 10m
ATNp T4 % 102 1.6 % 107¢
1py 4,0 x 10 X
ey 1.5 % 107 L2 % 10
Mipy 5.3 % 107 1.9 % 10™!
Mam 1.5 x 10¢ B2 x 107

* The contnbution to dosc from the inegrowth of progeny in the biosphere
1» included in the factor given for the parent.

migration pathways and exposure modes is faken into
account, the most important radionuclides. *Te and "<,
give total dose canversion factors of about one or two
orders of magnitwde higher than those arising {rom direct
consumption of the groundwater, For =Np, the Nlux to
total dose conversion factor in proportion to the drinking
water dose factor can be higher (see Table 4). These
findings are in line with other biosphere assessments that
have been undenaken (sec for example Watkins and
Waters 1994: BIOMOVS 11 1996b),

Itis important to note, however, that the significance
of the results from these biosphere calculations can only
be judged in combination with results from geosphere
modeling interpreted in the context of the overall perfor-
mance assessment, However, the illustrative results can
be used to provide feedbuck concerning significant bio-
sphere pathways and thus provide guidance on topics and
issues for further consideration.

KEY FACTORS CONTRIBUTING
TO UNCERTAINTY

Faetors which contribute to the uncertuinty of results
presented above are related to the assessment context,
FEP analysis and conceptual mode! development. data
selection for mode! application, and other uncertainties
which are associated with the performance assessment,
Each of these is discussed bricily below.
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Issues refated 1o the assessment context

The illustrative results presented in Tables 4
relate only to the particular assessment context
above, The issues invoived in developing an asse:
context are liuble to change, especially as reg
developments become clanified. Assumptions in ¢
tion with the hypothetical exposure group(s) defi
(e.g., human habits, geosphers release arcu) are p
larly difficult, but panicularly important, [t may |
potential exposure group assumptions will not be
fied within the regulations, but in any event reg
and implementation should follow a consistent :
ment philosophy, Asscssment context assumptio
the biosphere should also be consistent with the ¢
context for the safety ussessment,

FEP analysis and conceptusl model developme

The FEP analysis and conceptual model de
ment illustrated above have assumed that contar
release to the biosphere occurs via a deep well «
into u contaminated aquifer and that the water is us
! domestic and agricultural purposes. Geosphere
eling within 4 safety assessment could explore rele
the biosphere by direct discharge of groundwater
surface environment in the area to the south of Amy
Valley. In this case some aspects of the relaied FE
exposure pathways would be different although th
list and interaction matrix methodology would s
applicable. Whatever the release mechanism, the
however, the question of how to decide when
differentiation is suificient. FEP simplification or ¢
sion should be undertaken according to informatior
scoping calculations, overall assessment results
availability of relevant dats for models derived fro
FEP analysis through the [nteraction Matrix,

Data availability for model application

A range of uncertainties is ussociated with
clement dependent and element independent data u
model applications., For example, there are variab
and uncertainties associated with use of generic
bolic data: specific soil types: farming practices
food/water consumption amounts. Although some |
nuclide and exposure pathway combinations are
supported by availuble dat, this is not the case wi
combinations. It should be noted, however, that
calculations are provided as indicative estimates ¢
pact given particular assumptions it order to pr
regulatory insight. Provided a relevant range of ir
tive calculations is made, uncentainties associated
data use can be accommodated, It is not especially t
to spend major resovrces (0 characterize 4 surface
ronment (1o better justify specific choices of param
when that environment will be subject to signi
change before releases oceur,

Performance ussessment uncertainties
The results for the biosphere assessment were
in EPRI's Phuse 3 total system performance ussess
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Table 5, Results from the iflustrauve biosphere calculations, The table gives the top three exposure pathways (s
pereentirge contribution from each pathway to the total dose conversion factor) und the percentage contribution I

drinking water only pathway,

"Top three exposure pathways (ind % contnbuton 10 tot! dose conversion ictor)

Percent contnbu
from dnnking w

Radionuclide Hm (W 3 (%) only puthwa)
Mo Cow liver (72,1 Cow meat {11.7) Sheep meat (3,55 0.02
*“Nb Ext irrad from soil (98.6) Cow milk (0.65) Cow meut (0.21) 0.1
e Fruit (30.2) Root veg (177 Grain 114,58 5.4
13 Frun (43.9) Drinking water (15,3} Grain (13,1 15.2
"M'Cs Cow meat (18,7 _ Fruit (13.8) Root veg (10,7 20
#1upy Cow liver (32,94 Chicken liver (24,3) Fruit 1204 8.0
310p, Chicken liver (14.5) Frt 1322y Drinking water (13,6 13,6
2na Chicken liver (42.9) Cow liver (26.3) Root veg (5.83) 0.9
Laps Fruit (47.3) Drinking water (20.4) Root veg (10.8) 20.4
e Fruit (43,2) Drinking water (16.8) Cow liver (12.9) 16.8
3y, Fruit (49.2) Drinking water (20.5) Root veg (11.7) 20.8
13, Inhalation of dust (36.1) Fruit (13.4) Cow liver (8,13) 6.1
1oy Chichen liver (40.8) Cow liver (25,3} Inhalation of dust (7.18) 0.3
iy Inhalation of dust 140,1) Frut (11.1) Root veg {10.5) 24
Hipy Inkalution of dust (53.6) Root veg.(12.5) Fruit (10,1 13
B3py Fruit (53.2) Drinking water (20,7} Root veg (119 0.7
My Inhalanon of dust (62.0) Fruit (13.1) Cow liver (6,16) 4.9
My inhalanion of dust 129.9) Chicken liver (17.7) Frui 117.9) 6.
My Inhalation of dust (42.1) Frun (2000 Root veg (10.9) 6.2
ey Fruit (43.2) {nhalation of dust (18.7)  Drinking water (17.0) 17.0
oy Inhalation of dust 143,9) Fruit (29,3) Drinking water 111.6) 11,0
PNp Fruit (54.6) Drinking water (21.1) Root veg (12.3) 21
Wopy tnhalation of dust 1$7.2) Fruit (17.9) Cow liver 18,91) o
My Inhalation of dust 152.5) Fruit (20,1 Cow liver (8.84) 7.
Hipy Inhalutron of dust 176.5) Fruit (9,39 Cuw liver (5,10 37
BAm Inhalation of dust (58.9) Fruit (18,2 Cow liver 19,89) 5.5

(Kessler ct al. 1996), From the overall results of the
TSPA, it can be seen that some of the above uncertainties
associated with the biosphere calculations, such as poor
quality data for a particular radionuclide, may be modi-
fied when put in the context of the overal] assessment,
which may show that the radionuclide is not so important
as others. A Kkey observation of many performance
assessments is that only a relatively limited number of
radionuclides contribute significantly to the total annual
individual dose rate both at the time of peak dose and at
other times,

The TSPA results also showed that the period of
peak release rate is.long compared with the time taken for
dose rates to peak. given the assumption of 4 continuous
constant release to the biosphere. This has importunt
implications for biosphere modeling, potentially reduc-
ing the need to model some transients.

Tuking account of pathways other than the drinking
water pathway does add significantly 1o dose rate esti-
mates, and additionally the relative significance of indi-
vidual radionuclides is changed, However, it iy consise
tently shown that radionuclides that are poorly sorbed in
the geosphere and-those which are long-lived continuce to
dominate individual dosc rates,

Undertaking biosphere assessments for alternative,
but potentially relevant, assessment contexts and releise
mechanisms can be used to help identify radiologically
important radionuclides and pathways so that rescarch
ard data collation etforts can be focused and thus prevent
witste of resources.

DISCUSSTON AND CONCLUSI

A practical biosphere modeling meth
application to the potential Yueea Mountair
repository has been described, tested, and do
sets out how u biosphere model can be devel
assessment of annual individual doses to
hypothetical exposure groups fromt potentiu
the biosphere of radicnuclides from a pro,
repository at Yucca Mountain via contan
water, Other release mechanisms and end)
readily be zccommodated using the same me
appraach to take uccount of different infon
other parts of the performunce assessn
changes to regulatory requirements, The r
(Fig. 1) provides a structured protocol for n
opment given information on the assessment
a Knowledge of the biosphere system in U
repository location, It also provides a traceat
the assumptions made particularly in relatic
behavior and environmental changes and
impact on radionuclide migration and potent
exposure. The Interaction Matrix approac
shown to be able to capture all of the potenti
FEPs for Yucca Mountain, This is importar
demonstrates that identification ol all releva
be accomplished in a manner that makes
morc casily understandable to the modeler, t!
and the public. Notably, the approach uses as
an independently developed “FEP List.” A r
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documented argument is required to justifv how cach
FEP is included in the mode! or why it has been
excluded. The methodology is flexible enough to aliow
revisions (0 assumptions, parameters, and parameter
values, and hence both the conceptual and the mathemat-
ical models. if regulatory criteria, available input infor-
mation, and site-specific data change or if new FEPs are
added to the list,

The conceptuul mode! developed for EPRI encom-
passed a varicty of exposure pathways, A number of
different cxposure pathways and radionuclides contrib-
uted to the tom! flux to dose conversion factor. This
causes a dilemma in conducting dose assessments for
compliance purposes because the precise nature of hu-
man habits giving risc (0 exposures in the far future is
unknown. Similarly, assumptions about future human
habits affecting food consumption and external exposure
will always appear arbitrary and yet will affcet the dose
assessment. Since it is impossible to predict the future
reliably in this context, the calculations of dose to
members of a hypothetical exposure group can only ever
provide an illustration of the level of future impacts. It is
recommended that the regulator should specify a range of
potentially reievant illustrative human habit characteris-
tics in advance of any compliance assessment. Which
characteristic is critical can only be determined in the
light of the safety assessment. and so, rather than refer to
hypothetical criical groups, these aliernutives could be
better called hypothetical or potential cxposure group(s).
In the calculations reported here, cautious. but not overly
pessimistic, parameter values were used so that it is
unlikely that other assessment contexts or plausible
cxposure pathways would result in significantly higher
flux to dose conversion factor estimates within the
chosen assessment context,

The systematic steps used to develop the [nteraction
Matrix result in the documentation of how cach FEP
from an independent list has been included and if
excluded the reasons why. In this way, the methodology
forces the treatment of issues raised independently of the
group carrying out the ussessment. The matrix contiins
all the imporant components of the system and the
interactions between them that are relevant to radionu-
clide migration and the associated exposure pathways,
The development of the Interaction Matrix thus permits a
conceptual model to be defined by following the path-
ways of radionuclide movement. In tumn, the conceptual
model description makes it casier to understand how the
“FEP List” has been implemented, and it can be used
to verify that all appropnate FEPs have been included.
This means that the independent observer can see how
pwticular FEPs have been trested in the performance
assessment.

In the study undertaken for EPRY, annual individual
flux to dose conversion factors for average members of a
hypothetical exposure .group using contaminated ab-
stracted groundwater have: been presented for 26 radio-
nuclides assuming unit release rate in the water o the
deep well. Results took into uccount the in-growth of
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radiouctive progeny following releuse into the bios
Results have been presented for the sum over all
surc pathways and for the drinking water pathway
The conuributions of key pathways were also ider
It is interesting that the drinking water pathway o
utes less than 10% to the flux to total dose conv
factor for most of the radionuclides considered and
does not dominate potential exposures. Bearing in
that the long-12rm dose estimaies should only be ¢
cred 48 indicators of the potential impaet. the rar
calculated doses could be considered acceptable giy
other possible sources of uncertinty for the ¢
performance assessment, [tis also important to recc
that results from biosphere calculations cannot be j
in isolation since output from both geosphere am
sphere modeling must be evaluuted in the context
overall performance assessment,

Recommended improvements [or future «
ments relate to the need tor additional informati
better define the assessment context or models, C
cation und specification of regulatory requiremen
needed. particulurly regarding what is to be assi
how 1o assess it, and how to define the potential exg
groups. Progress could also be made through ite
with the other parts of the safety assessment
(Kessler et al, 1996). Re-examination of FEPs, 1
developments, and data acquisition should not be d¢
isolation, Focusing on the key radionuctides such a
and ““Tc would allow better use of resources for r
development and data gathering,

If U.S. Environmental Protection Agency and
regulation developments result in the setting of lim
health risk or dose rates, then the biosphere part ¢
performance assessment will be very important, A
sistent assessment philosophy will be required, It
also be imporant to reduce overall uncertaintics.
can be achieved by working co-operatively und
transpurent manner, Participation in international
grams will also help through the sharing of ide:
common problems [e.g., the IAEA co-ordinated res:
study, BIOMASS (LIAEA 1996)]. The ohjective is
a robust safety assessment acceptable to all inter
parties—reguldtorsndusiry. and the general publi
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