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Supplement to the July 1987 Draf t Environmental Impact Statement for
Promulgation of 6 NYCRR Part 382: Regulations for Low Level Radioactive
Waste Disposal Facilities

.

Modelling and Dose Assessment of Alternative Low-Level Radioactive
Waste Disposal Methods in New York State

ABSTRACT

This document supplement.s the subject EIS. It serves to document

the environmental pathway and dose assessment analyses in the July 1987

Department of Environmental Conservation (DEC) report entitled "Draft
Environmental Impact Statement for P4 oculgation of 6 NYCRR Part 382:

Regulations for Low-Level Radioactive Waste Disposal Facilities

(Certification of Proposed Sites and Disposal Methods)." In response I

to discussions on the July 1987 DEIS calculations, some changes have
been made in certain hydrogeological parameters and in nuclide transfer
parameters in the biosphere. The opportunity was taken to recalculate
pathway dose conversion factors, especially for carbon 14.

,

The DEC adopted 10CFR Part 61 Performance Objectives in 6 NYCRR

Part 382. The results show that the performance objective for an

effective dose equivalent of 25 millirem por year for the whole body
can be met for all designs depending upon location, and that the
performance objective for a dose equivalent of 75 nillirem per year to

,

the thyroid will be more difficult to meet. Repository design, site

characteristics, and better identification of the iodine 129 source
,

term will play significant roles in meeting that limit.

This reporc was prepared by Atomic Energy of. Cana6 ( AECL).,wQ
Acres International Corporation, under contract to and input / review by
the DEC.

. _ _ - _ _ _ _ .
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1. Introduction

The Low Level Radioactive Waste (LLRW) Management Act of 1986 defined
the activities that New York State will undertake to develop a

permanent disposal facility by 1993. As part of those activities, the

New York State Department of Environmental Conservation has promulgated
regulations (6 NYCRR Part 382) which establish minimum siting and
technology criteria for the disposal facility. A Final Environmental
Impact Statement (FEIS) entitled "Final Environmental Impact Statement
for Promulgation of 6 NYCRR Part 382: Regulations for Low Level Radio-
active Waste Disposal Facilities (Certification of Proposed Sites and
Disposal Methods)" was issued in December, 1987, which addresses this
action.

In the FEIS, various practicable LLRW disposal alternatives are

described. The alternatives are grouped into three general categories:

This concept (Figure 1)(a) Ah2yegrour engineered discosal -

involves engineered structures placed on the ground surface to

contain and isolate the wastes.
(b) Belovgroundm g naered discosal This alternative (Figure 2)-

uses both engineered features and the natural site characteristics
to contain and isolate the wastes within 100 feet (30 meters) of
the ground surface.

(c) Undercround. mined reoository This alternative (Figure 3)-

involves the use of an existing or new mined cavity at a depth

greater than 100 feet (30 meters) that is specifically engineered

to isolate and contain LLRW.
The same three alternatives vere addressed in the July 1987 Draft

Environmental I.mpact Statement (DEIS) entitled Draft Environmental

Impact Statement for Promulgation of 6 NYCRR Part 382: Regulations for
Low Level Radioactive Disposal Facilities, and the draft regulations

also promulgated in July 1987. Since there was little actual disposal

experience with any of the alternatives, it was necessary to determine
if the concepts were viable, and to examine the features of each that
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were to be regulated. These functions were achieved in part by assess-
ments of the potential doses that might be incurred by individuals
residing near hypoehetical disposal facilities based on each concept,
and located in the three physiographic provinces ih New York State
(Figure 8).

The assessments were done by a technique called modelling in which the
maj or characteristias of the concepts and the site were expressed

|
mathematically. The mathematical models were then converted into I

computer codes that allowed potential doses to individuals to be |
assessed at each of the generic sites. The method and the results of
these calculations were summarized in the Draft Environmental Impact
Statement (DEIS) entitled "Draft Environmental Impact Statement for
Promulgation of 6 NYCRR Part 382: Regulations for Low Level Radio-

active Waste Disposal Facilities (Certification of Proposed Sites and
Disposal Technologies)" which was issued in July, 1987,t

i

The major conclusions from the DEI 3 were:

of the three alternative technologies, the underground mined-

renository providad the most protection against fecure radia.
tJcn er.posure of nearby residents;
for the near-surface vaults, the predicted peak annual effec.-

| tive dose equivalents exceeded the perfc: mance obj ective in
i all but one case;

the three radionuclides contributing significant exposures-

were, in descending order, etrbon 14, iodine 129, and tech-
notium 99;

belowground vaults perfctmed slightly better than aboveground-

vaults on the same site for modelling of subsurface flow
only.

Comments on the DEIS submitted by various organizations and individuals

indicated that additional information on the assumptions, procedures
and the results was desirable. In addition, some issue was taken with
the details of the methods and the assumptions made in their use. This
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report updates and expands the assessment work in the DEIS with those<

comments in mind and, as well, provides the updated environmental path-
way analyses and dose assessments.

The major conclusians from this present report are:
the specific design of the LLRW disposal facility will have very-

significant effects on its ability to meet the performance objec-

tives;

New York State (NYS) should seek an accurate estimate of the-

radionuclide inventory to be disposed in the LLRW facility so that

the source term for the site may be more accurately projected;
NYS should carefully review LLRW disposal facility proposals to-

assure that performance objectives can be met; the review of AGVs
should consider surface contamination and airborne pathways which
were not modelled for this report;

assumptions made in conceptual modelling are critical to environ--

mental pathway analysis and dose assessment; since many of the
assumptions in this work were very conservative, an actual

facility can be expected to result in lower doses to the general

population.

This report begins by presenting some background on modelling as an
assessment technique and on the potential health effects of exposure to
ioniring radiation. Tha models, and the corresponding computer codes,
COSMOS and SYVAC, ussd in the adaessments, are described primarily in4

an Appendix. Additional discussion is providad on the options and
reasons for selecting particular assumptions, data, and scenarios. The

j numerical results of the assessments are presented both as effective
1 doses to individuals and doses to specific organs of those individuals.

The effective doses reported here again show that the best performance
is offered by the underground mined repository. However, because of

maj or reductions in the estimated doses from carbon 14 (compared to

|. those reported in the DEIS), the near surface technologies both appear
j capable of satisfying the performance objectives at a variety of sites

after detailed site and design parameters are considered. The
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radionuclide iodine-129 remains the only major contributor to committed
doses to individual organs.

This report continues with a discussion of the results and of addi-

tional factors which may be important. The final section reviews the

differences in the codes, assumptions, and parameter values used in the
DEIS and this report, and the consequent changes in the predicted

performance of the alternative technologies in the three physiographic
provinces.

,

i

|

|

1

|

|

|

|

|
|

_ - - . . .- ._ . _ - - . . - -- - . - - .
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2, Obiectives and Limitations of Modelline

Modelling is a tool for converting a physical real-life system into a

mathenatical form so that it can be studied to determine its character-

istics. If that real-life system is a proposed or existing radioactive

waste disposal facility, then an assessment model will reflect pro-

cesses occurring over an extended time period into the future and

spread over a significant areal extent. The model will provide a means

for examining the expected performance of the facility. Actual testing

of the system by measurement and monitoring is, of course, not

possible, because of the very slow rates of change. The model thus
i becomes the only method of predicting the performance and changes, but

can only accomplish that end within the bounds of our understanding of

the system and of the future conditions. Howevor, an actual LIRW

disposal facility must be constructed to applicable engineering codes
and monitored throu8 out operation and closure in order to assureh

j conformance to the performance objectives in 6 NYCRR Rart 382, to check
j the modelling results, and to enable corrective action to be taken if

f necessary.
b

f The applicatien hers of codellin5 to low level radioactive waste dis-

j posal is to generate predictions of radiation doses. These doses might
t

be received by members of a critical group of the gonaral population,;

g those receiving potentially maximum exposures, that could be exposed as

{ a re r.ul t of the presence of the disposal facility. in the current

{ caso, models a:n used to represent three disposal concepts, as hypo- -

; 7.ht tical f a c il. i ':1.v c , erch located in thras different hydrogeological
j settings which might exist in variour. parts of : lev York State. The
J models thus illustrate some of the influomes of the differences f
i i
| between concepts and locations, and identify some of the radionuclides

p

j that could be more important in determining the potential radiation
I doses. However, because they are based on generic sites and designs '

1

j that have specifications that are the least conservative yet |

{ potentially permitable under the proposed regulations, they de not

|

. <

i t

I'

i :
1 1
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|
| include specific beneficial features that are likely to be present in a

fully developed disposal facility at a carefully chosen site.

i Once the development of an actual LIRV disposal facility is undertaken,
I additional factors are likely to be included in the models that will bo
|

j used to evaluate the expected performance of specific designs in well-
| characterized set tings. The evaluations will include sensitivity

analyses to identify those design, siting and operational aspects most
I important in ensuring that the disposal facility will successfully
|

achieve safe isolation of the LIJW over the extended period of poten-
| tial hazard. The modelling will also provide a guide as to the selec-

tion of monitoring installations that can provide assurance that the

intended performance is being attained.

The limitations in the ability of modelling to fulfill the above-

| mentioned objectives arise in each of the steps towards the development
of a model. The steps in the development of a reliable model are:

the un.ierctanding of the processes and factors important-

to the functionf.ng of the real syste.n; i

the definition of the physical model that can
|

-

desetibe the characteristics of those proceases and
factors

the creation of a set of matheciatica** relationships I-

that ara equivalent in characteristics to v.ha i

physical model-
the programming of computer codes that can calcu--

late the numerical results that represent predic-

tions of future conditions in the modelled facility |
and its surroundings;
the ao sernbly of sets of data that describe the-

parameters and properties of the components of the
real system;
the verification of the reodelling results; and-

the documentation and validation of the model through use,-

publication and peer review.

_ _. _ __. ._ _ _ _ _ _ _ _ . - . _ _ - _ - _ - _ _ _ _ __ .._. . - _ _ - _ _ . _ .. _______ _
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If the real system is too complex to be represented in detail by a
single mathematical model, it may be divided into submodels that can be
applied independently to produce concise inputs to a central framework
or computer code that derives the overall results.

l
Once the whole system has been modelled by a computer code, checks
should be done to confirm that the code can reflect the performance

characteristics of the real system. The first step in obtaining this

assurance is the verification that the computer code does accurately

calculate values representing the mathematical relationships that were
created as models of the physical system. The second, and much more

difficult step, is a validation that the mathematical relationships and
the verified equivalent computer code do in fact characterize the

controlling processes and factors in the real system. An overall

validation is often not possible because of the system complexities and
the extended time periods involved. Validation might then be limited

to demonstrations that key components of the model adequc.tely reflect
the apparent behavior of the corresponding, portion cf a real system

over a limited time period or under magniff ed conditions that accel-

erate the pieceseos of char.ge.

Each of the steps in the development and application o the model andd

codes is likely to involve coping with untettair. ties and unkncvns.

Thus, assumptions at.d approxinations are introduced to allow evaluation
of (nu or more complete s c e nar i o r. , that is, continuous sets of pro-

cesses and nigration pathways connecting the radionuclide source to an
,

eventual radiation dose to an individual. These assumptions are the
bridges that allow thu gaps in knowledge of the disposal system to be

spanned And thus enable a prediction of future perforrnance to be made.

Some of the assumptions are necessary to cover areas of future events
that can be estimated but which are not knowable. These include the
amount and nature of 1.1)W that will be generated during the next

several decades, and the changes in land use and lifestyle near the

disposal site during the next several centuries. Some assumptions are

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



, . _

.

eg

24

requirc... to reduce complexities to a manageable level. For example,
the hydrogeological inhomogeneities in the site can be so detailed to

be beyond complete characterization, let alone modelling, and thus
require approximation in order to attain a result. Some assumptions

,

are needed where knowledge of natural p~ocesses is incomplete and
cannot be overcome by studies in a reasonable time period with the i

resources available. An example is the behavior of natural stable !

iodine in the environment, which is not yet fully understood. Because

of this, the modelling cf the migration of radioiodine I 129 from the
LLRW must also be somewhat uncertain.

;
,

The assumptions and approximations that are made will usually be
,

selected to be as realistic as possible, but with a bias in the direc-
tion of greater safety. Sensitivity analyses, that indicate the degree
to which a specified change in an assumption or parameter value affects
the predicted result, can be a guide as to the potential level of
uncertainty or error that may result from the assumption.

!

Uncertainties in parameter valuas may be har;dled in two ways. The most ;

<

straightforward is to use a consistent set of siny.o "best estimate" i

values in a "determiniscie" tun of the code. The siternative is to uss
a "stochastic" approach in which a range is selected (nr the values of
eacn paraseter. The p:.obable dist* tbution of values within that range. [
e.g. normal, log normal, or <uilfore is urumed. Then, a large number

'

of van of the codu a*.e ma de., for each of abich *insis patameter values !

are chosen randomly frer. cach range accordirig to the assuman distribu-
O tion. This procedure leads to a number of indiviuual results, the i

magnitude and d|.stribution of which give an opportunity to est'. mate the I

potential level of variability in the consequent doses. I

I

fIn this present report, deterministic modelling has been applied to
various 1.lJtV disposal options in a generic, rather than specific, (
mr.nne r . Interpretation of the results presented should take into !

'account the resultant limitations of this nodelling approach, Firstly,

the scenarios chosen to be evaluated were those expected, based

:

_ .---__ _-_ _ - - _- _ _ . -_ _ _ - - ____, _ _ _ _ _ _ _ _ _ - _ . ,
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I

primarily on experience, to be dominant in the potential for radiation
exposure of members of the public. Secondly, the characteristics of

the disposal facility, including those of the site, the disposal .

method, and the affected population, were selected as representing |

minimum levels of compliance with the disposal regulations. More

designs are possible, with advantageous characteristics that would
ensure lesser consequences, but their specification is most efficiently
accomplished once specific facilities are to be evaluated.

The modcls used here were intended to represent the expected perfor-

mance of several basic approaches to disposal. No estimaten were made i

of the co sequences of unanticipated conditions or low probability l

| events, su - as premature severe deterioration of the concrete struc- (
r

tures, particularly for the aboveground vault, or of seismic events

j much more severe than considered in the design.

!

! Finally, the predicted individual doses are strongly influenced by the

mean radionuclide conet.ntrations assumed to be present in the disposed

i vaste. These values were adopted from the U.S. Nuclear Regulatory f

'

Commission document NUREG 0782, entitled "Draft Environmental Impact
,

| Statement on 10 CFR Part 61 ' Licensing Requirements for Land Disposal

) of Radioactive Waste', based on early surveys of a variety of waste

streams. The actual concentrations in the waste disposed over the next

.

thirty years may be significantly different from those assumed, because !
1 ,

; of changing fac: ors related to the sources of the vaste, economic i

! influences, and changes in technclogy, If current trends continue, the
I

warte quantities and their contained radioactivity will be less that. -

l the values assumed in these assestnents, f

r

*
!
4

'

L
; In summary, modelling providos a tool for predicting the potential t

1
j radiation exposures resulting frvm a LLRW disposal facility. If |

grounded on a basic understa iing of the processes involved, modelling |2

j can bridge gaps in knowledge, but cannot avoid a corresponding level of

j uncertainty. More detailed information can lead to more accurate

I

i
;

.

- , - - . - . . - - . . _ - - . . , . _ - . _ _ , - __ -- ,, - - . . _ . . , . - - . _ _ . - , _ . _ _ _ _ _ ,.
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predictions. It cannot, unfortunately, overcome the uncertainties of

unforeseen events or trends in future situations.

|

|

I

_ _ _ , . - - . - - . . . . . . . . , , , , . , , ,
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3. Assessment of Radiolocical Effects

The numerical output of the modelling for these assessment studies is
the potential radiation dose to the most exposed members of the popula-
tion that may reside near the disposal facilities. Although radiation .

,

dose is basically a measure of the amounu of energy absorbed in the
j body, or in an organ or tissue of the body, per unit mass, the more

important concern is the. effect of that energy on health. The rela- r

tionship between the energy absorbed and the effect on health is a
complex one, and depends on such factors as the type of radiation

i (alpha, beta, gamma, X ray), the tissues involved, and the dose rate, |

as well as the amount of dose.
,

4

Radiological protection can involve a broad range of conditions, but
i

many of the concerns are not pertinent to the type of radiation expo.
'

,

; sures which might occur for the public as a result of a 1.LRW disposal
. facility. For example, large doses can cause early and acute effectsi

which in the extreme can be lethal within days or weeks. However, with
the possible exception of occupational accidents at the facility,

} radionuclide concentrations s"fficient to produce such acute doses will
.

never occur outr<ide the disposal units. Rather, the studies reported.

here must be concerned wir.h relatively low doses accumulated over long|

periods as a result of chronic exposure,
i

;

j The potential health effects of such doses are restricted to the induc-
! tion of caneers in the exposed person, or the induction of genetic i

,

i

defects in the descendants of the exposed person if the dose is
received prior to reproduction. The conservative assumption commonly I

,

i

; made is that the probability of such effects actually occurring is |
,

i proportional to the dose received, even down to extremely low doses, '

|

| Also, only the effect on people is assessed because, in general, sensi-
1

tivity to radiation increases with biological complexity. ' From this
,

; the Inte rnational, Commission on Radiological Protection (ICRP) con- i,

cluded (ICRP, 1977) 1.h a t if individual persons are adequately protected
( -

|

i I'
; t

i 1

;-

i
'
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|

from radiation, then other living things are also likely to be suffi-
ciently protected.

Individuals may receive radiation doses from exterr.al or internal
sources of radionuclides. Exposure to external tources might occur,
for exampic, from standing on contaminated ground or swimming in con-
taminated water. At levels of contamination which could conceivably be

experienced from a well designed LLRW disposal facility, external doses
1

from such sources should be expected to be very small relative to the |

average doses to the public as a whole from natural, medical, and
lifestyle exposures. Average radiation doses received by the U.S.

public are summarized in Table 1 (NCRP, 1987).

As shown by the modelling results presented later in this report, doses
from radionuclides ingested as a result of potertial groundwater path-
vays from the waste are expected to be a more important source of long-
term exposure to residents near the disposal facility than are externci
sources. Ingested (or inhaled) radionuclides can result in a dose to
the whole body and to specific organs or tissues, depending on the
physiological behavior of the individual nuclides. The magnitude

of the dose is expressed in several ways. Tae terms are defined

(adapted from CSA, 1987) as follows:
Absorbed dose - the amount energy absorbed in the body, or in an

organ or tissue of the body, due to exposure to ionizing radiation,

divided by the respective mass of the body, organ or tissue; the unit
of absorbed dose is the rad and is equal to 0.01 joule per kilogram.

Dose equivalent m a quantity (in units of rem) which is equivalent

to the absorbed dose (in units of rad) multiplied by a quality factor

to account for the different potential for injury of different types of

radiation. In this report, the term "dose" means "dose equivalent"

unless qualified otherwise,

(H o) - the dose equivalent that will beco-itted dose equivalent
$

single intake of radioactiveaccumulated over 50 years following a

__ _ _ _ _ _ _
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material into the body. It is r.unerically equal to the annual dose

equivalent at steady state resulting from a chronic intake of the same
rnagnitude each year.

Weichted dose ecuivalent means the dose equivalent to the body, or to
an organ or tissue of the body, multiplied by the appropriate weighting
factor (i.e., weighted dose equivalent HwT T, using the symbols-

defined under "effective dose equivalent").

Effective dose ecuivalent (H ) the sum of the seighted dose equiva-E
-

lents received by the organs and tissues of the body, which may
be expressed in mathematical form as follows:

HE HVI T, where"

E

vT - is a weighting factor (listed below) for organ or tissue T,
HT is the dose equivalent received by organ or tissue T, that

-

includes the dose equivalent from external sources of radiation plus
the committed dose equivalent from radioactive substances in the body,
cmmitted effective dose equivalent the sum of the committed dose-

equivalents received by the organs and tissues of the body, weighted
according to the weighting factors given below.

Veightinc factor the ratio of the risk of fatal cane'er or inheritable
injury arising from a dose equivalent received by an organ or tissue,
to the total risk of such stochastic effects from the receipt of an
equal dose equivalent when the whole body is irradiated uniformly.

The followine, weighting factor values are used for radiation protection
and regulatory purposes (CSA,1987):

_ _ _ _ _
..
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Weighting Factor
Orran or Tissy.c rw

Gonads (testes and ovaries) 0.25
Breast * 0.15
Red bone marrow 0.12
Lungs 0.12
Bone surfaces 0.03
Thyroid gland 0.03
Other organs or tissues 0.30
(0.06 for each of the five other organs
or tissues receiving the highest dose
equivalents)**
Whole body (or trunk and body) 1.00

The vT value is an rverage for males and females.*

** The extremitien, eys lenses, and sometimes tne skin are excluded.

|

In the case of ir rac'iat ion of the gastrointestinal tract, the

stomach, small intestine, upper large intestine, and lower large

intestine are considered as separate organs.

The perfort nce ,bjectives in Section 382.11 of the 6 h'YCRR Part 382
regulations (which duplicates Section 61.41 of 10 CFR Part 61) are
expressed as limits of annual dose c' "an equivalent of 25 millirems to

the whole body, 75 millirems to th. thyroid, and 25 millirens to any

other organ of any member of the public".

In the past, the term "whole body Jose" has been used in two ways. The

first was the dose received from a uniform irradiation of the whole
body, and the second was the average dose to the whole body from the
nonuniforrn irradiation cf the body frc m radionuclides incorporated in

single organa or tissues. L'n f o r t una t e ly , these two definitions do not

correspond to co:rparable risks for doses of the same numericel value.

|
To ove rc ott e this inconsistency, :he ICRP recommended (ICRP,1977) the
use of "effective dose equivalent.a", as defined abave, which provides a
consistent method of expressing the total risk to a person (e.g, a

member of the public) from bcth internal radionuclide sources and from
external irradiation.

|
t

-- .._
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9

The results of the assessmetits have, therefore, been presented as the
peak annual dose rate to the thyroid and P. seven other organs and
tissues, as well as the annual effective dose equivalents calculated
using the weighting factors tabulated above. The worldwide trend by
regulatory agencies is to express dose limits to members of the public
in terms of this effectiva dose equivalent alone without reference to !

individual organ doses. The Environtuental Protection Agency and the
,

Nuclear Regulatory Commission have indicated that they intend to adopt
this method in the near future. Such a change will assign less impact
to radionuclid=s which concentrate in a single organ. For example, a
thyroid annual dose of 75 mrem from iodine 129 would contribute only '

2.25 nrem toward the effective dose equivalent annual limit of 25 mrem, |

:
,

The assessments described in this report derive values for the annual
doses from the committed dose equivalents to organs, such as the

,

t

thyroid, lungs, lower large intestine, and red bone' marrow, and the '

t

committed effective dose equivalent which is the weighted sum of these '

committed organ dose equivalents. The method involves the application
;

of "dose conversion factors" (Johnson, J.R. and D.V. Dunford, 1983; and E

Johnson, J R., $ 1'8 2) , which relate the annual dose equivalents at
equilibrium to the chronic annual intake rates of radionuelides,

i
This procedure takes into account the buildup of radionuclides that
have a long residence time in the body, and gives a conservative
estimate of the annual doses,

!
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4, Scenario Seicetion.
!

t

A scenario is a set of pathway and source descriptions sufficient to [.

'specify complete histories of nuclides migrating from source to
irradiation of humans. Changing one component of a pathway will define
a different scenario, but changing the value of a parameter (except [,

perhaps for very large changes) will not. A scenario description,
,

therefore, includes: the various kinds of waste, significant site i
L

properties, vault geometries, engineered migration barriers, legislated !

.

controls, and the group of humans most at risk.<

7 6

1
i

The scenarios modelleri in this work, which exclude surface pathways, '
,

,

j are generie in the sense that the results are meant only to help define
;

ii or supplement reguistions regarding the expected, post closure behavior i
| ;

j of three basic conespts of disposal facility in three different types i
a

| of locat'on, making nine possible combinations or scenarios, The i

conceptual disposal facilities examined consist of aboveground strue.

] tures and belowpound structures locate.1 above the water table, and
j deep bedrock mined eavitics. The scenarios are illustrated schemati- f
I cally in Figures 4, 5 and 6, and the site plan for the near surface f
| vaults in Figure 7. The three locations represent sites typical of I

t

; three regions of New York State shown in Figure 8: the Valley and

) Ridge (Province II), the Appalachian Plateau (Province IV), and the
j
; Interior Plains (Province V).
t
j

i
j Each scenario is described by a set of parameters chosen to represent (

the more significant physical processes, especially those that can be
i controlled by choice of site and facility type, since these are the
i
1 variable quantities of this study. Single values for each of these

parameters are chosen to represent typically one of the fac 111ty type \
; and region combinations. !To allowance is made for the variations which j

may be possible from detailed field examinations within the regions or
through detailed engineering design. !

! |
e

f
i

,

i I

':

,

4
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Adequacy of performance for each scenario can be determined by compari.
son with an accepted standard, but making a decision to accept or

reject any scenario at this stage is premature. Data from a thorough
investigation of a specific site can be very different from typical

values, Also, based on such thorough data, many accident situations

can be anticipated, and detailed engineering specifications can be

made to compensate for these, For this reason, only the expected

performance of the facility is considered; no catastrophic failures or
intrusion situations are modelled, In particular, there is no model.

ling of any catastrophic failure of any. vault structure that coule lead
to contamination of the ground surface.

To make dose calculations, based on the set of available data describ.
'ing the scenario, presupposes that the relevant physical principles are
t

identified and represented in the modelling in sufficien, detail. The |

degree of model detail, however, depends upon the degree of detail in
1 t

the available data, For the generic study being considered, detailed |

;

data are not available, thus the degree of modelling need only be I

l basic. The remainder of this section, therefore, is to describe the
|

} basic level of model detail appropriate to the data,

! L

j !

! The ideal radioactive vaste disposal facility would contain the |

radionuclides at a location away from any human presence until the |
| radioactivity has decayed to innocuous levels, Containment may be f

thought to consist of not only engineered structures but also of ;
'

j natural barriers, making both the site and the structure important and

; interdependent, ,

i
1

j Because radionuclides may take thousands or even at111ons of years to

f decay to innocuous levels, radioactivity releases can be prepared for

| by directing the transport of radioactive contamination away from
1 1

] humans or by dispersing contamination videl*; enough so that radio.

) activity levels at any given point are innocuous, If this is still not
1

adequate then control of the inventory is nceded. One can regulate the |;

< . I

j types or amounts of radionuclides that are placed in the disposal .i

|
!

l
)

I

I
- _ _ _ _ _ - , - - - - - _ - - _ _ _ _ -. ..--. - _ . . . - . - - - - , . - - _ - _ _ ~ - . . - _ - - - _ _ _ _ _ _ _



-_---a___n~ *---u - x-

.

.

43

facility so that they decay to insignificant levels while the facility
remains intact.

,

!
In this work, the assessments are based on radioactivity inventories of |

f

the 24 radionuclides in the 36 waste streams assumed in the DEIS for 10 t

CFR Part 61, with one exception: the carbon 14 content of one waste
,

,

stream (N SOURCES) is omitted, since it greatly exceeds Class C limits
and would not qualify for disposal in the types of facilities ;

considered. The radionuclide inventory is listed in Table 2. Many of i

these radionuclides are long lived, hence releases must be anticipated.
1

It is assumed for this study that the most probable pathway of radio-
nuclide release, and the pathway of major significance, involves the ,

i

entry of water into the disposal vault, dissolution of the waste form, !

and transport in groundwater of radionuclides out of the vault, into an i

aquifer, and into a well and/or river where the water is used by

hamans. In order to limit the amount of contamination released in this

| manner, two general criteria are: 1) the waste is encapsulated and
I psekaged to prevent water frem dissolving the waste form, and 2)
i

contaminant transport is delayed so that it becomes a long, slow
,

j process. !

I i

i |
4 The first cri;erion can be met in the above- and belowstound cases by [

.

constructing the vaults above the water table * and by uaintaining the
j vault interior at a low water content by restr'eting water from miu . '

j ing and by placing waste materials in containers, such as steel drums, f
If water does enter, making the vault free draining can minimize water (

; contacting the vaste. One of the features that can assist in achieving

' "

| *As used in this supplement, the terms water table, saturated, and
unsaturated are defined as follows: ,

Water Table is the elevation of the groundwater surface, at equili- L
-

j b-ium, in a hole drilled into the upper part of the saturated zone of I

the overburden or rock. L

Saturated - means that all of the pores are filled with water.
Unsaturated means thac some pores are not full of water. I

i !
I1

I
i

l
;
'
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the second criterion is a layer of adsorbent buffer material located in
the drainage path. Retardation by buffer can be an important contribu-
tion to containment of the shorter lived radionuclides.

In the case of the mined cavity, the vault is saturated, but water flow

rates can be restricted. Leach resistant vaste forms can contribute to
meeting the first criterion. The second criterion is met by requiring
that the waste vaults be at a sufficient depth that the water must pass
through an appropriately large thickness of bedrock. Tithough the flow
path is assumed saturated along its entire length, groundwater flow in
the bedrock region is slow. With the long path lengths that can be

involved, mJreover, radionuclide residence times of many thousands of
years are possible. Significant decay of radionuclides while in

transit can thus occur.

No significant gaseous releases are considered. In the case of the

above. and belovground vaults, the dty conditions would cause the
biodegradation processes to be much slower and different chemically
than if wet conditions prevailed. There would be no buildup of gas
pressure because the vault is designed to be free drainh.g into the
ground. Since the gas generated is expected to be pr.marily carbon
dioxide, interaction with soil and groundwater will effe :tively prevent
its direct escape to the atmosphere. In the case of mine cavities, the

vault is assured flooded immediately af ter closure, resulting in a
saturated environment under several atmospheres pressure. Any gas

produced will be compressed and have increased solubility. If excess

gas accumulates, it will tend to displace water from void spaces and
could reduce flow around the vaste.

Additionally, since failuro situations beyond normal deficiencies are
not modelled, releases to the atmosphere through waste suspension are
not considered. Along with no significant gaseous release this means
that no atmospheric dispersion and dilution processes are considered.
Ilowever, natural deterioration processes are expected to resu?t even-

tually in some loss of vault structural integrity. Although surface
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pathways have not been modelled, exposures by such routes could occur,
particularly from aboveground vaults. I

i

r

'

The only chemistry related phenomenon that was considered appears in
the radionuclide transport modelling in the use of distribution coeffi- ,

cients for sorption effects. The distribution coefficient defines the

racio, at equilibrium, between the amount of nuclide adsorbed on the
,

solid and the concentration in the liquid system. The chemical
compounds containing radionuclides in the vaste form are assumed to be
readily soluble in groundwater (although the leach resistant matrix is <

i

not). i

I
(

Modelling of chemical speciation phenomena is not performed because of ;

r

the complexity involved and because of the differences possible depend- (
fing on design related and site specific considerations. The materials

of the waste form and matrix, vault structure and backfill [
could be chosen, for example, to enhance the containment properties of

the vault. g

!

No solubility limits are imposed. This is certainly a conservative I

approach, but not overly so, since for low level vastes in bales or

wastes in a leach-resistant form, the amounts of dissolved ions :
i

containing radionuclides can be below solubility limit concentrations.
t

!

Radionuclide transport via unsaturated flow taking place under the

above- and belovground facilities is represented in a simple fashion I

lusing bulk parameters. At the ground surface, where water movement
t

takes place continually, the infiltration rates from precipitation data
(Climatic Atlas, 1954) were used directly, as average inflow of water,
por nuclide migration through unsaturated layers in the vault and l

i

ground below, a different appscach was taken. Here, the water in the j
partially filled pores was assumed to be static, and the migration

process was a diffusive one, through the films of water on the pore

surfaces. The usual diffusion / retardation equation was used, but the !

(
l

i
!

__
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values of the parameters in it were adjusted to allow for the fact that

the pores were not full of water,

|

In practice, unsaturated hydraulic conductivity and dispersion depend |
1

on hydraulic head or moisture content with hysteresis effects evident. '

1

These all depend on position and time, the soll type and stratigraphy, j

and on the amount, time and duration of precipitation. All of these

quantities are highly site specific and require much experimentation to
obtain.

Once the contaminated groundwater has percolated through the unsatu-
rated zone or welled up from the bedrock, it enters the faster flowing

aquifer, which is the saturated zone of the overburden. This provides

a dilution nechanism. It is assumed that the aquifer is large enough

to support a well to fill the needs of one self sufficient household.

The well is situated at the boundary of the disposal facility, where

this self-sufficient household is located. Any contamination that

remains in the aquifer downstream of the well is assumed to enter

surface water, such as a small river, where further dilution can occur.

The consideration of human activity in the context of assessment
modelling of radioactive waste disposal has to be assumed. The

approach taken is to assume a critical individual: living at the site

boundary, growing his or her own foon, raising his or her own stock,
and spending all his or her time in the immediate vicinity. Such an
individual, moreover, is assumed to live at this location and in this

manner for all time. A diagram of the nuclide migration pathways which
were modelled is given in Figure 9

Although perhaps unreasonably conservative, this assumption is made for
the reason that, should dose levels calculated for this situation be

found acceptable, they would also be found acceptable for any more
realistic human behavior. If on the other hand doses are too high,

trying to account for the individual's lifestyle, such as going to the
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I l
store for food and growing only a small garden (if at all), getting !'

water through a municipal supply, spending weekends in another loca-
,' tion, having self imposed dietary restrictions for whatever reason, t

; would brins down doses, but be impossible to assure for periods of ;

]
decades, much less thousands of years, In practice, one would think I

|

| about choosing a better site or improving the design to assure confor. |

mance with the performance objectives in 6 hTCRR Part 382. !
;,
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5. Assumotions Made for Modelline the scenarios

To pass from the mostly qualitative descriptions of scenarios in
Seccion 4, to assessments by COSMOS and SWAC (or any other assessment
codes) some subsidiary assumptions are necessary to describe the
scenarios in quantitative terms. Where practicable, consistent and
generally conservative assumptions were made for all sites and tech-
nologies, so that comparison of results would give some general
guidance on the relative merits ot' locations and disposal methods, The
specific details of the proposed location, design, and operational
procedures could significantly change the differences in dose estimated
by the generic analyses. Specific sites could provide more delay and
dilution of radionuclides escaping the disposal units. Of equal

inportance, the features of the disposal units, and the form and

packaging of the wastes they contain, might contribute to less release
over the period of concern.

This section describes the assumptions, and the resulting data are

listed in Section 6.

a) Waste Forms and Inventory

For the waste, it was necessary to identify likely forms of waste

processing and likely container sizes so that leaching could be

described. Two forms were modelled: the A stream, assumen to be

compacted, and the combined B and C streams, assumed to be solidified
in cement. As a "generic" assumption, both vaste forms were contained
in 210 11ter (55 gallon) mild steel drums, of the size and quality

specified in DOT 17H, to be stacked with a reasonable packing fraction.
To avoid being site. specific about loading sequences and vault

locations in the facility, it was conservatively assuned that the whole

vaste inventory was contained in one row of vaults and vis loaded in a
sho*t time. No radioactive decay of the nuclide inventory was assumed
to occur until facility closure had been achieved. However, the

subroutine SEERA was also called by COSMOS to give estimates of the
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reductions in population doses that reasonable assumptions about
loading and location patterns might imply (see Appendix A).-

b) Container Failures

The environment was assumed to be similar in all vaults and mined
cavities and the same container failure function (Figure 10) was used
for all of the scenarios, representative of a vault that was wet but
not always full of water. A specific calculation of vau1*, environment
would, of course, permit the choice of a corresponding container
failure function.

1

l
1

c) Vault Geometry !

|

For assessment calculations, a row of vaults was represented by one
long vault of the same width and a height that would permit the stack-
ing of a reasonable number of layers of containers. Backfill, even-

tually composed of porous sand, was supposed to fill the spaces between
the containers and spaces between layers, selow the bottom layer of
containers was a layer of buffer mixture consisting of 10 percent clay
and 90 percent sand. The buffer was supposed to be carefully packed,
to permit easy draining of the vault, but to be self scaling so that
cracking which would allow water to bypass the buffer would be
extremely unlikely. The elevations of the vaults are discussed below
in the section dealing with overburden,

d) k'ater Flow through Vault and Surrounding overburden

The permeability of the backfill, buffer, and underlying drainage path
was assumed to be sufficiently high that the chance of a ' bath tub'
effect from a vault filling with water was assumed to be negligible,
hydraulic movement inside the vault and into the underlying ground, was
assumed to be vertical. Although horizontal conductivity in the over-
burden could be quite high, the neighborhood of the vault is likely to
be backfilled and will be more co=pacted. In addition, the hydraulic

_ _ _ _
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forces that could lead to horizontal flow will be very small, tience ,

it was assumed that flow through the overburden to the aquifer would be
vertical, and horizontal dispersion would be small in comparison,

e) Infiltration

For a belovground vault, percolating water would move through the

backfill piled over the roof but would r9t be able to penetrate the

vault until the roof started to fail. It was assumed that the volume
of water available to pass through roof cracks in belovground vaults
was the infiltration typical of the particular province. Prudent

design would probably include additional infiltration barriers, but

none was assumed for the assessment. The situation is quite different

for the aboveground vault, with no backfill over the roof. The full

amount of precipitation can fall on the roof, without being reduced by

evaporation from the soil surface, but there can be direct evaporation
C

and presumably the roof would be shaped to encourage runoff. It was

assumed that the volume of infiltration water available to pass through

roof cracks, in a particular province, was the same for aboveground and

belovground vaults. Infiltration rates for the three provinces were

taken from (Climatic Atles, 1954). The same values were used in the
DEIS.

f) Roof Failures

concrete caps were assumed to maintain their structural integrity for

hundreds of years, lloveve r , long before their structural failure,

small areas would crack and begin to permit the entry of water. The

failure rate depends on the environment to which the concrete is

exposed. Aboveground structures are assumed to be maintained in good
condition over the first hundred years after closure with subsequent

progressive failure, perhaps as a result of freeze thaw cycles. After

the maintenance period, the roof remains leak. free for 100 years, and
no infiltration enters the vault until 200 years after closure. The

roof is designed to resist structural failure for 600 years, at which

..
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point 22 percent of the roof leaks. Henceforth the roof fails at an

increasing rate until 100 percent of the roof leaks at 1,500 years.

Near surface buried structures may be subject to chemical attack

depending on the type of soil but conditions are generally regarded as
benign as far as concrete is concerned. For the line. rich overburden
of Province II, chemical action is assumed to be very small. No leaks
were assumed to occur until 500 years after closure. Soil erosion and
funneling of infiltration toward joints occur to a maximum of 5 percent
at 750 years. The failure rate was assumed to increase linearly to 40
percent at 1200 years. The failure rate then begins to levil off. |

|

perhaps because of particulates carried by the infiltratin., water |

filling in cracks, so that 50 percene of the roof has failed at 1,500 I
|

years and beyond.

Chemical action is the assumed failure mechanism in overburden consist-
ing of acidic glacial till, occurring in both Provinces IV and V. The

following treatment of this process is conservative, however, since the
concrete itself has a buffering effect on soil acidity. 14akage is
assumed to start at 500 years, increases non linearly to 20 percent at
1,000 years, then linearly to about 60 percent at 1.300 years, and
finally tapers off to 75 percent at about 1,500 years.

Water access to the mined repository was assumed to occur immediately
after closure, and roof failure modelling was not needed.

g) Nuclide Transfer in Absveground and Belovground Vaults

The transfer of nuclides from the waste to water which can carry them
through the food chain is perhaps the most critical process in near.
surface disposal systems. These systems do not have the benefit of the
very long transit times which can be achieved from a mined repository.
In the period when some drums have failed, but before the vault leaks,
there is assumed to be a sufficient water film on the waste that radio-
nuclides slowly diffuse out into the water film and 'thence eventually
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to the groundwater. This slow process continues throughout all vaults

in those sections v "ch remain unaffected by leakage. Once water

begins to leak into the vault, the percolation of water around the

waste in the wetted areas moves the nuclides in the water films more
quickly toward the bottom of the vault. A section through a oelow-

ground vault is illustrated schematically in Figure 11. The degree of
flushing is controlled by the process of advection* which depends on

total flow and drainage rates. The contaminated water passes through
the layer of buffer material (sand plus adsorbents) and out into the

unsaturated soil beneath the vault. The buffer material retards the ,

1

migration of most of the nuclides, but its interaction with the mobile
'

nuclides is significantly less. The nuclidec that emerge from the

buffer are carried into the soil by the water flowing from the vaults. *

To the extent that each part of this sequence of processes is under-
stood scientifically, it is described mathematically in the model, and

the overall result is calculated. Information, from tests that help

characterize the behavior of the various nuclides in each of the

processes is used in the calculation.
,

i

It follows that several processes will be taking place simultaneously
in a vault. First, there will be diffusion controlled leaching of the |

readily leachable wastes and, at a slower rate, from the teach. (

resistant vastes, as their containers rust. Second, as the roof begins
to leak, parts of the vault will be subject to flow of water dovnvard, (
vith increased migration of nuclides: the remaining fractions will be

{
much drier, with much lower migration rates, but as leakage increases,
the ' dry' areas will become fever.

|

Leaching moves nuclides out of an effective slab into a thin layer of
water on its surface. The estination of the slab thickness is

*The migration of radionuclides in the water phase is modelled as
occurring under the influence of diffusional processes within the
liquid and, in addition, if the water is flowing, by advection, i.e.,
by being carried within the moving mass of water. The latter is
dominant in those parts of the vault receiving leakage through the
roof.

|

. _ . -_ - _ _ _ - _- . _ . - . _-__- _.



_ _ _ _ _ _ _ _ _ _ ._- _ __ _ _ _ _ _ _ _ _ _ . - _ _

e

.

56

described in Appendix A. The water layer was taken to be very thin,
but its actual thickness is not important and cancels out in the

normalizations. A value of 0,001 m was used. The average thickness
of backfill, between drums and between layers, is obtained very simply
as the ratio of (volume of backfill per drum)/(surface area of a drum).

The effective area over which leached nuclides are transferred to the
infiltrating water is obtained by following the water as it spreads

uniformly over the top and bottom surfaces of the drums and flows

between drums to pass from layer to layer. For example, suppose that
there are N cylindrical drums in the vault, of height H, and radius R.

If F is the packing fraction, the integration yields for the transfer

area the value,

) N(2nRH + TwR ),2

i

e

If there are n layers of drums, a similar calculation of the average

water path over which transfer occurs gives the length,

n[H + (2/3)FR].

h) Nuclide Transfer in Mined Repositories
i

] Mines *rs assumed to be infiltrated by water from the lower bedrock

| immediately after closure. Leaching takes place in the same fashion as

q in the veults and nuclides are then moved by diffusion and advection
i through the infiltrating water, into the bedrock. The water velocities
i
; in the lower bedrock are considerably smaller than infiltrations near

| the surface and typical values were chosen for the three provincas. A

| buffer layer, 0.5 m thick, surrounds the stacks of drums, and was the

same as for the vaults.

i l

] 1) Vault and Mined Cavity Environment j

{ Apart from the assumptions in g) and h) above, no attempt was made to
predict the environment in vaults or mined cavities in more detail, and

in particular, modelling of chemical processes was reserved for a site-

L and waste material specific assessment. It was assumed that gaseous !
!

l
i !
'

l
>

- . . _. -
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4

k decomposition and corresponding gas escapes were not significant. As a
.I'

consequence of this, the atmospheric dispersion models in the codes i
t

! vere not utilized. !
i t

!

) j) Overburden and Aquifers |

The average depths of overburden vary quite considerably from province
~

to province, and within the overburden the unsaturated layers are quite j
i different too. The aquifer velocities were taken to correspond to i

' l

conductivities and hydraulic heads that lay well within the ranges-

4

{
quoted in the DEIS. The thickness of the aquifer layers were taken te
wry in the same fashion as the overburden, with the requirement that |;

j they be at least sufficient to support a water flow that would yield |
,

j the needs of the small farm described below. The effective width of i

[the aquifer is the length of the row of vaults that lies across it, and

} an additional requirement is that it can supply the well without its !
j drawdown exceeding that vidth. If this is satisfied, the total flow of f

water and nuelides from vault into aquifer is diluted by the whole

j aquifer flow. The drawdown is estimated by the nothods of NUREC/CR

| 1759, Vol.3.
!1

f)

| It was assumed that a distance of at least 2a should be maintained
,

j between the bottom of the vault and the top of the aquifer. The vault i

should then be safe from rises in aquifer level, even for one in ten ;

j thousand, or less frequent, years of heavy precipitation.
,

h !

!
a

j The result of all the above restrictions is that 'belovground' vaults

i as modelled in Provinces II and IV can be buried below original surface
i

level to only one half of their height, and in Province V to only one f
h tenth. They can, of course, still be mounded over by backfill. !,

!

{k) Bedrock

1

Bedrock was assumed to lie in two layers below the overburden (see
1 I

,

Figure 6 for example), labelled upper and lower bedrock respectively j
'

j '

i
'
'

! ['
t

. . _
!
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in the tables cf Section 6. Their dimensions were chosen to be repre-
sentative of the three provinces.

The groundwater flow path from the mined chamber into the overburden at
the surface was assumed to be directly upward as a result of an

hydraulic gradient that was vertical. This is a very conservative

assumption since in most candidate areas, the gradient would be

expected to be primarily horizontal at the depths involved, This
assumption leads to minimum calculated transit times from the vaste to

the dose receptor. The contaminated flow emerges from the upper layer
of rock into the aquifer, and there forms a horizontal contaminant

plume of the same width as produced by the near surface vault array,

1) Diffusion Parameters
|
|

| To calculate migration by diffusion, four parameters are needed for
| each nuclide. Two are simply material dependent: the tortuosity, and

the porosity factors. Two depend upon the nuclide and the form of it

present in the pore water of the material: the molecular diffusion
coefficient in the pore water, and the retardation factor.

The diffusivities or coefficients of diffusion of the radionuclides
were taken from several sources such as the "International Critical
Tables" and the "Handbook of Chemistry and Physics". All the radio.

nuclides were as a first approximation assumed to be strong electro-
lytes, i.e., highly dissociated salts, quite mobile and capable of
diffusing to infinite dilution. This assumption is conservative in its
approach, because not all radioisotopes will be highly dissociated, for
instance the carbonate salts of strontium, uranium and other heavy
metals. As well, the diffusivity literature values for the electro-

lytes are given at 25'C, and they are likely to be lower at the lower
temperatures expected in a repository environment.

It was assumed that for the purposes of the present study, the motion
in an unsaturated medium could be represented by taking the above

-



,

. t

1 |
<

.

I

I I
i

!

i

fj parameters but with a reduced value of the diffusion coefficient, and
the values were all reduced by the same factor, five. The backfill |
material around the waste containers was assumed to be largely inert -

4

| (e.g. sand), and no credit was taken for adsorption of the nuclides. |

| i
i !

j m) Populations at Risk j
t
I

i !

| The hypothetically maximum exposed individuals in the general popula- |

tion for the study was a family group situated at the buffer zone [
2

! boundary, taking all its water from a well drilled into the aquifer,
I the water of which had either passed beneath the array of vaults or up

i frorn around the mined repository. The extracted water was used for all f
< !

j domestic purposes, for irrigating vegetable crops, and for farm

animals. !
i

I !
'

l

The animals fed in summer on grass, and in winter on cereals that had (
j been grown in summer. Although the vegetable crops for the humans were

irrigated when necessary, the grass and cereals were not,
f

. The hypothetical farnity group used nearby surface waters, partly fed by !
i

t
i the aquifer, for fishing and recreation. ;

1 l
I

I
i The lifestyle of the hypothetical family group differed somewhat from (
| the description in NUREC/CR 1759 and NUREG/CR 4370 because it was based I

j on a more recent census, with more precise definitions of ' rural'

{ dwellers and their water t. es (U.S. Dept of Commerce, 1984).

!1

\

; It is quite likely that certain chemicals might be taken as natural

| isotopes in certain foodstuffs and might serve as buffers to reduce the
intake of radioactive isotopes of the same chernical form. An example

would be the use of iodized compounds for the cattle to prevent hoof- j

j| rot. However, to maintain the conservativ e approach, no credit was
) taken for such possibilities. |

|
L
t

s t

!4
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The modelling has thus focussed on the above group at maximum risk,
taking all its water from the aquifer. A larger population group would I

need to supplement the water available from some of the aquifers
,

studied, and hence would dilute the radionuclide concentrations in the I

contaminant plume and reduce the corresponding doses accordingly. Two
,

dilution factors taken from NURE0/CR.4370 were considered: for a

' population well', and for a ' surface water' supply. !

n) Dose Conversion Factors and Dose Calculations I

i
l

h

{ The dose conversion factors (DCF's) that were used for this report and
|

|
.

in the data banks of COSMOS and SWAC, are different from the set !are

j used for the DEIS document. Most of the changes are the result of new s

; calculations by Johnson and Dunford (1979, 1981, 1982, 1983), and
3-

Dunford and Johnson (1988), but two changes deserve special mention in |,

1

: this section.
i

!

]| Originally it was assumed that carbon 14 was present in an insoluble l

i form that would be retained in the body for very long periods, but the
i

more realistic assumption is now made that it is dissolved in water as
j carbon dioxidt. The corresponding DCF for ingested water was thus

reduced by a factor of 40.
;

f
'

The question of the uptake of carbon 14 by plants is still not settled, j

The following mechanisms are possibilities. |
i

\ \
t

.

1) Through the roots directly. This could occur by inorganic forms |,

of carbon (either as carbonates or carbon dioxide in solution), !
.

moving with the soil water, and taken up by plants. This is real,

, but it is likely to be small.
1

11) Volatilization of inorganic carbon through chemical reactions in
|l

-

the soil. The mechanism results in carbon dioxide diffusing from '

,

I the soil to the plant foliage via the atmosphere.
<

l

i

l
I
r

4 :
_ _ _ _ _ ._ .___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ . _ _ _ _ _ _ _ _ . .__ . _ _ _ _
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I

f 111) Active biological breakdown of carbonates in the soil by microbial ;
action. This is itkely small since most soil microbes feed on

organic material. !

I4

iv) Passive biological breakdown where carbonates are inadvertently f
~

incorporated into biological cells which eventually decompose, j

| releasing carbon dioxide. {
!

Although the above processes are not completely absent, in keeping with
P

recommendations by J.R. Johnson of AECL, and the EPh comments on the.,

] DEIS, their effects will be assumed to be negligible, until definitive
t

! experiments have been made. !

i !
; i

|
For grass and cereals, the question of root uptake is minitaized for

this study because, in the provinces of New York State, it is highly
|j

| unlikely that the grass or cereal crops will be irrigated, and hence i

1'
their source of water containing carbon 14 has been removed from the |

t

| model that was used for the DEIS. !
'

!

r

The withdrawal of irrigation from grass and cereal removes a source of [
) tritium in the water and the eventual tritium dose rate is reduced by a f
4

J factor of about 1.5. !
,

'

!
! !
| No atmospheric pathways were included in the modelling for the follow. !
1 L

]
ing reasons. Potential exposure via the atmosphere might result from {

inhalation of gaseous nuclides from vaste decomposition or of dustt

|
1 suspended by the wind from a contaminated ground surface. Significant

; rates of gaseous release are not expected because waste deccaposition
will be relatively slow in the sheltered environment of the vaults i

4 s

j during the first few centuries af ter closure. Because of the varia. {
) bility of wind directions, any releases which do occur are likely to be f

| blown only occasionally toward the hypothetical family group which is !

I maximally exposed by the groundwater pathway. |

[,

: .

l f
1 1',

!.

\ !
. - - - - _-__ ,_ . ___ - - -_ - - __ - _ - - - .. - - - - _ - _ - _ -
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I
The other potential atmospheric pathway of a generic nature is from !
ground contamination in areas irrigated by contaminated well water,

t
i

However, the potential exposure from this source will be significantly i

!'ess than from the more direct drinking water and food pathways. One j

further factor which has not been included is the natural deterioration
{of the structure of an aboveground vault which could eventually
|contribute to additional ground. surface contamination,
j

I
o) Time Intervals, Time Ranges, and Nuclide Grouping

f

i| For calculations, it is necessary to specify the time steps and time.
i,

range for each run, and some parameters are affected by the size of :

step. ,

y!
An important factor is the half-life of a nuclide, and time. steps !

should not be larger than this, or else the fine detail of migration
,

peaks may be lost. The time range depends upon transit delays and must f
be large enough to cover the peak of concentration or dose, at the

|

location of interest in a pathway. !

The description of the failure functions for containers and roofs is '

i

I
affected by the choice of time step. In the computer models, the

|
information about successive failures cannot be conveyed on a finer |
time scale than the chosen interval, and it may be necessary to revise
the description of the function so that its general behavior is att11
transmitted correctly as the nuclide ' sees it'.

Nuclides have been divided into 3 groups according to the combined
effects of half itfe and transit time. The ccrresponding calculations

covered: 3,000 years at 10 year steps; 24,000 years at 80 year steps;
and 300,000 years at 1,000 year steps.

- _ _ _ - _ - - - - - - - . - - - - - - - . . - - - -_ - -,-.- -- - -
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p) Assembly of Parameters for an Assessment

To summarize, for each scenario, it is necessary to provide, among

other parameters, the following information for COSMOS:

1) The vaste forms, activity and radionuclide inventories, contain.
ment, and packing.
11) Vault dimensions and engineered barriers. -

111) Geometric parameters for leaching, and transfer to infiltrating
water.

iv) Container failure functions.
v) Roof failure functions,

vi) Infiltration and aquifer velocities.

vii) Overburden and aquifer dimensions,

viii) Diffusion parameters for vaste. forms, buffer, overburden, and
aquifer.

ix) Definition of the population at risk and its lifestyle.

x) Definition of the well extraction rate and any surface sources.

xi) Mathematical decisions for the calculation, such as time intervals

and ranges.

For mined repositories, the parameters are similar except that they

include additional rock layers which ite between the top of the mined

cavity and the lower boundary of the aquifer.

The numerical values of the parameters used in the modelling are

discussed in Section 6.
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i 6, pata Used in the calculations

i

Data representing the parameters considered in the post closure

) assessment of doses frors the aboveground and belovground disposal
options are described and presented in this Section. For coupleteness,

| some information included in Sections 4 and 5 is repeated.
I
:

i In general, for consistency with the computer ir.put and ou.out, powers
1

|
of ten are expressed in exponent fo ns. For example. 0.0023 may epear

i as 2,30E.03. Dimensions are given in meters (m) and time in years (a),
t

|
Doses ca.n be expressed in sieverts ($v) per year, but for this study

| they have been converted to the older unit, roentgen. equivalent. man

|
(rem) per year, where the tonversion is 1 Sv - 100 rem,

,

!
4 Table 2 lists the assumed u dionuclide activities and inventories

(assuming a total vaste volums of 220,000 cubic meters) sn 30 years
i accumulation of Class A and Classes B+C waste streams, Estimates were

based on NUREG 0782. There are 24 different nuclides, ranging from

j short lived iron.55 to several very long lived actinides. These have

been arranged into three groups for compuwtional purposes, depending
on likely peak. dose locations in tir.e. The activities of plutonium 239

and .240 are listed together under the entry for Pu.239. In order to

calculate inventory.. decay losses while in transit, and dispersion

rates in the biosphere,. it is conservative to use the larger half lifei

of the two, hence the smaller decay factor.

i
j Tor aboveground or belovground disposal, a typical vault unit is taken

| to be a concrete box (internal dimensions: 50 m long, 20 m vide and 5 m
!
8 deep) covered by a one.neter thick concrete cap (Tigures 1 6 2). The

vault bottom is well drained to the ground layers beneath. Each unit

| houses four months' waste, with a packing fraction of 50 percent, The

{ units are closely spaced in rows of nine; that is, three years' capa.

city in each rov 450 m long (Figure 7),
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Calculations are simplified by assuming that all the radiractivity from
three years' production is present in one long vault (450 m long, 20 m
wide, 5 m high) b eated at right angles to the groundwater flow, and at,

the downstream edge of the disposal facility. The loading is then

multiplied by 10, to account for the full 30 year inventory (see
Table 2).

In an actual disposal facility, radionuclides escaping from the rows of
vaults located upstream with respect to the aquifer must migrate over a
slightly longer path length, and hence remain in groundwater for a
longer time and diminish in activity through radioactive decay. The

doses resulting from the calculation, therefore, represent an upper
bound. Dose reduction factors to account for this effect vere
estimated by the sub routine SEERA and are listed in Table 3.

The underground mined repository (Figure 3) is assumed to be an array
of chambers (chamber dimensions: 50 m long, 20 m vide, 10 m high). As

a conservative and simplifying assumption for the calculations, all of
the 30-years' inventory of radionuclides is assumed to be concentrated
in a single chamber.

Class A waste is assumed to be compacted but readily leachable, while B
and C wastes, considered together, are encapsulated in a leach-
resistant cement-matrix. All wastes are contained in 210 litor

(53 gallon) steel drums (cylindrical dimensions: 0.28 m radius, 0.86 m
high). Their failt re function is listed in Table 4, and shown in
Figure 12. P '.efly, failure starts at 40 years, reaches 35 percent at
120 voars, 4.nd 100 percent at 240 years. As explained in Section 5,

part o, the description must be appropriate to the time stepr. The

diams are piled in five layers with the bottom layer resting on a
buffer layer 0.5 m thick. The buffer in the near surface vaults is a
mixture of 10 percent clay and 90 percent sand, a composition chosen to
combine the good adsorption properties of clay with the free draining
characteristics of sand; the same mixture surrounds the waste mass on
all sides in the mined repository. The buffer layers serve to retard
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migration of radionuclides away from the waste by a combination of
Iadsorption and effects on flow patterns.

The wastes in drums have a cean-chord-length (four times the volume
divided by the surface area) of 0.42 m. A slab having the same mean-

chord-length (equal to twice the thickness, which is therefore equal to
0.21 m) is used to represent the vaste form in the modelling of waste-

form leaching, once the drums have failed.

In the cases of aboveground or belovground disposal, water is assumed
,

to enter the vault through cracks in the roof, and to pass through the

backfill where it can contact waste. Roof failure is modelled by

treating a fraction of the roof area, increasing with time, as if it

consisted of overburden material, thus allowing infiltration into the

vault. Infiltration rates, and precip!.tation data leading to these,

are presented in Table 5. For a mined repository, roof failure model-

ling does not apply.

The roof failure m.chanisms were discussed in Section 5, and the

resulting feilure functions are listed in Tables 6, 7 and 8, and showni

in Figures 12 and 13. As explair.ed in Section 5, Part o, the descrip-

tions are appropriate to the time steps.

1) Aboveground in all three provinces leakage starts at 200 years,-

reaches about 50 percent by 800 years, and 100 percent by about

1500 years.

ii) Belovground in Province II leakage starts at about 500 years,-

reaches about 20 percent at 1000 years, and levels off at 50

percent by about 1600 years,

iii) Belovground in Provinces IV and V there is assumed to be a more

aggressive environment than in Province II icakage starts at-

about 500 years, reaches about 50 percent at 1200 years, and
levels off at 75 percent by about 1600 years,

l

|
I

.-. . . . - - _ .
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Dimensions and flow parameters governing radionuclide migration from
the surface of the waste form, through backfill and buffer, and through
the surrounding ground (including bedrock in the mined disposal

i

scenario), to a well and to surface water, are presented in Tables 9, '

10, 11, 12, and 13.

i

The various layers preceding the aquifer, in the cases of aboveground
and belovground disposal, are considered to be in saturated and

.

unsaturated states, so that radionuclide transport is dominated respec-
tively by advection and diffusion. The migration pathway for the mined
disposal case is saturated alon5 its entire length. '

The aquifer path length of 300 m in overburden represents the hori-
| zontal distance from the most downstream row of disposal vaults to the
j site boundary, or from the discharge point from bedrock in the case of
) the mined cavity disposal option. This represents the width of the

1

buffer zone between the vaults and the site fence. At this point, it
i

is assumed that groundwater is drawn up through a well that supplies ;

<

the needs of a farming family, denoted as the critical family. Any i
! radionuclide contamination not taken up into the well is assumed dis-

charged into surface water in the form of a river 10 m further on,;

Well water is assumed to fill all the needs of the critical family;i

! o

supplying water for drinking, bathing, and watering vegetable crops and ;

,

stock. Since the critical family is assumed to be entirely self- '

; sufficient in its diet, all food and drink (excepting marine seafood) >

j is assumed to contain radionuclides. Contamination in surface water

| accounts for doses associated with eating fresh water fish and includes
,

I
exposure to river sedimert. !

|
'

,

.

Well demand rates for the r;tical family, for a larger population, and
j a flow rate representing a typical surface stream, are presented in

t

} lable 14. If they are divided by the aquifer flows of Table 9, they ;
;

! provide the dose dilution factors of Table 15. Annual doses for the f4
;

| I
'

!
,

I

'

l

_---. _._. . - - - - _ _ ~ . _ - _ _ _ _ _ _ - . _ . . - . - - _- - _ - _ _ _
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other two water-demand situations may be obtained by reducing the doses
to adults in the critical family by these factors.

Annual adult doses for the critical family are calculated by multi-
plying the radionuclide concentrations in the well and surface waters
by the relevant Pathway Dose Conversion Factor (PDCF) from Tables 16
and 17, which consist of the product of radionuclide transfer coeffi-
cients in the food chain and dose conversion factors.

The transfer coefficients are based on the food chain pathways,
transfer models, and diet and lifestyle data (samples appear in
Tables 18, 19 and 20) as found in Canadian Standard (CSA, 1987).
Additional information was provided for this work by the original
contributors (see Section A.l.5 of Appendix A), in order to obtain Dose
Conversion Factors (DCF's) to represent committed dose equivalents for
all of the following organs:

LNG: lung,

STO: stomach wall,

LLI: lowar large intestine,

KID: kidney,
LVR: liver,

RBM: red bone marrow,

BOS: bone surface,

THY: thyroid.
In addition, the Effective Committed Dose Equivalents (EDE), were
updated frota the Canadian Standard (CSA, 1987). The new calculations
used organ dosimertry data from Oak Ridge National Laboratories (Snyder
et al., 1974), and the code GENMOD developed at Chalk River Nuclear
Laboratories (Dunford and Johnson, 1988). The changes from those in
the DEIS are listed below.

Differences in the PDCF's between the old and new EDE values have been
noted for the nuclides listed below. These differences in value
originate from differences in DCF's and transfer model assumptions.
Comments appear where changes not related to the new DCF's were made.

2

m ,, -- m _-. -r,y -.,



.

.

6-6

H-3 : down by factor of 1.5 (no watering of grass / cereals)

C-14 : down 1300 (about 32 for no coot uptake, times" " "

40 for assuming C-14 in CO2 only)
Ni-59 : up by factor of 2

Ni 63 : up 2" " "

4Tc-99 : up " ' "

10Np-237: down " " "

Pu 238: up 8" " "

Pu-239: up 2" " "

Pu 241: up 8" " "

Pu- 24 ?,: up 8" " "

60 (error in half life corrected)Am 241: down " " "

Am-243: up 1.5" " "

cm-243: up 2" " "

cm 244: up 1.5" " "

Errors of up to a factor of ten seem generally to be within uncertainty

errars expected for these quantities. Errors larger than a factor of

ten are attributed to changes resulting from comments received concern-

ing biosphere assumptions, or corrections to fundamental constants. As

an example of the latter, half lives were checked and corrected against

thos', found in IAEA, 1987,

i

l

l

1

,

l
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7. Results and Their Interpretation and Aeolication

7.1 Presentation

1

As was done in the DEIS, dose assessments have been calculated, for the
three reference disposal technologies, situated on hypothetical sites
which might be typical of each of the three most suitable geologic
provinces in New York State, for the scenarios described in previous

;

sect ~ons. The results are summarized in Tables 21, 22, and 23. As i

discussed in Appendix B, results in this report are revised from those

reported in the DEIS as a consequence of some updating of assumptions
and data. The updating reflects additional review and development done
since issuance of the DEIS in July,1967, some of which was in response
to comments received on that report. Also, the calculated doses to

individual organs have been included in this document to provide addi-
tional basis for evaluation related to the dose performance objectives
in 6 NYCRR Part 382.

For *.he aboveground and belowground vaults, the dose predictions split
quite naturally into three groups, according to the times at which
their peaks occur, after closure. The times are: Group 1, after a few
hundred years; Group 2, after a few thousand years; Group 3, from a few
thousands to some hundreds of thousands of yetirs. For the mined repos-
itories, the delays are all increased, the earliest group is rendered
completely negligible, and peaks from Group 2 can be divided into two
periods: after some tens of thousands of years; after some hundreds of
thousands. Migtation of Group 3 to the surface is expected to take
millions of years.

Effective committed dose equivalents, and committed dose equivalents
for eight organs, were calculated for adults and infants in the hypo-
thetical farm family chosen to be the 'most exposed population'.
However, the infant doses do not show any significant differences from
the adult doses, end certainly would not lead to any different conclu.
sions, so the;- have not been included in this report.

1

u
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Tables 24, 25, and 26 list dose rates for aboveground vaults in

Provinces II, IV and V, respectively.

Tables 27, 28, and 29 list dose rates for belowground vaults in

Provinces II, IV and V, respectively.

Tables 30, 31, and 32 list dose rates for mined repositories in

Provinces II, IV and V, respectively.

Whenever a particular nuclide, or nuclides, can be identified as making
the most significant contribution to a total dose, this is indicated in
the tables.

The dose rates that were estimated at very long times for the very

long lived nuclides in Group 3 deserve attention, more for their impli-
cations than their actual values. They are given separate discussion
in Section 8. 1

Figures 14 and 15 permit an inter provincial comparison of aboveground
and belowground vaults, respectively.

Figures 16, 17, and 18 compare the three disposal technologies, in each
province in turn.

Figures 19 through 24 show the contributions of the most significant
nuclides in each province, for aboveground and belowground vaults, in
turn.

An indication of the magnitude of total doses (essentially from I 129
only) from mined repositories in the very long term is given in

iFigure 25.
|
|

l
|
|

!

I
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7.2 Comnarison with studies made elsewhere

It is natural to compare these results with earlier calculations made

for the .3. Nuclear Regulatory Commission.

An important difference between the methods of COSMOS /SWAC and the NRC
'

calculations (NUREG 0782, NUREG-0945, and NUREG/CR 4370) is the model- '

ling of the transfer of radionuclides from waste to leachate within the

vault.

The calculations in NUREG 0782 that were used in assessments for 10 CFR
Part 61 were quite empirically based. An estimate of the rate of

infiltration of water into the top of the waste trench was combined

with measurements at Maxey Flats of the ratio (concentrations of

several nuclides in the water in a flooded trench)/(their concentration
in the waste) to give an estimate of the maximum rate of leaching.
This maximum rate was then reduced by a correction factor which was
estimated from the expected time of water contact after each precipita-
tion event. The estimate for the correction factor under conditions in'

I
he northeastern states ranged from 0.0013 to 0.0054. As a result of

comments received after the method was published, an update report
(NUREC/CR 4370) suggested an alternative range for the correction
factor, from 0.2 to 0.6, which would have increased the dose to ,

individuals in the hypothetical farm family by almost two orders of
magnitude. Although some intermediate value was recommended, based on
specific site conditions, the published generic results were based on
the original factors, and were not changed. !

,

l The water usage factors of the critical farm family in the NRC c.alcula-
tions were based on an earlier U.S. census. The figures for total

water consumption in rural areas were essentially correct in the
census, but the category of ' rural dweller' was not well defined, and
too few such dwellers were reported, with the consequence that the
implied average use of water per capita was too high. The census of,

f

1984 (United States Dept. of Commerce, 1984) defined the category more

__ _ _ _ _ _ ___ _ _ _ _ _ _ _ _ _ _ . - _ . - . _ . _ . _ .
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| precisely, the number of rural dwellers increased, and the per-capita
use of water was reduced. The calculations here have used the later

I figures, for a hypothetical farm family of four people.

|
Some of the PDCF's in the COSMOS /SWAC analyses are higher than the

J

NUREC values. In the DEIS calculations, the carbon-14 numbers were
|
| considerably higher, but revised values for this report are not (the

carbon 14 doses were discussed in considerable detail in Sections 5 and
6). The most significant difference remaining is for iodine 129, where
the factor is about two orders of magnitude higher. It is not easy to

| find all the assumptions in the NRC calculations. The AECL values used
| in this report are considerably closer to tha ICRP values (quoted in

i
NUREG/CR 4370) and, in short, there is no obvious reason for change.

|

Comparisons were made by the U.S. Environmental Protection Agency (EPA)
with the estimates of the OEIS, (see EPA comments in the FEIS). Their

! estimates, using a version of the PRESTO code, were in good agreement
with COSMOS /SWAC except for carbon 14, where the latter were about 30

| times higher. The difference arose because COSMOS /SWAC assumed the

| uptake of carbon 14 by roots and PRESTO EPA did not. Scientific

opinion is still very much undecided on precise values, but it is

probably fair to say that a majority opinion would opt for very small

| uptake. The present version of SWAC/ COSMOS DCF's, used in this report
1

but not in the DEIS, have assumed zero vptake and the resulting doses

should now be in good agreement with the epa estimates. DCF's are

discussed in detail in Sections 5 and 6.

7.3 Some eeneral comments

The modelling has evaluated the expected performance of 1.LRW disposal,
on the assumption that no unanticipated system failures hava occurred-
for example, as a result of extreme environmental conditions, or

inadequate quality control. In a site- and design specific study,

these would have to be assumed based on scientific knowledge and their
probabilities and effects assessed.

- _ _ _ _ _ - _ _ _
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The models describing radionuclide migration are one-dimensional. For

the underground mined repository, water flow from the waste is assumed
to rise vertically through the rock layers, i.e., the shortest path to

the overlying aquifer. In the aquifer, the flow is horizontal to the

well. For the near-surface vaults, water escaping beneath the units is

assumed to f '_ow directly down through the unsaturated zone to the

aquifer, and then horizontally to the well. On none of these paths is

allowance made in the calculation for the spreading out of the contam-
d

inant plume. Dispersion transverse to the flow would cause dilution of

the contaminants and thus lead to a reduction in doses. Such disper-

sion might be promoted by horizontal geologic strata that cause direc-

tional differences in the permeability to groundwater flow. Since such
a

strata might be present in the rock above the mined repository, and in

the unsaturated zone below the vaults, their omission from the calcula-

tions is an additional conservative factor.

Once one departs from the assumption that unacceptable icvels of radio-

nuclides will be kept away from the exposed population (with completely
unacceptable doses), enere is no such thing as a completely 'conserva-
tive' sceaario, because it will always be possible to perturb it so as

to produce higher doses. In practice then, scenarios are a mixture of

' conservative' and ' realistic' assumptions (bearing in mind that these

are subjective terms!) and the present modelling is no exception in

that some of its assumptions are 'less conservative' than otters.

Alowever, an att?mpt has been made to spell out relevant assumptions and
the reader who would make them differently should be able to assess the
resulting changes in assessments.

Appendix B contains a detailed discussion of the differences, in model-

ling and data, between this Support Study and the one reported in the
DEIS.

A quick scan of the tables and figures shows immediately that all of
the scenarios for the three disposal technologies have estimated doses
that never er.ceed the regulating limit by large factors and are usually

_ __________________
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well below them. The studies are thus well suited to be a departure

point for future refinement of modelling, improvement of data, or

changes to represent specific design details or locations.

7.4 some detailed comments

| This section contains several detailed comments on particular iss.tos.
1
1

j a) A comparison of the doses for aboveground and belovground vaults
shows the value of the overburden. One might expect that the

| aboveground performance would be worse because the roof failure

function allows water to infiltrate the vault in larger quantities

i and at earlier times. However, in the modelling for this study,

. the depths of total overburden were reduced considerably (in

[ response to comments received on the DEIS), and the remaining

I thicknesses between aquifer top surface and ground level were not
large (see Table 9). The aboveground vaults, sitting on the

i surface, thus had appreciably thicker layers between vault bottom
and aquifer than the belovground vaults, which were partly buried.
The retardation in these extra thicknesses ha's been enough to
overcome the accelerated migration that came from the worse roof

performance. In regions of doper (non average) overburden one

would expect the belovground vaults to have the superior perfor-
mance,

b) Iodine 129 is a very significant contributor, particularly to

effective dose equivalent and thyroid dose, because of its long
half-life and its mobility. However, this contribution arises

from very small quantities in the ir.ventory and the measure of

those amounts is not at all certain. It has been conservatively
assumed to be present at the lowest limit of measurement, but

arguments based on its production ptocesses suggest that it is, in
fact, much less plentiful. The question is under study at several
establishments, and was a topic at an Electric Power Research
Instituee Workshop in Palo Alto, CA, in November 1987.

..
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Similar comments apply to the estimated very Icv levels of

uranium-234, uranium-235, and uranium 238, which may give rise to
significant doses at very long times. Other long-lived nuclides

which were shown to be potential dose contributors via groundwater
at very long times were nickel 59, cesium 135, and plutonium 242.

c) The uptake of carbon-14 has been discussed in several sections,

and is mentioned again in Appendix B. At the moment, it is not

the most significant contributor to dose, but if future work

indicates that a small uptake rate should be assumed, then it will
rise in importance, particularly if the discussion of the previous

paragraph, b), results in a reduction of iodine inventory.

d) There are still discrepancies, sometimes as much as an order of

magnitude, in the PDCF values of different compilations - notably
for carbon 14, technetium-99, and iodine-129. The Canadian CSA

and the ICRP numbers tend to be higher than the NRC numbers of

NUREG 0782.

7.5 Some extensions of the results

If the assumptions are appropriate in the SEERA calculations of dose-

reduction factors, the results, which are listed in Table 3, can be

used to multiply the detailed organ doses and significant nuclide doses

to allow for vault loading delays and the vault siting pattern. The

effects range from reduction by a factor of 10 for the Group 1 nuclides

to negligible corrections for the Groups 2 and 3 nuclides. The correc-
tion factors depend only upon vault loading delays and the spacing

between vault rows and hence are the same for aboveground and below-

ground vaults in the same Province.

Simple sensitivity calculations will indicate the effectiveness of

increases in buffer thickness or overburden thickness, or a change in

aquifer velocity. For f.nstance, for an increase in thickness by X, in a
region with porosity of P, and bulk velocity v, the irierease in transit
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time for a nuclide peak is approximately, T - RXP/V, where R is the
retardation factor for that nuclide. If the nt.clide decay factor is

lambda, then the increased time will result in reduction in peak height
Similar calcul'tione can be made toby approximately exp(-lambda.T) . a

allow for changes in velocity.

Changes in bulk flow rates in the aquifers, in pumping rates at the
well, or flow rates of surface water, will produce changes in dilution
factors that can be applied to the dose rates.

|

The effect on modelling results of changes in infiltration velocities
are not as readily predicted as those from changes in aquifer veloci-
ties because they appear in non-linear fashion in mass transfer

factors, but a rough idea of th dr effect could be obtained by the
sensitivity analysis described abo e.
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8. Overall Conclusions

Overall, the new results lead to conclusions similar to those in the
DEIS; some differences in detail are, however, evident. Because of

changes to some parameters, such as in pathway dose conversion factors,
especially the changes related to carbon-14 behavior, many of the peak
values of effective dose rate equivalent have been reduced signifi-
cantly.

Of the nine combinations of disposal methods and site characteristics
evaluated (Table 21, and Figures 16, 17, and 18), seven yielded peak
effective dose rate equivalents that met the performance objective of
keeping whole body doses below 25 mrem per year. Only the aboveground

and below6round vaults in the hypothetical setting in Province V
yielded greater values (by about a factor of 2).

As well as the effectivo dose rate equivalents, the committed dose rate
equivalents for the eight specific organs and tissues can be compared
with the performance objectives of 75 mrem per year to the thyroid and
25 mrem to any other organ. The results in Table 22 show that doses to
the thyroid exceed the performance objective for all technologies in
Province II, and for the aboveground and belovground vaults in Province
V. Estimated doses to the other organs (Table 23) are lens than the

lobjective for all technologies and all site characteristics.

As observed in the DEIS results, the significant dose contributions

result from the three mobile long-lived radionuclides, carbon 14,

technetium 99, and iodine 129. Although these nuclides account for

only 0.008 percent of the initial radioactivity in the wastes, they
have a very large influence on the peak annual doses because of their
relatively low retardation in the environment, and their long half
lives (that for carbon 14 is 5730 years, technetium 99 is 213,000

years, and iodine 129 is 16,000,000 years). In fact, among the results

in this report, iodine 129 alone is responsible for all doses which
exceed the performance objective.

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Because of the large differences in the relative importance of specific
radionuclides, the assessment results have been related to three groups
of nuclides which have similar behavior because of a combination of
their half lives and migration rates. In the listing in Tables 24

through 29, the potential for Group 1 radionuclides to cause exposure
is limited to a few hundred years. Group 2, which contains only the
mobile nuclides mentioned above, produces exposures from the near-
surface vaults which peak in the 1000 to 10,000 year period, and is the
most important group. Group 3 are well retard (d but long-lived, and

,

thus could potentially result in minor exposures in the long term
,

beyond 10,000 years.

In Group 1, tritium, as tritiated water, is the only nuclide which is

estimated to result in even minor exposures. Although the tritium

accounts for 58 percent of the initial radioactive inventory and

migrates at the same rate as water, the maximum predicted dose from it
is only 0.006 mrem / year. Since its half life is 12.3 years, it decays

almost completely in several hundred years.

For the three nuclides in Group 2, their importance in descending order
is iodine 129, carbon 14, and technetium 99. As can be seen from

Figures 19 to 24, the annual effective dose equivalents from iodine 129
are an order of magnitude or more greater than those from carbon 14,
and a factor of 1000 greater than those from technetium 99. The

estimated doses from iodine 129 are believed to be quite conservative
since pessfeistic assumptions were made in accounting for areas of
uncertainty. Uncertainties currently exist in the estimates of iodine-
129 concentrations in the waste, the importance of dilution by stable
iodine-127 in the environment, and the mobility of the chemical species
of iodine in the waste. If, as more information on these topics

becomes available, the degree of conservatism in assumptions is found
not to be excessive, specific steps may be warranted to ensure that
iodine 129 inventories in the facilities are well controlled.

i
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None of the Group 3 nuclides produced significant doses in the first
10,000 years. Itoweve r , some of the nuclides in that group are suffi-

though their migration in the disposalciently long lived that, even

system is greatly retarded, there was concern that they may eventually
produce significant doses. Although the levels of uncertainty become
rather large because of the potential climatic and demographic changes,

- the codes were used to estimate doses for times of 300,000 years or
more. Cesium 135 and some of the actinides appeared to be potentially

significant, but none of the peak annual effective dose equivalents
exceeded the values estimated to occur at earlier times from the Group

- 2 nuclides. ne factor wl'ch should be kept in mind, however, is that
no allowance was made in the modelling for the losses in stability of
the disposal units in these very long time scales. For example, some
surface pathways of importance are likely to develop from the above-
ground vaults, but were not assessed.

The results of all of the assessments indicate that the three disposal
technologies provide a range of radiological protection, with the
greatest barrier to biosphere contamination provided by underground
mined repository disposal. All of the combinations of disposal method

and typical site characteristics, even with quite conservative assump-
tions, showed excellent isolation of those radionuclides constituting

the major sources of radioactivity expected in the' wastes , that is
Groups 1 and 3. However, the small amounts of the long lived mobile
radionuclides in Group 2 could result in dose levels from the near-
surface facilities (aboveground and belovground vaults under assumed
Province V conditions) which exceed the performance objectives at times

beyond 1200 years.

The resu.ts of the assessments for the deep underground mined reposi-1

t' les show that groundwater transit times are long enough and flows
small enough that even poorly retarded nuclides with very long half
lives reach the well withdrawing water from the overburden at only very
low concentrations. As a result, doses to individuals are signifi-

cantly lower than those for the aboveground and belovground vaults.
>.

%.
p

k - - - - _ _
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Also, the potential concerns of loss of stability and inadvertent
intrusion associated with near surface vaults, are not significant for
mined repositories. The only significant doses to the public are from
iodine-129 and technetium 99 (carbon 14 has decayed). The peak doses

fro:n these radionuclides do not occur before 10,000 years, a length of
time considered by the NRC to be an appropriate limit for assessments
such as these. The differences in the doses from the .ained reposi-
tories in the three provinces result primarily from a combination of
effects of the various site characteristics, both favorable and less

favorable, rather than a single dominant factor. Thus, a discrimina-
|

tion between candidate provinces based on these results would be very
tentative. The characteristics of a particular site within any one of

|

the provinces could vary significantly from those modelled. Also, the
{

modelling did indicate that the engineered barriers associated with )
waste emplacement, as well as the natural features of the site, were

|
important contributors to the system performance. )

1

The predictions for the near surface vaults, both aboveground and
belowground, show that the doses from the principal radio welides
(Groups 1 and 3) are consistently very small, less than 0.001 percent
of natural background. However, as mentioned above, the calculated

doses from the long lived mobile radionuclides are significant since
the doses in some instances exceed the present performance objectives.
If NRC standards are changed (as expected) to omit dose to individual
organs from the performance objectives, and focus on a limit on effec-
tive dose equivalent only, then it seems probable that all of the
technologies could be made to satisfy the objective.

The expected performance of the underground mined repositories is
considerably better than the near surface disposal methods. However,

based on the estimated doses in this report, there is not a large
difference between the performances of the aboveground and belovground
vaults. This is, perhaps, not surprising since the distinctions
between them in the models were relatively small because of the limita-
tions imposed by the newly assumed site characteristics, Since the
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depths to the water _ table were reduced considerably from those assumed
for the DEIS, there was little difference between the elevations of the
aboveground and belovground vaults relative to the original site grade

(Table 9). In order to maintain a zone of unsaturation below them, the

belovground vaults had to proj ect above the original grade when
constructed, and then be buried by mounding at the time of closure.
The unsaturated zone was thicker beneath the aboveground vaults than
the belovground vaults, and thus compensated for the somewhat earlier
and greater roof leakage into the former.

Although the results of the modelling indicate that facilities using
any one of the technologies may be capable of satisfying the perfor-
mance objectives, a number of factors not considered in the calcula.
tions could have important effects on the actual performance. The

facilities described by the models were defined with features that
provided isolation at roughly the minimum level demanded by the regula.
tions. The specific details of the proposed location, design, and
operational procedures could significantly change the differences in
dose estimated by the generic analyses. Specific sites could provide

delay and dilution of radionuclides escaping the disposal units.more

Of equal importance, the features of the disposal units, and the form
and packaging of the wastes they contain, might contribute to less
release over the period of concern.

Also, the modelling was directed at an evaluation of the expected
pe,r formanc e of the facility assuming that no unanticipated system
failure occurred as a result of extreme environmental conditions (e.g.

exceptional earthquake), inadequate quality control, or operational
accidents. Some of the factors not analyzed but which could be

important in determining the overall risk are discussed below. The

discussion is meant to be illustrative rather than an exhaustive
analysis of all such factors.

The transfer of nuclides from the waste to water which can carry them

through the food chain is perhaps the most critical process in

- -.
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near-surface disposal systems. Three submodels in the COSMOS code
describe a sequence of pro: esses that control the nuclide transfer to
groundwater. The first control is the protection from water contact

afforded by the vault structure and the drums containing the waste.
The deterioration of each is modelled in a conservative way. In the

{ period when some drums have failed but before the vault leaks, there is
assumed to be a sufficient water film on the waste that radionuclides
slowly diffuse out into the water film and thence eventually to the
groundwater. This slow process continues throughout all vaults in
those sections which remain unaffected by leakage, but contributes a

I relatively small fraction of the predicted dose. Once water begins to
! leak into the vault, the percolation of water around the waste in the
I wetted areas flushes the nuclides in the water film toward the bottom

of the vault. The degree of flushing is controlled by the process of
advection which depends on the total flow and drainage races. The

contaminated water passes through the layer of buffer material (e.g.
sand plus adsorbents) and out into the unsaturated soil beneath the
vault. The buffer material and the unsaturated soil retard the
migration of most of the nuclides, but their interaction with the
mobile nuclides is significantly less. The nuclides that emerge from
the buffer are carried into and through the soil by the water flowing
from the vaults.

Since the peak doses result from the water that enters the vaults, the
factors that control the roof leakage rates are very important. For
the aboveground vault (AGV), design features which promote precipita.
tion runoff away from areas of potential cracking can reduce leakage to
less than the rates assumed in the calculations. Deterioration of an
AGV concrete roof would be more rapid than that of a belowgrou.id vault
(BGV) because of its exposure to the more aggressive environment in the
atmosphere. However, because of the accessibility of an AGV, roof
repairs could be made as long as instituttoral control was maintained.
The buried roof of a BGV would be difficult to repair, but would be
expected to deteriorate significantly more slowly. Also, prudent

design of a BGV would incorporate supplementary barriers to roof

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _
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leakage, such as an overlay of low permeability clay and a water-

shedding menbrane. However, the models assume that no infiltration
resistance, beyond normal site soil, controls water infiltration to the
BGV roof.

Of similar importance to the control of water leakage into the vaults
is the reliability of the systems to remove water from the vaults. If

drainage rates from the waste zone cannot accommodate the rate at which
water is infiltrating, the waste becomes completely saturated, and the
excess infiltration overflows, carrying leached radionuclides with it.
The consequence is most serious if the overflow is on the ground
surface, since it can cause rapid migration of the contained nuclides
by surface flow including those nuclides normally well retarded by
adsorption on the soil. This phenomenon, known as "bathtubbing", was

illustrated by past experience with shallow land burial at West Valley.
Exposures from such a system failure will tend to be less, the deeper
the waste is buried.

Although, in general, radionuclides in the unsaturated soil zone will
tend to migrate downward, release of nuclides into the uppermost soil
region may, under the action of plant roots, temperature gradients, and
diffusion, move upward toward the surface. Additional potential for

dose would then resdt. Again, deeper burial provides an advantage.

"Bathtubbing" in an ACV would be particularly serious because, not only
would escape likely carry nuclides onto the ground surface, but also
there would be a significant risk that freezing of the trapped water

would damage the vault. These concerns led to the incorporation in the
regulations of a necessity to ensure that the design of the disposal
units provides adequate drainage to the subsurface. Supplementary

protection beyond a leak tight roof could be provided during institu.
tional control by a system to pump and treat any water that leaked

into the vaults. Since the regulations require vault design that

avoids "bathtubbing", the potential consequences of the phenomenon have
not been included in the assessments.

_ - . -

.
I
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All three of the disposal technologies evaluated in the modelling

included a 0.5 m thick layer of "buffer" adjacent to the waste in the

direction of potential nuclide migration. The buffer would be a

permeable natural material, e.g. a mixture of sand and clay, chosen for
its good adsorption properties to retard most radionuclides, but allow-

ing the flow of water as required. In an actual disposal unit, the

thickness and properties of the buffer could be chosen to complement

the isolation characteristics of the site, and, in effect, close the

migration path against escape of specific radionuclides.

The models describing radionuclide migration are one dimensional. For

the underground mined repository, water flow from the waste is assumed
to rise vertically through the rock layers, i.e., the shortest path to

the overlying aquifer. In the aquifer, the flow is horizontal to the

well. For the near surface vaults, water escaping beneath the units is
assumed to flow directly down through the unsaturated zone to the

aquifer, ar.d then horizontally to the well. Along none of these paths
is allowance made in the calculation for the spreading out of the

contaminant plume. Dispersion transverse to the flow would cause

dilution of the contaminants and thus inad to a reduction in doses.
Such dispersion might be promoted by horizontal geologic strata that'
cause directional differences in the permeability to groundwater flow.
Since such strata might be present in the rock above the mined reposi-
tory, and in the unsaturated zone below the vaults, but are not

I included in the modelling, the calculations contain this additional
1
' conservative factor.

As indicated in Figures 14 through 18, the performance of each tech.
nology varies considerably with the characteriatics of the site in

which it is situated. Although the assumed site characteristics have
|

been associated with specific physiographic provinces in New York
State, the performance of an actual site would, of course, depend on
the combination of controlling characteristics, no matter where in the
State it was located. Some indications of which characteristics are
important can be obtained by comparing the results from each Province.

. . .
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Of the mined repositories, only that in Province II results in

exposures which exceed the performance objectives during the first
10,000 years. Since the assumed retardation factors were the same in
all provinces (with a few exceptions), and the only significant doses
are associated with iodine 129, the controlling factors must be the

groundwater flow rates in the rock and in the aquifer. A higher flow

in the rock leads to a greater transfer rate of very long lived

nuclides to the aquifer. A lower flow in the aquifer leads to less

dilution, higher concentration in the well, and hence to greater

predicted exposures. These conditions are most evident in the Province
II data.

For the aboveground and belovground vaults, the best performance is
predicted for the conditions assumed in Province IV, the worst for
Province V. Although differences were assumed between provinces in
parameters such as infiltration rate, soil porosity and tortuosity, and
unsaturated zone thickness, the most important is the 20 fold

difference in aquifer flow rate, the high flow again being responsible
for greater dilution. However, higher flow rates also mean shorter
transit time across the buffer zone. The advantage of the greater

dilution is only fully effective if the vault design ensures a low

nuclide escape rate, particularly for the nuclide tritium. Although no

calculations were done for an extremely low aquifer flow, it is

probable that the inability of a well to supply normal demands would
also result in low exposures.

The overall conclusions which can be drawn from this modelling report

are:

1. The specific design of the LIRV disposal facility will have very
significant effects on its ability to meet the performance objec-

tives.

2. New York State (!P/S) should seek to obtain an accurate estimate of
the radionuclide inventory to be disposed in the LLRV facility so

._
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that the source term for the cite may be more accurately

proj ec ted.

3. NYS should carefully review LLRW disposal facility proposals to
assure that the performance objectives can be met and if, with

conservative assumptions, the facility cannot meet the performance
objectives of 6 NYCRR Part 382, the State must consider facility
or site design modifications and/or restricting the ir.ventory of
radionuclides which would lead to failure to meet the performance
obj ec tive s .

4. Since surface contamination and airborne pathways were not

modelled. NYS snould very carefully review proposals for AGV's.
5. Assumptions made in conceptual modelling are critical to environ-

mental pathway analysis and dose assessment, e.g. the thickness of
overburden assumed will significantly affect dose estimates.

5. Most assumptions in the conceptual environmental pathway analysis
were very conservative and thus an actual facility design and site
can be expected to result in lower doses to the general popula-
tion, and many facilities can be expected to meet the performance
objectives.

7. The results and assumptions contributing to these conclusions

indicate that:

1. Based on the modelling and the fact that surface contamina-
tion was not assessed, ACV's show the least ability of the
three methodologies considered to meet the performance objec-
tives.

11. Site specific design information will be necessary for the
Siting Commission to obtain a certification from the New York

State Department of Environmental Conservation (DEC) pursuant
to 6 NYCRR Part 382.

iii. Special attention should be given by the Siting Commission,
New York State Energy Research and Development Authority and
DEC to assuring the dose performance objectives are met for
the mobile long lived radionuclides of C 14 Tc 99 and I 129

in groundwater which were the major contributors to dose in
this study.
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iv. The Siting Commission must obtain the necessary data to be
J

!

| able to model the site to prove the location and facility

design can meet the performance objectives. This will be a !

major undertaking. :
i'
r

1

This study showed that the actinides were not significant contributors
to dose in the first 10,000 years after closure. However, for surface- !

i

water flow, which was not modelled herein, it is expected that they'

I will be sisnificant dose contributors.
i
1
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M.Sc. Chemical Engineerinc. B.Sc. Chemical Engineer (ng
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with over 30 years of experience, much of which has been in the field
of radioactive waste management. Dr. Charlesworth coordinated the

activities of AECL on this project. In addition to providing technical
;

I review of the document. Dr. Charlesworth was a co author of Sections 1,

2, 3, and 8.

Roger G. Jarvis, D. Phil. Nuclear Physics,

M.A. B.A. Mathematics and Physics
;

Dr. Jarvis is the Leader of the Modell.ng Section of AECL with over 33

years of experience in nuclear physics and applied mathematics. His

j responsibilities include the development of computer codes for safety I

j assessment of waste disposal and the performance of such assessments.
1

His experience covers a wide range from low- and high energy nuclear

i physics experiments, through neutron transport theory, to a broad

spectrum of applied mathematical problems. Dr. Jarvis was primary co-
,

author of this report.

,

Denis B. McConnell, Ph.D. Nuclear Physics,
| M.Sc. Physics. B.Sc. Physics
| |
i

'

i

; Dr. McConnell is a Sentoi Assessment Analyst at AECL with over 21 years

] of experience. He has been associated with a number of assessments |
trelated to waste management and has been involved in the validation and

j testing of SYVAC.

:

I

|

|

!
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M.Sc. Anolied Mathematics. B.Sc. Aeolied Mathematics

Dr. Wilkinson is an Assistant Research Officer in the Modelling Section
at AECL. He is involved in developing computer models for safety
assessment modelling of low and intermediate level radioactive wastes,
and implementing computer' codes from other sources for use in detailed
safety assessment modelling. He has assisted in developing the

computer program COSMOS.

Dennis M. LeNeveu. M.Sc. Biochysics. B.Sc. Physics. B.Ed.

Mr. LeNoveu is an Assessment Analyst at AECL with 10 years of experi-
ence. He is responsible for the development of the vault submodel used
in SWAC. He developed the computer code used to calculate releases
from the underground mined repository for this contract, and partici-
pated in performing the assessmenc runs.

Ted W. Melnyk. Ph.D. M.Sc. B.Sc. Physical Chemistry

Dr. Melnyk is an Assessment Analyst at AECL with over 12 years of
experience. He has been associated with a number of experiments
related to waste management and has been involved in the development of
the geosphere submodel for SWAC. Dr. Melnyk adapted the geosphere
submodel for use in the present contract and participated in performing
the assessment runs.

R. Yvonne Adam, B.A. History, B.Ed.,
Diploma in Computer Science

Ms. Adam is a systems programer in the Modelling 1ection at AECL, Her

experience includes work on a computer assisted design package for
multivariable control systems. She programed models for the safety
assessment of low level waste disposal, and is responsible for the
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maintenance of the COSMOS safety assessment code and the scheduling of

its development.

In addition to the above, the following people provided technical input
to the assessments.

Denis G. Hardv. B.Enz. Meta 11urrical Encineerine

Mr. Hardy is the Leader of the Safety Studies Section at AECL with over
31 years of experience in nuclear research. He has been involved in a
variety of nuclear fuel development programs, and foc more than 3
years, he has been responsible for safety assessments of radioactive
waste disposal sites.

Leo P. Buckley, B.S. Chemical
Enstneerine. M.S. Chemical Engineering

Mr. Buckley is the Leader of the Conditioning and Containment Sectio.i
at AECL with over 16 years of experience. He has been responsible for a
large number of radioactive vaste management programs.

Brian D. Amiro, Ph.D., Agricultural

Meteorolorv. M.Sc. B.Sc. Biolorv

Dr. Amiro is a Research Scientist at AECL with over 4 years of experi-

ence. He has been involved in environmental research related to vaste
management and has contributed to the development of the biosphere

submodel for SYVAC.

Peter Baumgartner, M.Sc.,

B.Sc. Mining Enrineering. P.Eng.

Mr. Baumgartner is Head of the Geotechnical Engineering Section at

AECL, and has over 14 years of experience in mining and geotechnical
engineering. He was responsible for rock mechanics programs related to
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nuclear waste management, and is leading vaste packaging and disposal
studies.

Steven C.H. Cheung, Ph.D. Soil Mechanics,

M. Enc. Soil Mechanics. B. Enc. Civil Encineerine

Dr. Cheung is a Senior Soil Engineer at AECL with over 15 years of
experience in soil mechanics. He has been primarily involved in model-
ling of containment transport and development of backfill and sealing
materials related to waste management.

Gregory W. Csullog, M.Sc.
Biochemistry. B.Sc. Aeolied Chemistry

Mr. Csullog is a member of the Safety Studies Section at AECL and has
over 11 years of experience, . including 5 years in cancer research and 6
years in radioactive waste management. He is responsible for the

development of radioactive waste characterization technology and waste
management databases at Chalk River Nuclear Laboratories. Currently
his efforts are focussed on the development of Quality Assurance
programs for waste disposal projects.

Cliff W. Davison. M.Sc. Hydrorcolocy

Mr. Davison is Manager of the Applied Geoscience Branch at AECL and is

responsible to all the geological, geophysical, and hydrogeological
aspects of the Canadian Nuclear Fuel Waste Management Program. He has

fif teen years of experience in hydrogeology and he is an expert in
performing and evaluating field results in both hydraulics and
chemistry of groundwater in fractured rocks.

|

|
,

1
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Jas S. Devgur2, Ph.D. Phys. Chem.,

Post Doctorate Chem. Eng., M.Sc. Phys.
Chem. B.Sc. (Hons.) Chem./ Industrial Chem.

Dr. Devgun is a Scientist in the Prototype Engineering Section of AECL.
He is responsible for the site characterization and monitoring program
for the development of low level disposal facilities at AECL, with over
8 years of experience. His research and professional experience
includes adsorption of radionuclides on clay minerals and zeolites,

Igeochemistry and contaminant migration in soils, safety engineering
analyses of reactor accidents, lecturing and coordination activities.

Bruce W. Goodwin. Ph.D. M.Sc. B.Sc. Chemistry

|

Dr. Goodwin is Head of the Assessment Section at AECL with over 17
years of experience. He has been associated with a number of assess-
ments related to waste management and has been involved in the valida-
tion and testing of SWAC. Dr. Goodwin assisted with the testing of
the SWAC assessment code used for this contract. |

Kenneth E. Philloose. M.Enr. Structural. B.Sc. Enr.

Mr. Philipose is a Development Engineer in the Prototype Engineering
Section of AECL, and is responsible for the conceptual design and
specification of prototype intrusion resistant underground disposal
facilities. H9 has over 20 years experience in design, design super-
vision and project engineering, as well as extensive experience in the

I computer aided stress analysis and design of structures,
i
1

Victoria R. Ruddock. B.Sc. Math. & Computer Science

Ms. Ruddock is a system programmer in the Safety Studies Section and4

has assisted the Modelling Section. Her experience includes work on
'

data base management, and applications programming for waste manage-
ment.

J

1

d
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Dr. Devgun is a Scientist in the Prototype Engineering Section of AECL,
He is responsible for the site characterization and monitoring program
for the development of low level disposal facilities at AECL, with over-

,

8 years of experience. His research and professional experience
includes adsorption of radionuclides on clay minerals and zeolites,
geochemistry and contaminant migration in soils, safety engineer 1. ,
analyses of reactor accidents, lecturing and coordinaticn activities.

Bruce W. Goodvin. Ph.D. M.Sc. B.Sc. Chemistry

Dr. Goodwin is Head of the Assessment Section at AECL with over 17
years of experience. He has been associated with a number of assess-
ments related to warte management and has been involved in the valida-
tion and testing of SWAC. Dr. Goodwin assisted with the testing of

'

t'e SWAC assessment code used for this contract.

Menneth E. Philinose M.Enr. Structural. B.Sc. Enr.

'

Mr. Philipose is a Development Engineer in the Prototype Engineering '

Section of AECL, and is responsible for the conceptual design and
specification of prototype intrusion resistant underground disposal
facilities. He has over 20 years experience in design, design super- !
vision and project engineering, as well as extensive experience in the j

computer aided stress analysis and design of structures.

Victoria R. Ruddock. B.Sc. Math. & Coreputer Science '

!Ms. Ruddock is a system programmer it. the Safety Studies Section and ;

has assisted the Modelling Section. Her experience includes work on t
5

data base management, and applications programming for waste manage- i

ment.

!
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John Torok, Ph.D. Chem. Eng.,

M.A.Sc. Chem. Enr. B.A.Sc. Chem. Enr.

;

Dr. Torok is a Research and Development Engineer in the Conditioning
and Containment Section at AECL, with over 20 years of experience. His

responsibility is to define and analyze the near field chemical and
physical environment and radionuclide migration in a low level waste
repository. He is conducting several laboratory and field experimental

,

| programs that simulate the low level waste repository. Results of his
I work are used in the optimization of repository design and the safety
l analysis of the repository for licensing,

' enior Secretary to theJo anne M. Evraire, d

Waste Management Technolorv Division. AECL

| Mrs. Evraire has over 15 years' experience in office administration.
I including material purchasing, marketing research studies, education

course administration, and for the last two years, has been senior

secretary in the Vaste Management Technology Division'. Her experience

and professional attitude contributed to the finalization of this
report,

I i

|
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TABLE 1

Averare Annual Radiation Doses Received by Individuals

in the U.S.* from Various Sources

Effective Dose Equivalent
Natural Sources mrem /vear

Inhaled radon daughters 200**
Cosmic 30
Terrestrial 30
Internal natural radionuclides 40

.

Man Made Sources
|

Medical, dental X rays 39,

Nuclear medicine 14,

Consumer products 9

All other sources (including occupational, <3
|

,

fallout, nuclear fuel cycle)

ROUNDED TOTAL '360

* Frorn "Ionizing Radiation Exposure of the Topulation of the United ;
States", (NCRP, 1987).,

[
**"At a level of 4 picoeurie/ liter (indoor radon) people would receive i
about 7,700 mrem to the sensitive cells in the lung, or about 1,000

!,
i

rrea whole body dose equivalent each year if they spent 75% of their
time in the structure." Richard J. Guimond, Director of Radon Action
Program, U.S. Environmental Protection Agency (Health Physics Society !i Newsletter, January 1988, Vol. XVI No. 1). II

i
i

Radon measurements conducted in 2043 homes (year round, single unit,
; owner occupied) throughout New York State by the New York State Energy

,'Research and Development Authority found an average annual radon
concentration of 1.13 picoeurie/ liter (range-0,0 38.3 pCi/1) on the
first floor. This translates to an average annual whol, body dose

; equivalent of 283 mrem. NYSERDA News Release, November 4, 1987,
,

| i

i

I

t I
.

i

: >

. . . - _ _ . ._ - _ _ _ _ _ _ . _ __ _ _ - _ _ _ _ _ _ _ _ . -



. _ _ _ . __- _ _ - - - _ _ _ - _ _ _ _ _ _ _ - - - _ _ _ _ _ - _ _ _ _ _

.

.

T2

:
!

TABLE 2 !

RADIONUCLIDE INVENTORY IN 30 YEARS ACCUMU1ATION OF WASTE

WASTE TYPE A B+C A&(B+C)

TOTALACTIVITY{ci)5.87E+042.62E+062.68E+06
;

TOTAL VOLUME (m ) 1.90E+05 2.74E+04 2,17E+05 |

HALF LIFE LAMBDA ACTIVITY (Ci) INVENTORY (Nuclei) i

NUCLIDE (Years) (1/a) Type A Type B+C Type A Type B+C j
..........................................................................

Group 1
H.3 1.23E+01 5.62E 02 2.98E+03 1.55E+06 6,20E+22 3.22E+25 |

Fe 55 2.68E+00 2.59E 01 2.62E+04 4.24E+05 1.18E+23 1.91E+24 j
Co.60 5.27E+00 1,32E 01 2.37E+04 4,32E+05 2,10F 23 3.83E+24 -

Sr.90 2.90E+01 2.39E 02 1.08E+02 3,31E+04 5.28E+21 1.62E+24
Pu 238 8.77E+01 7.90E.03 5.43E+00 2.44E+03 8.04E+20 3.61E+23
Pu.241 1.44E+01 4.81E 02 1.70E+02 6.48E+04 4.13E+21 1.58E+24 i

cm 243 2.85E+01 2.43E 02 4.90E.03 8.44E 01 2,36E+17 4.06E+19 r

Cm.244 1.81E+01 3.83E 02 4.07E+00 7.68E+00 1,24E+20 2.34E+20 i

Group 2
C 14 5.73E+03 1.21E 04 1.71E+02 5.01E+01 1.65E+24 4.84E+23 .

Tc 99 2.13E+05 3.25E 06 7.98E 02 1.13E+00 2.87E+22 4.06E+23 !

I 129 1.57E+07 4.33E 08 2.24E 01 1.90E+00 6.05E+24 5.13E+25 f

Group 3
Ni-59 7.60E+04 9.12E-06 1.71E+01 3.06E+02 2,19E+24 3.92E+25
N163 1,00E+02 6.93E.03 3.03E+03 4,31E+04 5.11E+23 7.27E+24
Nb.94 2,00E+04 3,47E.05 2,22E 01 4.21E+00 7.48E+21 1.42E+23
Cs.135 3,00E+06 2.31E 07 7.97E 02 1.13E+00 4.03E+23 5.72E+24 !

Cs.137 3.02E+01 2.30E 02 2.27E+03 4.86E+04 1.15E+23 2,47E+24

U 234* 2,44E+05 2.84E 06 1.53E+01 3,60E+00 6.29E+24 1,46E+24 |

U 235 7.04E+08 9,85E.10 5.74E 01 1.40E.01 6.81E+26 1.66E+26
U 238 4.47E+09 1,55E.10 2,15E+00 1.05E+00 1,62E+28 7.92E+27 t

Np.237 2.14E+06 3.24E 07 7.45E 07 2.44E 05 2.69E+18 8.80E+19 |

Pu 239/40 6.56E+03 1.06E 04 3.72E+00 3.23E+03 4,10E+22 3.56E+25 !
'

Pu 242 3.76E+05 1,84E 06 8.16E 03 7.05E+00 5.18E+21 4.48E+24
Am.241 4.32E+02 1.60E 03 3,42E+00 1.25E+04 2.50E+21 9.13E+24 '

Am 243 7.37E+03 9.40E.05 2.31E 01 7,34E 01 2.87E+21 9.03E+21
|

* U 234 is expected to be present in vastes containing U.235 but was not included
in the source information used in NUREG 0782. An estimate of the U 234 inventory ;

is included in this table, but was not used in the modelling, j

|
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TABLE 3

DOSE REDUCTION FACTORS

Allowance for delays in vault loadings and gaps between vault rows.

10 rows of vaults, with 10 m gaps. 3 year loading delay be, tween rows.

Dose Reduction Factor

Ndelide Province 11 Province IV Province V

H3 0.224 0.480 0.236
C 14 0.959 0.996 0.963
Fe 55 0.100 0.100 0.100
Co 60 0.100 0.100 0.100
Ni 59 0.619 0.963 0.646
Ni 63 0.100 0.100 0.100
Sr 90 0.100 0.244 0.100
Nb 94 0.143 0.704 0.151
Tc 99 1.000 1.000 1.000
1 129 1.000 1.000 1.000
Cs 135 0.994 1.000 0.998
Cs 137 0.100 0.101 0.100
U 235 1.000 1.000 1.000
U 238 1.000 1.000 1.000
Np 237 0.987 0.999 0.988
Pu 238 0.100 0.100 0.100
Pu 239/40 0.107 0.482 0,109

Pu 241 0.100 0.100 0.100
Pu 242 0.812 0.965 0.828
Am 241 0.100 0.157 0.100
Am 243 0.175 0.776 0.188
cm 243 0.100 0.100 0.100
Cm 244 0.100 0.100 0.100

1
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TABLE 4

CONTAINER FAILURE FUNCTION FOR STEEL DRUMS
AS IMPLEMENTED FOR TIME. SCALES OF

3,000 years 24,000 years 300,000 years

TIME FRACTION TIME FRACTION TIME FRACTION

(Years) FAILED (Years) FAILED (Years) FAILED
................. ................. ........ ,........

0 0.0 0 0.0 0 1.0
40 0.001 80 0.001
80 0.06 160 0.8

120 0.35 240 1.0
160 0.80
200 0.97
240 1.0

TABLE 5

ANNUAL INFILTRATION RATES (METERS PER YEAR)

PROVINCE
II IV V

h96h b9khPrecipitation 1 14
Evaporation + Transpiration 0.584 0.508 0.533
Runoff + Infiltration (R + I) 0.559 0.457 0.432
Infiltration 0.140 0.069 0.086
Infiltration as % of (R+I) 25. 15. 20.

1
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TABLE 6

ROOF FAILURE WNCTION FOR ABOVECROUND VAULTS
AS IMPLEMENTED FOR TIME. SCALES OF

3,000 years 24,000 years 300,000 years

TIME FRACTION TIME FRACTION TIME FRACTION

(Years) FAILED (Years) FAILED (Years) FAILED
................. ................. .................

0 0.0 0 0,0 0 0.0
200 0.001 240 0.001 1000 1,0

280 0,028 400 0.070
360 0.052 560 0,170

440 0.090 800 0 504
520 0.136 1040 0.840
600 0,212 1200 0.960
800 0.504 1280 0,980

1000 0.800 1440 1,0

1080 0.884
1160 0,940

1240 0.972
1320 0.988
1480 1.0

TABLE 7

ROOF FAILURE FUNCTION FOR BELOVCROUND VAULTS IN PROVINCE II
AS IMPLEMENTED FOR TIME. SCALES OF

3,000 years 24,000 years 300,000 years

TIME FRACTION TIME FRACTION TIME FRACTION
(Years) FAILED (Years) FAILED (Years) FAILED

,

................. ................. .................

480 0.001 480 0.001 1000 0,50
560 0.012 560 0.012
680 0.034 720 0.040
800 0.070 800 0.070
920 0,140 960 0.170

1080 0.290 1080 0.290
1200 0.400 1200 0,400
1280 0.448 1280 0.448
1400 0,480 1440 0.486
1600 0.500 1600 0.500

!

L

-

___
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TABLE 8

ROOF FAILURE EVNCTION FOR BELOWGROUND VAULTS IN PROVINCES IV & V
AS IMPLEMENTED FOR TIME SCALES OF

i
1

l

3,000 years 24,000 years 300,000 years )
|

TIME FRACTION TIME FRACTION TIME FRACTION |

(Years) FAILED (Years) FAILED (Years) FAILED
................. .-............... .................

0 0.0 0 0.0 0 0.0

480 0.001 480 0.001 1000 0.2

560 0.012 560 0,012 2000 0.75 ,

680 0.030 800 0.052

800 0.052 960 0.130

920 0.100 1120 0.360 )
1080 0.292 1200 0.500

,

1200 0.500 1280 0.632

| 1280 0.632 1360 0.696

1360 0.696 1440 0.728

1440 0.728 1520 0.750

1600 0.750
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TABLE 9

FLOW RATE AND DIMENSION DATA (USING TRANSFER WIDTH OF 450 m)

PROVINCE
II IV V

............................... i

LEACllING
,

Was e Slab Thickness (m) 0.21 0.21 0.21 i

Ef fective Thickness of Water Layer !

for Leaching from Drums (m) 0.001 i).001 0.001 ]

TRANSFER TO INFILTRATION WATERS ;

Transfer Area (m ) 1.495E+5 1.495E+5 1.495E+5 l2
'Transfer Length (m) 4.77 4.77 4.77

BACKFILL 6 BUFFER
Effective Thickness of Backfill Over ;

and Between Drums (m) 0.14 0.14 0.14 '

Buffer Thickness (m) 0.5 0.5 0.5 j

i

UNSATURATED ZONE j

Range of Thickness Given (m) 9 10 69 1.5 3 |Thickness chosen for Aboveground i

!Scenario (m) 9.5 7.5 2.5
Depth of Vault Buried (from grade |

to bottom of buffer) for j7
' Belovground Scenario (m) 2.5 2.5 0.5
' Thickness chosen for Belovground

Scenario (m) 7.0 5.0 2.0

LOVER BEDROCK
Path Length (m) 95. 385. 250.,

Velocity (m/y) 9.00E 05 3.00E 07 3.00E 07
2Effective Cross Section Area (m ) 9000, 9000. 9000.

Porosity 0.005 0.005 0.005

UPPER BEDROCK
Path Length (m) 30. 30, 30.
Velocity (m/y) 9.00E 03 9.00E 03 9,00E 04

2Effective Cross-Section Area (m ) 9000, 9000, 9000.
Porosity 0.01 0.01 0.01

AQUIFEn
i Path Length (m) 300. 300, 300.
! Depth (a) 10. 10, 5.

2Effective Cross Saction Area (m ) 4500. 4500. 2250.'

3! Flow rate (m /y) 9000. 90000. 4500.
'

(see Table 10 for velocity)

__ . _ _ _ _
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TABLE 10

HYDRAULIC CONDUCTIVITIES. HYDRAULIC CRADIENTS,
HENCE FLOW VELOCITIES IN AQUIFERS

Province
II IV V

.............. .............. ..............

Conductivity Range (m/y) 1.E 1 3.E+3 1.E+0 3.E+3 1.E 1 3.E+3
Gradient Range 1.E 4 . 1.E 2 1.E 3 - 1.E.1 1,E.4 1.E 2
Velocity Range (m/y) 1.E 5 - 3.E+1 1.E.3 . 3.E+2 1.E.5 . 3.E+1
Velocity Chosen (m/y) 2.0 20.0 2.0

;
,

TABLE 11

PORE VATER DIFFUSION COEFFICIENTS (HETERS SQUARED PER YEAR)
AND RETARDATION FACTORS

;

PORE WATER DIFF. CO. RETARDATION FACTORS
NUCLIDE (Sat.) (Unsat.) (Cxprsd.) (Solid) (Buffer) (Ground)
......... ................... .........................................

Group 1
H3 7.69E 02 1.54E 02 1.0 1.0 1.0 1.0
Fe 55 5.87E 02 1.17E 02 1.33E+04 1.33E+03 2.00E+03 2.64E+03
Co 60 5.87E 02 1.17E 02 7.88E+03 1.33E+03 1.00E+03 1.75E+03
Sr 90 6.12E 02 1.22E 02 8.22E+03 1.39E+03 8.50E+01 3.60E+01
Pu 238 5.93E.02 1.19E 02 7.71E+03 7.71E+03 3.52E+03 3.52E+03
Pu 241 5.93E-02 1.19E 02 7.71E+03 7.71E+03 3.52E+03 3.52E+03
cm 243 5.58E 02 1.1?.E 02 1.52E+04 3.05E+03 1.20E+03 1.20E+03
Cm 244 5.58E 02 1.12E 02 1.52E+04 3.05E+03 1.20E+03 1.20E+03

Crcup 2
C 14 3.84E 02 7.68E 03 4.99E+01 5.99E+05 1.00E+01 1.00E+01
Tc-99 4.76E 02 9.52E 03 1.0 1.0 4.0 4.0
I.129 4.76E-02 9.52E 03 1.0 1.0 4.0 4.0

Group 3
Ni 59 5.87E.02 1.17E 02 7.88E+03 1.33E+03 1.00E+03 1.75E+03

;Ni.63 ' 4/E 02 1.17E 02 7.88E+03 1.33E+03 1.00E+03 1.75E+03
Nb 94 4.76E 02 9.52E-03 1.30E+05 1.30E+05 4.64E+03 4.64E+03
Cs 135 5.40E 02 1.0SE 02 3.63E+02 4,71E+02 4.35E+03 3.50E+02
Cs 137 5.40E 02 1.08E 02 3.63E+02 4,71E+02 4.35E+03 3.50E+02 >

U 235 5.93E 02 1.19E 02 7.71E+03 7.71E+03 3.52E+03 3.52E+03 :
U 238 5.93E 02 1.19E 02 7.71E+03 7.71E+03 3.52E+03 3.52E+03
Np 237 5.88E 02 1.18E 02 1.61E+04 3.21E+03 1'20E+03 1.20E+03
Pu 239/40 5.93E 02 1.19E 02 7.71E+03 7.71E+03 3.52E+03 3.52E+03
Pu-242 5.93E-02 1.19E 02 7.71E+03 7.71E+03 3.52E+03 3.52E+03
Am 241 5.58E 02 1.12E 02 1.52E+04 3.05E+03 1.20E+03 1.20E+03
Am 243 5.58E 02 1.12E 02 1.52E+04 3.05E+03 1.20E+03 1.20E+03

- - - _ _ .
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TABLE 12

POROSITIES AND TORTU0SITIES

MATERIAL POROSITY TORTU0SITY
......................................

Compacted Waste 0.50 5.0
Solid Waste (concreted) 0.15 15.8
Buffer (Sand + 106 1111te) 0.33 1.53
Overburden

Province 2 0.5 1.8
Province 4 0.35 1.6
Province 5 0.45 1.7

TABLE 13

RAEIONUCLIDE RETARDATION IN UPPER AND LOWER BEDROCK

UPPER BEDROCK LOVER BEDROCK

NUCLIDE Prov. II Prov IV Prov, V Prov. II Prov. IV Prov, V

.............................. .....................................

Group 1
H.3 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Pe.55 2.64E+03 2.64E+03 2.64E+03 2.64E+03 2,64E+03 2.64E+03
Co.60 1.75E+03 1,75E+03 1.75E+03 1.75E+03 1.75E+03 1.75E+03
Sr.90 5.41E+02 3.00E+04 3.20E+04 1.08E+03 6.75E+04 8.41E+02
Pu 238 3.52E+03 3.52E+03 3.52E+03 3.52E+03 3.52E+03 3.52E+03
Pu.241 3,52E+03 3.52E+03 3.52E+03 3.52E+03 3.52E+03 3.52E+03
cm.243 1.20E+03 1.20E+03 1,20E+03 1.20E+03 1.20E+03 1.20E+03
Cm.244 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03

Group 2
C.14 2.71E+02 1.20E+05 1.30E+05 5.41E+02 2,70E+05 4.21E+02
Tc.99 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1,00E+00

I.129 1.00E+00 1.00E+00 1,00E+00 1.00E+00 1.00E+00 1.00E+00

Croup 3
N1 59 1,75E+03 1,75E+03 1.75E+03 1,75E+03 1.75E+03 1.75E+03
N1 63 1,75E+03 1.75E+03 1.75E+03 1.75E+03 1.75E+03 1.75E+03
Nb.94 4.64E+03 4.64E+03 4.64E+03 4.64E+03 4.64E+03 4,64E+03

Cn.135 2.70E+04 2.40E+05 2.60E+05 5,40E+04 5.40E+05 4.20E+03
Cs.137 2.07E+04 2.40E+05 2.60E+05 5,40E+04 5.40E+05 4,20E+03

U.235 3.52E+03 3.52E+03 3,52E+03 3.52E+03 3.52E+03 3.52E+03
U 238 3.52E+03 3.52E+03 3.52E+03 3.52E+03 3.52E+03 3.52E+03
Np.237 1.20E+03 1.20E+03 1.20E+03 1,20E+03 1,20E+03 1.20E+03
Pu 239/40 3,52E+03 3.52E+03 3.52E+03 3.52E+03 3.52E+03 3,52E+03

Pu.242 3.52E+03 3,52E603 3.52E+03 3.52E+03 3.52E+03 3.52E+03
Am.241 1.20E+03 1,20E+03 1.20E+03 1.20E+03 1.20E+03 1,20E+03

Am.243 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1,20E+03 1.20E+03
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TABLE 14

F14W/ PUMPING RATES
(CUBIC METERS PER YEAR)

CRITICAL FAMILY : 3,00E+03

POPUIATION WELL : 2.00E+05
SURFACE STREAM : 4.45E+06

TAB C 15

DILUTION FACTORS COMPARED WITH CRII'tCAL FAMILY VELL
I

PROVINCE
II IV V

................................

POPULATION WELL AIANE 22. 2.2 44
SURFACE VATER ALONE 500. 50. 1000.
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TABLE 18

CONSUMPTION RATES BY ANIMALS

Food Vater Contaminated Water
(kg/ day) (L/ day) Fraction

Dairy Cow 1.000E+01 8.000E+01 1.000E+00

Beef Steer 1.000E+01 5.000E+01 1.000E+00

Chicken 1.000E 01 3.000E.01 1.000E+00

Pig 3.000E+00 t.000E+00 1.000E+00

TABLE 19

AVERACE FOOD CONSL'MPTION BY ADULT HUMANS

Amount Contaminated
(kg/y) Fraction

Leaf Vegetables 1.400E+01 1.000E+00
Fruits & Vegvuables 1.100E+02 1.000E+00
Roots 7.900E+01 1.000E+00
Cereal 7.400E+01 1.000E+00
Meat (Beef and Pork) 7.100E+01 1.000E+00
Poultry 1.600E+01 1.000E+00
Milk 1.200E+02 1.000E+00
Milk Prod 5.400E+01 1.000E+00
Eggs 1.400E+01 1.000E+00
Fish (Fresh Water) 5.500E+00 1.000E+00
Fish (Marine) 1.000E+01 0.000E+00
Crustacea 1.500E+00 0.000E+00
Mollusk 1.500E+00 0.000E+00
Seaweed (e.g. Duise) 3,000E+00 0.000E+00
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TABLE 20

GEOGRAPHIC DATA AND HUMAN HABITS I

3ca conc. to get Sr cone, in fish (g/m ) 5.000E+01

3M. cone, to get Cs. cone, in fish (g/m ) 1.500E+00 J
,

Physical removal constant by sedimentation (/s) 5./30E.07
!

2Eff. dry soil density (kg/m ) 2.400E+02
,

2Eff, sediment density (kg/m ) 4.000E+01
!

Dose reduction for ground surface factor nonuniformity 7,000E.01 j

Fraction time spent outdoors 2.000E 01 |
3Inhalation rate (m /y) 8.400E+03

Intake water (L/y) 7.000E+02 |
<

Contamination fraction of human drinking water 1.000E+00 |

|

Fraction of meat eaten that is beef 6.600E-01
|

Fraction of meat eaten that is pork 3.400E.01
I

2Irrigation, annual growing season rate (L/(m .s) 2.300E.05 L

fShoreline occupancy factor 1.000E.02

Water occupancy factor 1.000E 02 i

Removal constant from plants (/s) 5.730E 07

Fraction left after removal by water treatment 1.000E+00

Cround shield factor by buildings for gamma radiation 4.000E.01 |

IPhysical removal constant from soil (/s) 2.200E.10 |

!Shore width factor 2.000E.01

t

!

i
i

!
:

I

[
_.- . . , - _ . _ - - - - - - - _ . - . _ _ _ _ _ - . _
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TABLE 21

PEAK ANNUAL EFFECTIVE DOSE EQUIVALENTS
FOR COMBINATIONS OF PROVINCE & TECHNOLOGIES

(arem/ year)

FROVINCE ABOVECROWD BELOVCROUND UNDERCROUND
VAULT VAULT MINED REPOSITORY

11 20 9 15

IV 1 2 0.007

V 39 50 0.01

TABLE 22

MAXIMLH ANNUAL COMMITTED DOSE EQUIVALENTS TO THYROID (arem/yeat)

PROVINCE ABOVECROUND BELOWCROUND UNDERCROUND
VAULT VAULT MINED REPOSITORY

II 630 290 470

IV 31 59 0.2

V 1'00 1600 4

TABLE 23

MAXIMLH AhNUAL COMMITTED DOSE EQUIVALENTS TO
ANY OTHER ORCAN (KIDNEY) (arem/ year)

PROVINCE ABOVECROUND BELOVCROUND UNDERCROUND
VAULT VAULT E .D REPOSITORY

II 0.7 0.3 0.1

IV 0.1 0.007 0.0

V 1 0.009 0.0

!

,
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TABLE 24 !

!
.

ABOVECROUND VAULT IN FROVINCE II f
|

DOSE RATES TO ADULTS IN CRITICAL FAMILY i

Maximua dose rates in mrem /y, with year of occorrence in parenthesis {
!
!

CROUP 1 NUCLIDES CROUP 2 b'UCLIDES i

;
Eff. Dose Equiv. 3.27 06 (1) 1.96 +01 (3) |

(310) (1680) >

Lungs < 1.0 06 (1) 9|55 03 (4) i
(2080) ;

Stomach Wall 3.27 06 (1) 6.01 01 (2) '

(310) (2240)
L. L. Intestine < 1.0 06 (1) 6.55 01 (2) ;

(2240) iKidney 3.27 06 (1) 7.04 01 (2) !

(310) (2240) [
Liver 3.27 06 (1) 6.01 01 (2) !

(310) (2240) '

Red Bone Marrov 3.27 06 (1) 6.01 01 (2) (
(310) (2240) iBone Surface 3.27 06 (1) 6.01 01 (2) t

(310) (2240)
Thyroid 3.27 06 (1) 6.33 +02 (3)

(310) (1680)

i

Major Contributors to Dose

(1) H.3 ,

(2) C.14 i(3) 1 129 i

(4) C 14 + !.129
|
| t

| I
.

t

!,

|
!
f

i

h

I.

|

{1

i !
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TABLE 25

! 1

{ ABOVECROUND VAULT IN PROVINCE IV
i

DOSE RATES TO ADULTS IN CRITICAL FAMILY,

g Maximum dose rates in arem/y, with year of occurrence in parenthesis

4

CROUP 1 NUCLIDES CROUP 2 NUCLIDES

Eff. Dose Equiv. 6.46 06 (1) 1.04 +00 (3)
(270) (1440)

: Lungs < 1.0 06 (1) 9.47 04 (4)
(1600)4

i Stomach Vall 6.46 05 (1) 9.71 02 (2)
(270) (1680),

! L. L. Intestine < 1.0 06 (1) 1.00 01 (3)
| (1680)

Kidney 6.46 06 (1) 1.03 01 (2),

: (270) (1680)
? Liver 6.46 06 (1) 9.71 02 (2)
! (270) (1680)
1 Red Bone Harrow 6.4' .06 (1) 9.71 02 (2)

, (z70) (1680)
! Bone Surface 6.46 06 (1) 9.71 02 (2)

(270) (1680)
] Thyroid 6.46 06 (1) 3.14 +01 (3)
| (270) (1360)
l
4

; Major Contributors to Dose

! (1) H.3
(2) C 14,

I (3) I.129
| (4) C 14 + I 129
<

.

|

s

;

i
!

|
1 |
._ - - _ _ _ -. . -- _.-. - -w
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TABLE 26

ABOVEGROUND VAULT IN PROVINCE V

DOSE RATES TO ADULTS IN CRITICAL FAMILY
Maximum dose rates in mrem /y, with year of occurrence in parenthesis

GROUP 1 NUCLIDES CROUP 2 h*UCLIDES

Eff, Dose Equiv. 1.05 03 (1) 3.93 +01 (3)
(230) (2000)

,

|Lungs < 1.0 06 (1) 1.75 02 (4) |

(2000)
Stomach Vall 1.05 03 (1) 7.10 01 (2)

(230) (2000) i
L. L. Intestine < 1.0 06 (1) 8.63 01 (2) |

(2000)
|Kidney 1.05 03 (1) 9.90 01 (2) i

(230) (2000)
|Liver 1.05 03 (1) 7.10 01 (2) |

(230) (2000) jRed Bone Marrow 1.05 03 (1) 7.10 01 (2)
(230) (2000)

Bone Surface 1.05 03 (1) 1.10 01 (2)
(230) (2000)

Thyroid 1.05 03 (1) 1J26 +03 (3)
(230) (2000)

Major contributors to Dose

(1) H 3
(2) C 14
(3) I 129
(4) C 14 + I 129
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TABLE 27

BELOWGROUND VAULT IN PROVINCE II

DOSE RATES TO ADULTS IN CRITICAL EAMILY
Maximum dose rates in mrem /y, with year of occurrence in parenthesis

GROUP 1 NUCLIDES GROUP ?. NUCLIDES

Eff. Dose Equiv. 4 1.0 06 (1) 8.90 +00 (3)
(1840)

Lungs < 1.0 -06 (1) 6.47 -03 (4)
(2240)

Stomach Wall , 1.0 06 (1) 2.79 01 (2)
(2320)

L. L. Intestine < 1.0 06 (1) 3.04 01 (2) ,

(2320)
Kidney < 1.0 -06 (1) 3.27 01 (2)

(2320)
Liver < 1.0 06 (1) 2.79 -01 (2)

(2370)
Red Bone Marrow < 1.0 -06 (1) 2.79 -01 (2)

(2320)
Bone Surface < 1.0 -06 (1) 2.79 -01 (2)

(2320)
Thyroid < 1.0 -06 (1) 2.87 +02 (3)

(1840)

Major Contributor to Dose

( 1 ) 11 - 3
(2) C-14
(3) I-129
(4) C-14 + I-129

i

. . - . . . - - - - . _ _ - . .
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TABLE 28

BELOWGROUND VAULT IN PROVINCE IV

DOSE RATES TO ADULTS IN CRITICAL FAMILY
Maximum dose rates in mrem /y, with year of occurrence in parenthesis

GROUP 1 NUCLIDES GROUP 2 NUCLIDES

Eff. Dose Equiv. 3.33 06 (1) 1.84 +00 (3)
(230) (7840)

Lungs < 1.0 -06 (5) 7.68E -04 (4)
(6800)

Stomach Wall 3.33 06 (1) 6,74 -02 (2)
(230) (1760)

L. L. Intestine < 1.0 -06 (5) 6.99 02 (2)
(230) (1760)

Kidney 3.33 -06 (1) 7.21 02 (2)
(1760)

Liver 3.33 -06 (1) 6.74 02 (2)
(230) (1760)

Red Bone Marrow 3.33 06 (1) 6.74 -02 (2)
(230) (1760)

Bone Surface 3.33 -06 (1) 6.74 -02 (2)
(230) (1760)

Thyroid 3.33 06 (1) 5.93 +01 (3)
(230) (7920)

Major Contributors to Dose

(1) H 3
(2) C 14
(3) I 129
(4) C 14 + I 129
(5) Sr 90

;

|

. _ . _ _ . -
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TABLE 29

I

BELOWGROUND VAULT IN PROVINCE V
,

,

DOSE RATES TO ADULTS IN CRITICAL FAMILY ,

Maximum dose rates in mrem /y, with year of occurrence in parenthesis I

I
|

CROUP 1 NUCLIDES CROUP 2 NUCLIDES |

l

Eff. Dose Equiv. 5.47 -03 (1) 4.96 +01 (3) )
(220) (2160) ;

Lungs < 1.0 06 (1) 1.99 -02 (4)
(2160)

Stomach k: 5.47 -03 (1) 5.69 -01 (2)
(220) (2240) 4

L. L. Intestine < 1.0 06 (1) 7.65 -01 (2) |

(2240)
Kidney 5.47 -03 (1) 9.28 -01 (2) |

(220) (2240)
Liver 5.47 -03 (1) 5.69 01 (2)

(220) (2240)
Red Bone Marrow 5.47 03 (1) 5.69 01 (2)

(220) (2240)
Bone Surface 5.47 03 (1) 5.69 -01 (2) |

(220) (2240) |
|Thyroid 5.47 -03 (1) 1.60 +03 (3)

(220) (2080)

|

Major Contributors to Dose

(1) H 3
(2) C 14 ;

(3) I 129 |
(4) C-14 + I 129

i

|

|

|

|

I

|

l
|
1

-, -_ ~. - __. - . - _ . - . . - . . ~ ., .
|
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TABLE 30

MINED REPOSITORY IN PROVINCE II

DOSE RATES TO ADULTS IN CRITICAL FAMI?Y
Maximum dose rates in mrem /y, with year of occurren in parenthesis.

GROUP 2 NUCLIDES*

Eff. Dose Equiv. 14.5
(14600)

Lungs 4.90 -03
(14600)

Stomach Wall 2.07 -02
(14600)

L. L. Intestine 6.94 02
(14600)

Kidney 1.14 -01
(14600)

Liver 2.07 02
(14600)

Red Bone Marrow 2,07 02

(14600)
Bone Surface 2.07 -02

(14600)
Thyroid 473.3

(14600)

*I-129 is the only significant contributor.

_ .. __. __. . _ -
_ _ _ .-.-. _ , __ -_ _ _ - _ -.
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TABLE 31

MINED REPOSITORY IN PROVINCE IV

DOSE RATES TO ADULTS IN CRITICAL FAMILY
Maximum dose rates in mrem /y, with year of occurrence in parenthesis

GROUP 2 NUCLIDES*

Eff. Dose Equiv. 6.57 -03
(1,400,000)

Lungs 2.22 06
(1,400,000)

Stomach Wall 7.67 06
(1,400,000)

L. L. Intestine 2.72 06
(540,000)

Kidney 8.60 06
(890,000)

! Liver 7.67 06
(1,400,000)

Red Bone Marrov 9.05 -09,

(1,400,000)
Tine Surface 7.67 06

(1,400,000)1

| Thyroid 2.14 -01
' (1,400,000)

f *I 129 is the only significant contributor.

\ r

|

i

|

!

)

i

I

!
i

4

i

i>

"
,

6

-

I
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TABLE 32

MINED REPOSITORY IN PROVINCE V

DOSE RATES TO ?.Li'I.TS IN CRITICAL FAMILY
({L ximum dose rates in mrem /y, with year of occurrence in parenthesis

GROUP 2 NUCLIDES

Eff. Dose Equiv. 1.20 01
(1,100,000)

Lungs -4.05 05
(1,100,000)

Stomach Wall 1.41 04
(1,100,0CJ)

L. L. Intestine 9.37 05
(400,000)

Kidney 2.21 04
(530,000)

Liver 1.41 04
(1,100,000)

Red Bone Marrow 1,41 04
(1,100,000)

Bone Surface 1.41 04
(1,100,000)

Thyroid 3.92
(1,100,000)

*I 129 is the only significant contributor.
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APPENDIX A

The Assessment Codes That Were Used

The following descriptions of the codes are basically the same as in

the DEIS. There are some additions to the COSMOS section, in the form

of a fuller account of masa transfer factors and descriptions of two

new sub models. An expanded set of dose conversion factors has been

included in both codes, and now has ' effective committed dose equiva-

lent' and the committed dose equivalent to eight ir'.1vidual organs.

The two safety assessment codes, SWAC3 and COSMOS S/D, have been
developed by Atomic Energy of Canada Ltd., (AECL) as a complementary
pair. SWAC was originally designed for deep disposal of nuclear fuel,

waste, and COSMOS for near surface disposal of low- and intermediate-

level nuclear waste. However, both can be used in wider fields and

models can be transferred from one structure to the other to improve

coverage of a particular problem. This assessment is a good exceple of
such a transfer and details are given below, in the section on SWAC.

,.

Both codes describe complete pathways, starting with escape of radio-
' nuclides from containment in a repository, continuing with their migra-

tion through ground or atmosphere, and concluding with irradiation of
humans, either directly or by way of the food ch sins. The scenarios

| that were modelled (with their pathways and repository types) are
j described and illustrated in Section 4. For these generic types of '

study, the full generality of the modelling was not needed, although
more comprehensive studies might well be appropriate for assessments of
specific repositories on actual sites. The major restrictions were as

follows:
only "deterministic" runs were made (see Section 2);-

| since gaseous decomposition was assumed to be unimportant, disper- I-

'

sion processes in the atmosphere were omitted (see Section 2)*
t

,

_ _ . - _ _ _ . _ ___ _ _ ____
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since the humans at risk in the scenarios are assumed to obtain
their water from welle, the only surface water effects that were

considered came from recreational activities such as fishing.

COSMOS has been used to assess the aboveground vault and the below-
ground near surface vault, and SWAC to assess the underground mined
repository.

Detailed descriptions of both codes are appearing in the public domain,
usually as AECL reports and conference papers. At present, SWAC

coverage is the more complete.

A.1 THE COSMOS S/D CODE AND ITS MODELS

A.1.1 Code Structure

The COSMOS S/D (Stochastic / Deterministic) code (Jarvis et al., 1986) is
designed for the safety assessment of waste disposal near the surface.
In its present form, COSMOS S/D models water infiltration through a
leaking roof; the failure of containers and consequent leaching of
their radionuclide contents; migration of the nuclidos through
saturated and unsaturated media such as buffer, backfill, and tayers of
ground; and dispersion in the atmosphere or in surface waters, includ-
ing evaporation and adsorption in sediment. It can describe the

transfer of nuclides in groundwater taken b: a well, and releases into

the atmosphere by irrigation sprays. Finally, it calculates the poten-

tial doses to an affected population and the corresponding maximum risk
to health.

The code complex C05MOS-S/D consists of five interdependent programs,
CHECK, SAMPLE, COSMOS, BIOS and DISPLAY, which share information

,

through files. The heart of the complex, COSMOS, is an assembly of
migration models. The structure of the complex is shown in Figure A 1. |

\

i

I
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Input from users of the code is read and analyzed for completeness and
consistency by CHECK, which produces an input file. SAMPLE operates

upon the input to produce parameter values that are required by COSMOS,
which then creates concentration files. The concentrations are

combined with dose / concentration ratios from BIOS, to produce dose and

total dose files. Finally, DISPLAY arranges printing and graphical

displays. The code was designed to run on the CDC Cyber System at

CRNL, but it is written in ANSI Fortran and, with the exception of

machine dependent operations in SAMPLE and DISPLAY, is easily trans-
portable.

A complete pathway description, from source to irradiation of popula-

tion, is defined as a "scenario" and COSMOS S/D can be run in either

deterministic or stochastic mode. A deterministic scenario will

involve a single run of COSMOS with "best estimate" parameters; a

stochastic scenario will require several hundred runs with random

values for key parameters with appropriate distributions.

The input file tc the program SAMPLE defines the scenario. If the

deterministic mode is selected, this basic scenario information is

simply written to a parameter file which is accessible to COSMOS. If

the stochastic mode is chosen, then in addition to the basic scenario

information, SAMPLE writes a specified (large) number of records, each

containing a parameter set randomly generated on the basis of selected

distributions.

The migration models in COSMOS can access one or some of these para-
meter sets. Any block of parameter sets stored as sequential records

can be accessed to run as a stochastic case. For example, if SAMPLE

creates 1000 parameter sets, COSMOS can access the last 250, or any

other block of sequential records. In addition, any single parameter

set can be accessed and run deterministically so that each stage in the

scenario can be examined in detail.
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Within COSMOS, appropriate submodels represent each section of a migra-
tion pathway from disposal to the environment. The interaction of the

migration and dispersion models is indicated in Figure A-2. PEGE is a

source control model that describes container failure and will permit
the presence of two different types. LIXY models leaching by diffusion
of nuclides frot an inner region into a surrounding saturated layer,
RADES describes the migration of nuclides, by diffusion and advection,
through man made barriers or layers of ground. STEGI models the

mixture of unsaturated and saturated regions that occur in the vault
and its immediate neighborhood when water infiltrates,through s failing
roof. STYX deals with transport by diffusion and advection through
underground aquifers. HYDROS models contaminant transport in surface
water systerns. ATMOS describes dispersion in the atmosphere.

Communication between raodules is ef fected primarily through a ' common
block' structure.

Concentrations of each radionuclide are first calculated by LIXY, then
recalculated by every submodel that is subsequently invoked. At inter-
mediate points (for example between links in the HYDROS surface water

chain) concentrations are optionally printed or stored for later use by
the DISPLAY program. At the conclusion of each run, annual doses per-
nuclide and total doses are calculated from the concentrations and the
dose-concentration ratios are read from files produced by BIOS. These

are also stored for use by DISPLAY.

Normally, concentrations, annual dosea, and total doses, are stored as
the result of a deterministic run, but only the annual total doses from

,

a stochastic case. I

I

l
Processing, reduction, and plocting of data are controlled by the
program DISPLAY, which exists in both deterministic and stochastic

versions.

|
1
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A thorough documentation of COSMOS S/D is not yet assembled, but the

most complete published account is (Jarvis et al., 1986).

A.1.2 Input. Checkinc and Samling

When the sources, pathways and appropriate regions have been chosen to
represent a particular scenario, an input file is created using a

customized user friendly "innut form" or "template". The input file

contains "best estimate" parameter values , and, if the code is to be

run in stochastic mode, distribution types and characteristics of

sampled parametars.

For example, a typical template for a deterministic run will occupy

about 8 pages, It starts with general Input such as titles, time range

and intervals, tallies of vault and general re gions', atid tallies of
lakes and rivers. This is followed by a list of the radionuclides

involved, and their inventories. Geometric data for the vault come

next, along with the performance functions to describe roof leakage,
and container failures. Then for each vaste fore and leaching region

come diffusion parameters for each nuclide. The geometry of the

engineered barriers follows, along with appropriate diffusion para-

meters for each nuclide, and then similar lists for the layers of

overburden and the aquifer. The water transport data ends with para-

meters for a well, and properties of the surface water in the lakes and

rivers. Atmospheric data are next to describe dispersion and

turbulence. The template closes with instructions to the printing and
plotting routines.

The input file is submitted to the checker, which scans the file for

inconsistencies or omissions, ensuring, for example, that parameters
lie within accepted ranges, and computer storage limits are not

exceeded. The checker issues both warning and fatal error messages.

| Warning messages draw attention to the use of non standard options; in
.

| particular, for plotting and printing. Fatal errors filter out non-

physical scenarios, and other input errors that will cause a run time
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error in the sampling or migration model code. Unless a fatal error is

detected in the input file, the e.hecker produces a file that can be

used directly for input to SAMPLS.

In the deterministic mode, SAMPLE simply reads the "best estimate"

values from the input fiie and echoes them to a parameter file that is
accessible to the COSMOS migration model code.

In the stochastic mode, SAMPLE also creates parameter sets by generat-
ing variables according to distributions specified in the input file,

using the CDC Fortran function RANF, a pseudo random number generator.
In the current version of COSMOS S/D, the following scenario parameters
are sampled for each nuclide in the scenario.

LIXY: For leaching:

Initial concentrations of nuclide in source-

Diffusion / retardation ot' nuclide for inner source region-

Diffusion / retardation of nuclide for outer source region-

HADES: For migration in barriers and ground layers:
Diffusion of nuclide in each layer-

Retardation of nuclide in each layer-

HYDROS: For migration in surface waters:

Sedimentation of nuclide in each link of the surface-

water chain

Four sanpling distributions are supported by the code: Uniform (values
are equally likely aver a given range) Log uniform (log values are

equally likely over a given range); Normal (mean and standard deviation
provided); Lognormal (mean of log, and standard deviation of log

provided). It is also possible for any of the parameters described

above to be declared "Constant" so it will not be sampled in a

stochastic run.
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A.1.3 Output

Processing, analysis and plotting of data are carried out by the two
programs, DISPLAY and STOCHOS.

(a) DISPLAY-D. for deterministic runs

DISPLAY D uses the output from a single deterministic run of COSMOS to
plot any or all of the following as functions of time:

concentrations of specified nuclides at intermediate points in the-

migration pathway;

dose rates (per nuclide) to whole body or various organs; and-

total dose rates (for all nuclides) to whole body or various-

organs.

The dose rates are definec in Section 3, and are discussed in more
detail in Section A.1.5.

The major result demonstrated by DISPIAY D is the maximum dose rate and
the time at which it occurs.

The maximum dose rate has no significance in a stochastic system
because at each run it may occur at a different time. The results are

analysed in a statistical fashion, as follows.

(b) STOCHnS. for stochastic runs

When COSMOS is run in a stochastic fashion, several hundred passes of
the scenario are made, using sets of input that have been obtained by
sampling each of the relevant input parameters from their specified
distributions. A set of samples in the form of doses as functions of

time, one for each set of input, is therefore generated. Doses are
restricted to effective committed dose equivalent.

|

|
1

-
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The routine STOCHOS was developed to analyse this set of samples or

dose functions and to calculate the associated risk of fatal cancers

plus inheritable disease in the first two generations, This is done by

ordering the values of dose from all samples for each time point, in

descending order of magnitude. Each sample, and therefore each value

of dose at any time point, is assumed equally likely to occur, with the
probability of occurrence being equal to the inverse of the total

number of samples.

There is hence a sample distribution of dose values for each time

point, Various statistical properties are deduced, such as the arith-

metic- and geometric means and standard deviations. Because the doses

are ordered and equally likely, one could obtain estimates for

confidence limits. If from a sample si::e N, for example, all but n

values fall below a certain level, then the statement that one is

(N n)/N x 100 percent confident that the level is not exceeded can be

made. More elaborate statistical tests could also be made on these

sample distributions as required.

Risk at a given time can be calculated by using the ordered doses to

construct a downward cumulative probability distribution, as a function

of dose. If the highest dose of a sample of size N (D1 say) is

assigt.ed a probability P1 - 1/N, the second highest dose D2 assigned

P2 2/N, and so forth; then a maximum risk R is calculated by- max

taking the maximum of the product D xP xQ, where 1 - 1, . . , N and Q isi i

the risk conversion factor per Sievert.

For compliance with Canadian regulations. (Atomic Energy Control Board

of Canada, 1987), the annual risk limit of 1.0E 6, where Q - 2.0E 2
health effects per Sievert, is interpreted as meaning that, at any

time, the arithmetic mean dose does not exceed 0.05 mSv and not more

than 5% of the values in the distribution exceed 1 mSv, where the

probability of the scenario occurring is taken as unity.
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(c) Storage of output

The results from a deterministic run, and for each run of a stochastic

case, are stored on permanent file, along with sufficient details of

the input to define the scenario and the actual sampled values of the
parameters in the stochastic runs. This permits other forms of output
analysis to be specified, or perhaps the sample of parameters to be
investigated, without repeating the more time consuming migration
calculations.

(d) SEERA - a correction for vault loadinc and siting

The conservative assumption is made that all the waste is stored in one
row of vaults, within a relatively short period. In practice, there is

likely to be a series of rows of vaults and considerable time lapse
between the disposal of the first and last waste.

If rows of vaults are used, some of the nuclides in the earlier vaults

will have decayed by the time the later vaults are filled. The

behavior inside the vaults is likely to be similar on average, as
regards container failure, roof failure, leaching, and transport of
nuclides downward to the underlying aquifer. However, the transfer to

the aquifer will be delayed by the loading delays, ar.d hence the trans-
port times in the aquifer, to the exp sed population, will depend on
the locations of successive rows.

The modifications to the conservative assumptions will be different for
each nuclide for short lived, mobile nuclides the dose to the-

affected population will consist of a succession of smaller peaks, but
for the long lived, retarded nuclides the dose will be a peak that is
only slightly lower (albeit somewhat broader).

A less c ons e rvative approach would require that the code be run sepa-
rately for each row of vaults, with differing aquifer lengths, and a
final combination made of such results, with appropriate phasing to
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reflect the delays in loading. Apart from considerably increased

complexity, this would require a site specific knowledge of loading

patterns and vault siting.

However, with some simple assumptions, it is possible to make approxi-

mate estimates of the conservatism, sufficient for most environmental

impact assessments. The estimates are made by the sub routine SEERA,
in the form of a set of correction factors which can be applied to the

conservative calculations if desired.

It is assumed that there is a constant time delay T, between thes

closing of one row and the closing of the next. Vaults are arranged in

parallel rows across the aquifer, and the later filled rows are succes-

sively further from the exposed population.

For a particular nuclide, the incr ase in aquifer transport time is Tw.

This will depend on row spacing, the Darcy velocity in the aquifer, and

the nuclide dependent diffusion coefficient, retardation factor, .snd

decay constant.

The total delay for a particular nuclide, between successive rows, is

then: T - Ts + Tw

One can show quite easily, by summing peaks as they arrive, that if

there are n rows of vaults the total effect is,

Cn - C (1-exp(-n T)]/(1 exp( T))o

The conservative calculation gives a value,

(C ) max - nCn o

and hence the correction for vault loading and spacing is approximately

C /(C )eax - (1/n)(1 exp(-n T)]/[1-exp(- T))n n
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For small T, the ratio approaches unity, from below.

For large T, the ratio approaches (1/n), from above.

A.1.4 Migration and Dispersion Models

The models that rnake up the COSMOS group to describe the migration of
nuclides along the various pathways to the biosphere are shown in

Figure 10, together with the present state of the possible links

between them.

COSMOS-S/D is designed for low level waste disposal that is, with very
low content of actinides and it does not model chain decay processes.
The code thus deals with one nuclide completely before moving on to the
next nuclide in the scenario.

The component models of COS!!OS are PEGE, 1.IXY, STEGI, STYX, HADES,
ATMOS, and !!YDROS, along with two smaller models PNEUMA and FRENE. |

In general, the calculations all work in terms of concentrations (the l

number of radionuclidcu per unit volume).
|

|

Migration is represented as one dimensional, although the parameter
|

values in a particular region may have been derived by two- or three-
i.

Idimensional model'ing outside the code.
|
|

In the migration calculations, the concentration at the exit face of a
1particular region is used as the source term for calculations in the
I
i

following region. I

(a) Interface Conditions

! variety of concentration normali:ations and mass transfer coeffi-

cients are employed throughout the modelling, to ensure conservation of
nuclides and continuity of their flows. They will be described

briefly, in the order of their appearance in a scenario. The

I
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?

description refers to a particular nuclide, because some of the normal. i

izations and factors are nuclide dependent.

The total inventory in terms of Bequerels (or curies) is converted into
a concentration of nuclides per cubic meter of the effective slab used

for leaching calculations. The concept of the slab and the cateula- |
|

tions of its dimensions are discussed in the LIXY section below. L
!

The concentration in the pore water in the slab is obtained by dividing

which also fby the retardation factor for the particular nuclide -

varies with the waste form. [
t

!
I

Leaching takes place across the interface between an inner and outer

region. The mass transfer coefficients are purely diffusive-
,

continuity of nuclide concentration and nuclide current. The code j
actually has provision for more sophisticated transport type condi- I

tions, to use more detailed experimental results in the future. (
{

The LIXY calculation gives the concentration at the outer face of the f
outer region, that is a region with the face area of the effective slab f

the cross sectional area of the vault.

For ' dry' regions of the waste those not affected by leaks through-

the roof the connection to the buffer layer involves equal areas of

cross section, and the mass transfer is a simple diffusive type

continuity of concentration.

influenced by infiltration throughFor ' wet' regions of the waste -

leaky areas of the roof the transfer is more complicated. First, it

is necessary to normalize the effective slab surface area to the actual

area of packages over which transfer to infiltrating water may occur. p

Second, the transfer must reflect movement from a purely diffusing

re5 on into a region with advection. The interface conditions1

developed by Cheung and Chan (1983) are used. They ' calculate an ,

effective velocity of transfer and involve the area over which transfer

!
i

i
i a

- --.,,..-n-e---,.---,.----.~n. - - , . , . - - - - _. . . . . - - . - - ~ . - - - . -
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k (
i

occurs, the length of water travel, and the thickness of the receiving !

layer. If the layer is very thin, the conditions reduce to continuity i
t.

I.
of concentration. t

!

l
; From buffer to overburden, the ' dry' regions and ' wet' regions are ;

,

followed separately, with diffusive. type conservation of concentration, |
| and advective. type conservation of flow, respectively.'

{'
!

1 For transfer from ' dry' overburden regions to the aquifer, a inixed (
diffusive advective condition of the Cheung and Chan type is used, and

1

j for transfer from ' wet' overburden regions, a convective type conserva.
t

| tion of flow.
[

,

r
4

I
|

tonce the aquifer is reached, transfer between successive layers is
[

striply of the advective type giving corservation of the flow. |,

| i
! !
! (b) LIXY. for leachine f

!

l

) Leaching is assumed to occur in semi infinite slabs, with symmetry t

about the zero plane. Initially, the leaching nuclide is contained

j within a central region, and subsequently leaches into an outer region,
across the faces of the central region. In practice, the central1

region will probably be a block of cernent or bitumen containing waste,
or a compressed bale of active material, and the outer region will be a
surrounding water layer inside the vault or backfill.

I
,

c

It is assumed that both regions are homogeneous and that the leaching t
.

[
] process from the inner region, and migration through the outer region, i

| can be described by diffusion processes with retardation factors,
f

i i
,

t
i The variable is concentration of leaching nuclide, as a function of '

]

} time after start of leaching. The Laplace Transform method is used to

| obtain an snalytical form of solution, with considerable savings in
'

| computing time. Problems of this sort are usually solved by a solution
}i

|' in series that is valid for relatively short times. However, with I,
)

!
..

w-, -- -me .,,-- - - m _ n --,- -,--,- e_-- --- -,--~ , , - , _ - - - - . - , - , - , , - . -- , _ . - _ _ _ - - - - - --- ,- - - ,a
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I

t

considerable difficulty, a solution was derived that is valid for all

times. It does not appear in the common literature. It is described f
in (Fraser and Jarvis, 1985a).

The finite second layer is replaced by an infinite region. The approx.

imation simplifies the mathematics considerably. Its validity, in a

comparable situation, is justified in some detail by Shamir and |
Harleman (1967). The solution at the appropriate distance into tho !

l
outer region is then taken to represent the concentration at the edge i

Iof the second layer, to serve as a source for migration through a
i

following region in the vault. Apart from the simplification, the j

stratagem has the advantage that solutions of the leaching model are |
c

decoupled from solutions of the models for outer regions of the vault |
and the leaching calculations can be performed separately. The model, [

its mathematics, and coding, are described in (Fraser and Jarvis. [
|

1985a). }
i

Along with this model goes the problem of deciding the effective thick.
ness of the equivalent semi infinite slab that represents the inner ,

region. This is resolved by assuming that each vaste container leaches
into a surrounding (probably thin) region of water. The concept of

nean chord length of a reasonably smooth body (no sharp penetrations), !
I

which was developed for diffusion type calculations in neutron trans. I

i

port theory, can then be used. The semi. infinite slab is arranged to r

have the same mean. chord length as the particular waste containers.

The calculation for regular bodies, such as slabs, cylinders, and

bales, is particularly simple. Dirac's derivation, (Dirac, 1953) shows

that:
I

4 x (Volume)/(Surface Area). lmean chord length -

l

|
The concept of mean. chord. length is also discussed, at some length, by

J
1.uikov (1968), for diffusive processes in heat transport, j

. - - _ - - - - - - - _ - - - - .- .--- - ---_ ---.
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The concentration of a particular nuclide at the onset of lasching is

then calculated to be consistent with the volume of the equivalent slab
and the nuclide inventory.

It is assumed that leaching is not inhibited by solubility limits in

the second region.

Leaching peaks can vary quite sharply with time, and it is possible

that a given set of time intervals could straddle the peak, with the

result that the maximum of the concentration would be missed. To avoid
this, the peak height and location are calculated separately, and the

correct peak height is inserted into the source array at the nearest

time point on the lower side. The problem does not appear to be signi.
ficant in succeeding regions, because diffusion has broadened the peak.

)

(c) PECE. for Source Control

l
PECE allows for the presence of different streams of vaste, in differ.

,

ent types of containers, and their differing rates of leaching as the

containers fail. At present, two kinds of vaste can be present, such

as relatively leachable compacted vaste, perhaps in steel drums, and
leach resistant encapsulated waste, perhaps in drums or concrete boxes.

l

f In a flooded vault, unprotected compacted vaste vill start to leach

imraediately, but vaste in a particular container vi' be protected

until that container fails. The containers are likely to be steel

drums or boxes and the model describes the statistical process of their,

failure by corrosion, caused by the moisture in the vault.
4

It is usually assumed, although this is not necessary, that the cumula.
! tive probability of container failure follows an S type of curve. A

typical example is shown in Figure 11, which is obtained from a log.,

'

normal distribution with a mean of 100 years, and a standard deviation
of 0.35.

|

(
l

1

_ ._ _ _ _ , _ - .____ . m-_ _ . - ._ . . , - r _ - - , - - - _ - . -
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|

|
For convenience, failures are described in the input by a series of ;

idiscrete fractions. However, s.ince the failure process is likely to be '

continuous and, in particular, a container does not fail over the whole
of its surface at once, the input failure fractions are interpolated
linearly over intervening time points to effect a smoothing. 1

The different forms of vaste can have different failure functions.
,

i

Vhen container failures are to be modelled, a "source shape" leaching i
!curve is first generated with LIXY, for a particular nuclide and is :

then used to build a composite curve to represent the 'after failure' i
source of that nuclide, A2 each fraction fails, and an additional

[
leaching starts, the LIXY shape is added to the composite, starting at I

.

the time of the failure and with a magnitude reduced according to the
incremental failure that took place and the decay in source nuclide
that had occurred by that time,

i

ISince the failure process is still discrete (taking place, as it does, |

at the standard time intervals), the composite curve is a discrete
assembly of peaks and it can show some small ripples that may be fundesirable. A final smoothing is effected by taking the points three I

at a time and performing an area. preserving transformation that reduces f
small peaks and raises small troughs. The smoothing is ' local' and the I

major peak in the curve is not affected. I
i
L

(d) STEGI. for Roof Failure
!

I,
As the roof on the vault deteriorates, water may begin to leak through

, from above long before significant loss of structural strength has1

occurred. Failure is presuaably a gradual process, one location at a
time, as small areas deteriorate.

In vaults with dimensions of tens of meters, it seems likely that leaks
will affect only the packages in the immediate vicinity, until large

|
fractions of the roof are leaking. There might thus be two regimes of

i
I

i
I,

, _ . _ _ _ _ _ _ . _ _ _ - . _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ __ _ - _ _ _ _ , _ _. - ._,_ - __ _ . ,,____,__.,_._.___.___I
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moisture cotxisting in a vault: normal unsaturated regions with a

small percentage of moisture by volume; and localities with water
actually flowing, at least during the leaks.

Leaks are likely to be intermittent because of seasonal fluctuations in
rainfall and snow melt, llovever, because all the migration processes

take place gradually, it has been assumed that in the fraction of vault
aff ected by leaks, the velocity of the water flowing through will be
constant, with a value equal to the yearly average of infiltration

velocities. The flow is to continue through layers such as buffer, and

through underiving ground layers, to an underlying aquifer. Thus, with

time an increasing fraction of roof leaks, and an increasing fraction

of the vault cross sectional area is affected.

1

The model STEGI draws on a failure function for the roof in much the
same way as PECE uses a failure function for the er ''ainers. At any

time t, a fraction f(t) of roof is leaking and, at this time, PECE has

estimated that a source S(t) of a particular nuclide is available to

rnigrate af ter container failure and leaching. |
.I |

|

STEC1 a s surse s that two migration processes are proceeding at the sama4

time: diffusion alone from a source [1 f(t)]S(t), through the layers

below the regions without leaks; and diffusion plus advection througi

the layers below the leaky regions. In this way, two source functionn j

are built up over the whole range of t values, and two calls are inade

on liADES to perform the appropriate migration calculations. The 1
1

regimes are followed separately through each of the rean made layws,

such as backfill and buffer, and through the underlying layer of,

ground. When the aquifer is reached, the concentrations from the two

regimes are combined.

!
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(e) STYX. for Migration Through Underground Acuifers

STYX follows the migration of nuclides through a succession of

aquifers, once the immediate surroundings of the vault have been left

behind, to eventual seepage into surface waters. Nuclides can leave
along the way by extraction in well water and perhaps by entering the
atmosphere.

STYX performs the "bookkeeping", as nuclides move through the aquifers,
to control conservation of nuclide flow at interfaces between different
regions. The anticipated perturbations are changes in aquifer dimen-
sions or removal of part of the aquifer flow by a well.

,

For a well, the removal is handled by locating the well at an inter-

face. The submodel KRENE is called to take account of the nuclides
that may enter the biosphere if the well water is used by humans. If

t

irrigation spray can put radionuclides into the atmosphere, a call is
made to the submodel FNEUMA to introduce the radionuclides as a source

I term for atmospheric dispersion in ATMOS,
| |

Tor each region, the migration is described by a call to HADES and the
concenttation at the output face of one regicn then serves as the input

| source to the following region, after the appropriate interface i

conditions have been applied,

1

| (f) HADES. for Mirration Through Barriers and Ground

The model describes the migration of nuclides, by diffusion and advec-
tion, through a region that can represent a man made barrier, a layer
of ground below the vavlt, or an aquifer. It is called to model migra-

tion through the layers in STEGI and in STYX.

!
In each region, a one dimensional equation describes diffusion, advec
tion (if it exists), and retardation processes. A solution is derived

,

analytically, by the Laplace Transform Method, up to the point of a
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i

numerical integration over a convolution integral, to yield the time |

behavior of nuclide concentrations at the outer face of the region. |
The convolution involves as source term the concentration at the outer
face of the previous region and a function that describes the migration
processes in the region.

In the development of the solutions, a region is assumed to be infinite
in the direction of migration and the solution at the appropriate

distance into the region is taken to represent the concentration at the
outer edge of a finite *egion. This substitution has been well

discussed by Shamir and liarleman (1967) and is appropriate for the
situations envisaged, It has been further checked by other investiga.

tions with HADES.
.

The model is designed for saturated media, but the mathematics are j

similar to that for certain of the processes in unsaturated regions and

if appropriate effective parameter values can be defined, those

processes can be modelled,
l

The mathematics and general structure of the code are described in

Fraser and Jarvis (1985b), Since that report was written, the convolu.

tion integrations have been charged to use the trapezoidal method

rather than Simpson's Rule, The replacement is more "robust" and,

although finer time intervals are needed, the ovsrall changes in code

structure have permitted a significant improvement in code efficiency.

(g) ATMOS. for Transport and Dimpersien in the Atcosphere

The model describes airborne contamination, and its core is a one. wind

Caussian plume model that calculates ground level air concentrations of
contaminant at a single receptor point, from a number of point sources.

Units are contaminant source strength (i.e., a unit amount per unit

time, per unit source surface area).

- _ _. . _ - _ . - _ - _ - _ , - - . _ _ _ . . _ = . _ - _ - , . _ . . - - . ._



1

8 i

|

|
'

|

A 20

!

Account is taken of plume depletion of contaminant arising from deposi- |
tion losses (via the subroutine DPi.ETE), and vertical dispersion of the j

plume calculated using the Hosker equations (via the subroutine
.

SICMAZ). Lateral dispersion is accounted for by assuraing a uniform j

distribution of density in the lateral direction within a sector |

consisting of one sixt6enth of a circle, one sector for each point of 1

the compass.
l

i

ATMOS is called only once to calculate a factor representing ground. '

level air concentration per unit source strength, for each sour:e. Any {
stochastic or time variations are assumed to be due entirely to such (

Ivariations in the sources. When a value for source strength is calcu.

lated for a particular time, it is then multiplied by the factor from

ATMOS to obtain the actual airborne contaminant conce'ntrations for use ;

with food chain calculations. I

l
|

Airborne contaminant sources appear as coding outside of ATMOS.

Pre.tently, only two sources are considered in COSMOS: evaporation of '

tritiated vatar vapor from lakes, and contaminated water droplets from
spray irrigation. Other possibilities for the future include contami. i

:
nation that exists as a gas, such as tritius or carbon 14; pollen j

released by plants and trees that take up radionuclides through their
roots, or smoke and ash in a forest fire; vind suspension of contami- i

i

nated surface soil by modelling saltation and suspension of soil l

particles, or by using empirically derived relations such as the Vind

Erosion Equations from agricultural lands. Both of the methods of the
|
|latter example, however, assume bare soil surfaces and tend to greatly }

!overestimate suspension from forests, lakes and vetlands where one

expects radionuclides to emerge in groundwater discharge. f

Data required by ATMOS can be divided into three different sets: {
lweather data, consisting of frequency tables describing vind direction, j

vind speed and weather type; parameters of the terrain representing f
ground cover for the depletion calculation and terrain roughness for !

the vertical dispersion calculation; and distances between each source f

I
|
t

f

:

. - _ _ . _ . _ - . _ _ __ __. ___--,_.
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and the receptor point and directions to a given source from the |

receptor point (e.g., N, NNE, etc.), f

The wind and terrain data appear as data statements and may need to be

j modified since this information is site specific. The. source receptor

distances and directions are input by the user for each source, along t

; with two other values describing the form of contaminant as a gas,

I particulate, or as contaminated soil particles. Some source informa. ;

tion describing changes in the plume height, is set by constat,ts within
ATMOS, such as release height and thermal buoyancy effects.

,

The modelling of ATMOS is a simpler version of the well established
U.S. Code ATM (Culkowski and patterson, 1976). ATMOS results have ;

! compared satisfactorily with a test case that was supplied with ATM,
ATMOS is described in Wilkinson (1987a).

(h) PNEntA . for Relensas to Atmosphere
t

i

; The purpose of this submodel is tr. handle releases of contaminants into
'

1

| the atmosphere from the vault, from the ground, or frca surface waters.
I It calculates the product of three factors (concentration in water at -

I
1

the point of escape) x (the appropriate atmospheric source factor for i

the types of release) x (the atmospheric concentration ratio calculated ,

{ by ATMOS). The result is stored, along with other possible at.3ospherie ;
icontributions at the receptor point, for eventual conversion by BIOS

into doses to the affected population.

!

j Atmospherte sources, unlike atmospheric concentration ratios, may j

| depend on stochastically varying parameters, These sources are assumed |

to occur only within the following subroutines and involve the fellow. !

,

ing processes:

! !

! gas generation from biological activity in PECE (not yet i

installed); I
!'

i r

I
:

I
_ - . _ . _ -. _ _ . _ - - - .___ - _ _ - _ _ _ - _ . . - - - -
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suspension by spray irrigation (if specified to occur) in KRENE;-

and

evaporation of lake water in HYDROS, presently for tritium only.-

|

Vithin these routines, atmospheric source factors are calculated and .

immediately followed by a call to FNEUMA. Atmospheric source factors
are defined as the fraction of the current radionuclide concentration
available in water that becomes atrborne.

(i\ N NE. a Vell Model
P

!

The purpose of the submodel, KRENE, is to represent the effects of a L
,

vall (when used with respect to groundwater) or a pump (with respect to '

surfac3 vater). The water drawn up in either of these mechanisms is
used in the food. chain calculations of BIOS.

!
F

Tor the case of ths w. 2.1, it is assumed that the contaminant in the
| groundwater is contained within a plume of known cross sectional area

j

at the point where the well intercepts it. With that groundwater flow
] velocity known, the product of velocity times cross. sectional area is
] interpreted as the incoming flow rate of contaminated water available

to the well. If the well pumps at a given rate, the contaminated flow
rate remaining in the ground is taken to be the difference between the

! incoming flow rate available and the pumping rate. j

l
,

i

i Vhen the pumping rate is less than the flow rate available, the concen. |

tration of contaminant in water is assuaed to be the same as in the
] plume just upstream of the well. The decrease in the amount of '

contaminant in the flow rate remaining is accounted for by assuming ,

that the plume cross sectionai ..ea is reduced by the quotient of

pumped rate dividea by incoming rate, while the con entration remains
j the same.
<

$

| It is possible to pu:rp at a higher rate than the flev rate available
j since this would mean that clean water, flowing from outside the

|

| l

!.

y _ , . . , _ _ __ _ , _ . - _ _ _ ~ _ , - - _ _
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contaminant plume, is also being pumped. In this case, the contaminant

concentration in the well water is equal to the product of that in the

incoming flow times a dilution factor, defined as the quotient of

pumping rate divided by flow rate available. The amount of contam-

inant, and hence the flow rate of contaminated water remaining in the

ground, is therefore taken to be zero.

The submodel KRENE appli s the same process to represent the pumping of
surface water, with flow rates being those of a river or lake. The

flow rate remaining is equal to the incorning rate minus the pumped

re.te , where no reference need be made to flow velocity or cross-

sections. The probability of pumping rate being higher than the

incoming rate is regarded as impossible since this implies that the

river or lake is pumped dry.

In the computation, arrays containing contaminant concentrations of the

incoming flow, pumped flow, and remaining flow are available to KRENE
through different labelled common blocks. If the pumped rate is less

than the rate available, the array of incoming flow concentrations is

siinply copied to the arrays representing pumped and remaining flow
| concentrations, and the cross sectional area variable is reduced

accordingly. If the pumped rate is greater than the incoming rate,

then the product of incoming flow concentration times the dilution
'

factor is stored it. the array representing concentration in the pumped
flow, and the temaining flow concentration is zero.

f

(j ) }{YDROS . for Mirration in Surface Water

This routine rnodels radionuclide migration in surface waters in which

| the compartmenes considered (river reach and lake) may appear in any
l sequence. The rnain rnechanism affecting radiotiuclide concentra "ons in

this model is dilution, llowever, account is also taken of soruu delay
mechanisms, even though those affect radionuclide concentrations to a

j comparatively minor degree.
|

|

|

_ _
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The amount per unit time of a given radionuclide coming out of the
ground is available fro n the groundwater transport routine HADES, and
is expressed as the product of (radionuclide concentration) x (ground-
water flow velocity) x (cross section area of the contaminant plume),
all taken at the seepage face.

If the mechanism of the river compartment involves only dilution, then
all one needs is a value for the outflow rate for the particular river
reach. A sufficiently accurate way to obtain this quantity is through
the use of Manning's ' equation, which relates bulk flow properties to
the dimensions and characteristics of the river channel. Uniform flow
in the river reach is thus assumed, but theory accounting for non-
uniform flow could be implemented if necessary.

The bulk flow velocity (calculated as an intermediate step) and the

length of the river reach are used to calculate a residence ' time for
water, and hence contaminant levels, within the reach. This is then

used to compute the radionuclide decay for river reaches, though the
effect in the model is very minimal.

The lake is described mathematically by a one dimensior.a1 ordinary
differential equation, solved by analytical and numerical techniques,
and coded in a computationally efficient manner as a recursive

relation. The principle of this submedel is based upon the total
inflow of water to the lake being equal to the total outflow, consist-
ing of evaporation and either groundwater or surface water outflow.

Practically all radioactive decay of contaminant occurs in the lakes.
The first of two mechanisms considered is the delay resulting from the
time needed to flush the water from the lake. The second and more
important mechanism involves the sorpth n of radionuclides to lake
sediment, which it modelled as an irreversible process.

Both submodels assume that contaminant disperses uniformly and instant-
ly throughout the lake volume or river cross section. One argues that
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the response time for such dispersion is assumed to be much shorter
than the duration of one time-step used in COSMOS. Contaminant plumes,

however, can in fact parsist for considerable distances in both rivera
and lakes. Residence times in a river reach may be as short as days or

even hours. In practice then, this assumption may not be conservative
and may lead to unrealistically low concentrations.

A simple way to account for these effects might be to define an effec-
tive lake volume or river cross-section. These quantities would be

'

less than the actual quantity in both cases, and thus concentration
predictions could be made conservative. However, one must assume as a

result that water is removed from the river or lake into the food chain
at the worst possible location.

HYDROS is described in Wilkinson (1987b).

A' 5 Dose to a Population at Risk

i

BIO 3 calculates the dose to a human from radioactive contamination in !

air, well water, and surface water. It is based upon the dose /

concentration factors in a Standard provided by the Canadian Standards
Association, (1987).

The dose concepts have been defined in Section 3. the BIOS routines
t

have now been altered to calculate:

a) effective committed dose equivalent, using the CSA weighting

factors; as discussed in section 3, this is used instead of the

'whole body dose' referred to in USNRC Rules and Regulations
10CFR/Part 61,

b) committed doses equivalent to eight (8) individual organs: lung;

stomach wall; lower large intestine; kidney; liver; red bone

marrow; bone surface; and thyroid.
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The dose conversion factors of the CSA standard were supplemented by
calculations of Johnson and Cunford, reported in Johnson et al (1979),
Johnson (1982), Johnson and Dunford (1983), Dunford and Johnson (1988).

The BIOS routines work internally in terms of Sieverts and Bequerels
but, as explained later, for this study the output doses have been
converted to rem.

To understand the model, the following definitiens are needed:

A compartment is a medium that can contain radionuclides (e.g.-

source, water, air, soil, plants, animals and man).

A transfer is a process by which radionuclides move from one
i

-

compartment to another (e.g. sorption of radionuclides to soil

particles, plant uptake through the roots, eating, drinking).

A cathway is a combination of compartments and t- sfors alon5-

which radionuclides are carried from their source to m 1, where a
radiation dose is realized.

4

A geng is a network of several pathways that represents all-

relevant processes in the food chain.

1 The dose resulting from a given type of radionuclide moving through a
menu is given by the following expression: .

j D(h,1,j ,k,5) C(i j )U(h 1,j )P(h,1,h, s) '-

I

I where, U(h,1,j) is a combination of P(h,i.j) coefficients.
>

The above functions are defined as follows:
'

1

a

4

- -_ _ , _ , _ - . _ . _
. - ._ $
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Dose rate (Sv/yr);D -

Nuclide concentration in the air, well water or surfaceC -

water, at the beginning of the food chain (Bq/L in water and
3Bq/m in air);

Menu parameter (nuclide dispersion factor in the food chain,U -

with units of Bq/L for drink or Bq/kg for food, either
3divided by Bq/L of contaminant in water or Bq/m of

contaminant in air);

Ra/.ionuclide transfer coefficient (defined as the ratio ofP -

contaminant concencration i within compartment n, available

for further radionuclide transfer, divided by the amount

transferred directly to that compartment m, with units

depending on the precess);
Dose from concentration convers?on factor (in (Sv/yr)/(Bq/kg)F -

3
for food, (Sv/a)/(Bq/L) for drink, (Sv/yr)/(Bq/m ) for

exposure;

and the indices are:
type of human (i.e., infant, adult);h -

type of nuclide (e.g., Strontium 90, one of a total of 71);i -

source of nuclide (i.e., air, well water, river or lakej -

water);

exposure type (i.e., internal, external',; andk -

dose type (i.e., whole body, skin, bone surface, thyroid,s -

lower large intestine).

The particular compartments and modules for the radionuclide transfer
coefficients used in BIOS are specified in the CSA Standard. As an

illustration, however, consider the scenario of a man owning a cow and
drinking water and cow's mil.k. Assuming the relevant compartments are:

contaminated water;-

contaminated air;-

soil;-

grass;-

_

I
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milk cow; and-

man.-

Tae radionuclide transfer coefficients are then described (neglecting
the h and i indices for simplicity) by

P15 - water drunk by the cow;

P16 - man drinking contaminated water;

P23 - airborne contaminant settling on soil;
P24 - airborne contaminant settling on grass;
P25 - cow breathing contaminated air;

P26 - man breathing contaminated air;

P34 - contamination in soil taken up by the grass;
P35 - cow ingesting dirt as it grazes;

P45 - cow eating grass; and
P56 - cow's milk drunk by man.

Possible pathways are represented by the products:

P15 P56;-

P16;-

P23 P34 P45 P56;-

P23 P35 P56;-

P24 P45 P56; and-

P25 P56-

And all pathways (a to f) are summed to arrive at the follo.ing
(contracted) expressions for the menu parameters:

Ut-P16 + P15 P56
U2 - (P23(P34 P45 + P35) + P24 P45 + P25)P56

The information of BIOS is implemented in two stages by two routines
called BIOS and BIOX. The program BIOS is run separately from COSMOS
to calculate all radionuclide transfer coefficients based on the input
of physical and environmental parameters (e.g. types of radionuclides,

_. - _ _ . - . _ . _ , -
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parameters of the processes involved in the' food chain that could vary,
time delays, diets, and contaminated fractions of foods).

The program BIOX, also run separately from COSMOS, uses output from
BIOS, input indicating a choice of several pre-programmed menus, and a
data file containing the dose-from-concentration conversion factors, to
calculate and stora a table of values for use in COSMOS, representing

the product:

U(n ,1, j ) F(h ,1, k , s )

In the program COSMOS-S/D, the subroutine DOSNUC is called immediately
af ter the submodels representing the physical systems have calculated
radionuclide concentrations in air, well water, and surface water, as

functions of time. Using those and the information from BIOX, the
doses arising from each radionculide are calculated as the sum:

(C(i , j , t)U(h ,1.j ) F(h , i .j ,k, s) )D(h,1,k,s,t) -

When the doses have been calculated for each radionuclide in this
manner, the subroutine DOST0T calculates the total dose as the sum:

D(h,k,s,t) - (D(h,1,k,s,t)

and stores this information in the output files. The biosphere model-

ling is described in Laurens, (1985).

A.2 SYVAC3

A.2.1 Introduction

SYVAC3 has been developed by AECL for the long term assessment of the
disposal of nuclear fuel waste. SYVAC3 was preceded by two earlier
versions, SYVAC1 (Dormuth and Sherman, 1981) and ShVAC2 (Sherman et

al., 1986). The executive modules in SYVAC3 coaqist of about 10 000

lines of code and have been developed using an extensive set of quality

. _ -. _ _ .-- - ._. _ - _ _ _ _ . _ _ _ - _ _ -
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assurance procedures. These modules were designed so that the code
could be readily adapted to assessments of other than nuclear fuel

waste disposal (Andres, 1986). SWAC was designed to use either single
values for the input parameters af the simulation, as done in this

; proj ect , or distributions, as is often needed for the very detailed
studies and sensitivity analyses required in site screening and evalua-
tion.

For this project, SWAC3 is linked with a vault submodel containing the-

same equations as those used by the LIXY and PECE codes in COSMOS
(Jarvis et al., 1986) describing the leaching behavior of the waste
form, and the failure process for the waste containers, respectively. <

An additional portion of the submodel simulates the transport of the
radienuclides released by the containers through the buffer layer
surrounding the waste.

i

SWAC3 is also linked to a geosphere submodel which is a modified !

' version of GEONET (Coodwin et al., 1986), a transport code providing
the analytical solutions to the equations describing the transport of
radionuclides through up to 19 separate pathways, each having up to 9

,

segments with different tranaport properties. In this case, three

pathways are used to simulate the three relevant geologic province: of
New York State, II, IV and V, and three segments in each pathway are
used to represent the three generic layers, overburden, bedrock layer

iNo. 1, and bedrock layer No. 2.
;

With the submodels installed, SWAC3 transfers the output of the vault
submodel, which is the release rate of each radionuclide leaving the

; vault versus time after vault closure, to the input of the geosphere
: submodel. The output of the geosphere submodel is then transferred to

,

! a routine which multiplies the maximum concentration of each radio-

nuclide leaving the geosphere, from each type of waste and for each
i I
i province, by a factor appropriate for converting that concentration to i

{ maximum doses to man. The time at which these doses are received is !
I

j also recorded.

I

t
'

- - - _ - - - _ - - - _ - , _ _ . .-__ _ _ . . - - - - - . . . --- - _.-.-.- _
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While SWAC3 and COSMOS-S/D solve essentially the same leaching and
transport p ;oblem, the method of solution is different. In COSMOS-S/D,

i radionuclido decay chains are not included, and the entire calculation

of radionuclide concentrations at the outer boundary of the vault, for

inst 4.nce, can be completed for one time step before proceeding to the
next. The SWAC system generates .a response for the source and for

each barrier in the vault for the full time history of the simulation

before proceeding to the calculations for the geosphere, where this

process is repeated. The current biosphere submodel contains no time

dependence; the conversion of geosphere releases to consequences takes
place at the conclusion of each simulation run.

As described in the following Section, the SWAC vault submodel

contains the source release functions, describing the process that

releases the radionuclides from the waste form into the container

through a leaching or dissolution action; a simulation of the container

corrosion which releases the radionuclides to the buffer in accordance
with a prescribed container failure functiv.; and quations represent-

ing the buffer material which surrounds the waste and impedes radio-
nuclide movement out of the vault.

In the SWAC system, all the time dependent functions describing the
release and movement of radionuclides are converted to series of values
for a set of time steps spanning the period and the simulation. Then,

in the case of the vault submodel, convolutions are performed for each
radionuclide to determine first the combined effect of the source
release and container failure functions, then the flow from the vault.

The result of convoluting the source release function with the

container failure function is convoluted with the solution to the
buffer transport equation for an impulse output of a given radionu-
clide. The latter solution, also converted to a time series, is used,
approximating the actual continuous flow of radionuclides into the

buffer by a series of disciete impulses with the same amplitude as the
continuous flow.
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The calculated values of intermediate flows from the waste form,

contain'ers and buffer can be stored for reference for a tracer nuclide
t

with chosen properties. [

t

In a similar way to that described above, the flow from the vault is

convoluted with the impulse solution to the transport equation for the :
'

first segment of each pathway in the geosphere. Further convolutions

i..t cne succeeding segments then lead to a value for the flow from the

geor.phere for each pathway and each radionuclide.

Figure A3 shows t'. cera11 logic diagram for a SWAC3 system. In

contrast to COSMOS S/D, all of the time independent parameters needed
by the submodel. calculations are determined as soon as the data has

been obtained from the input files and the arrays initialized. A

module named SELECT carries out the functions of initializing all the

parameter values for each run in the group (called -a case), samples

values of distributed parameters, and determines whether a run meets

the criteria set for inclusion in the case (e.g., value of some para- -

meters must be greater than a given value) . The module DEPPAR calcu- [

lates the time-independent parameter values needed by the submodels. !

If a run passes the test for continuation, the time dependent para-

meters of the run are calculated by the module SIMIAT, using a number (
of routines to combine time series in the manner required by the sub-
model equations, When all the required calculations have been

completed, the submodd outputs defined as consequences (dose, for !

example), the sampled parameter values, and the calculated
parameter values are all written in the output files for each run by

the model WRDATA.

iThe simulation runs are continued until the number for the case has ,
,

been reached, at which time the module FINISH writes a case summary in
r

!th. output files. The summary contains informat. ion on the number of

successful runs performed, error or warning messages generated, and how
|

much computer time was required for the case. ;I
\

|

,
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A.2.2 Vault submodel

The vault submodel simulates, in the same way for all three provinces,
the escape of radionuclides from the waste form, release by the

container after container failure, and the transport. of the radio-

nuclides through the buffer layer into the geosphere. All of the

processes involved in mobilizing and transporting the radionuclides are
mediated by water, which enters the vault, penetrates the containers

and leaches the radionuclides out of the waste form. In the case of

the vault located in a salt formation, no water would enter the vault

unless a seal fails on the shafts or boreholes penetrating the over-

lying impermeable layer of rock, or a p, W ay forms in the layer

through faulting or subsidence. Neither of those events would be

likely for a well selected site and carefully engineered vault, but

there is, nevertheless, a remote possibility. of water entering the

vault in a salt formation during the period that the vaste is still

hazardous.

As in the case of the other disposal options, the process of container

failure has been simulated in accordance with the observational data on

the failure of steel drums through corrosion.

As the containers fail, their contents are assumed to become subject to

the teaching action of the water present, resulting in the gradual

release of radionuclides into the surrounding water. The simulation of

the leaching process for the mined vault is identical to that adopted

for the other disposal options. The simulation also assumes that the
radionuclides diffuse out of the waste form at a rate characteristic of

the vaste form, under the influence of the differences in concentration

of radionuclides in the waste form and the water. This leaching is

simulated by solving analytically a one-dimensional diffusional trans-

port equation for the waste form, with the release rate of each radio-

nuclide outside its surface determined by the transport out of the

vault through the buffer. The transport equation used here and in all

other parts of the SWAC model incorporates the decay and isotopic

____ -
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transformation of the radionuclides during the period of the simula-

tions.

Radionuclides reaching the water surrounding the waste form are trans-
ported through the buffer layer surrounding the waste by a combination
of diffusien and convection processes, under the influence of concen-

tration differences and the slow movement of water through 'Te buffer
into the surrounding rock. This is simulated by solving an one-

dimensional convection diffusion transport equation analytically. The

release rate of radionuclides at the vault-geosphere boundary is calcu-
lated by means of the mass-transfer coefficient approach, which

provides a computationally convenient and an adequately accurate repre-
sentation of the movement of radionuclides through the buffer.

The process of radionuclides through the waste form and buffer is

simulated ao a time-history of the release rate of each radionuclide at

the vault geosphere boundary. To achieve this, che values for the

container failure function, and the functions representing the result-

ing escape of radionuclides by leaching, and their transport through
the buffer, are combined in a convolution process for each of a set of
times after the vault. The convolutions are performed by the executive
program, SYVAC3, using the data generated by the vault submodel. The

output of the submodel is a series of radionuclide release rates at the

vault geosphere boundary for the set of times after closure.

As discussed earlier, the ap, and equations used for the leaching

and container failure function are the same as those used in the

corresponding portions of the COSMOS code, to preserve uniformity of
treatment for all the disposal methods.

The leaching of radionuclides from the solidified waste and the

functions describing their transport through the buffer are solutions

to the one dimensional convection diffusion equation for different

boundary conditions. For a single membhr radioactive decay chain, this
equation depends upon the following parameters: R, the retardation
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factor; D, the diffusion / dispersion coefficient; x, the spatial

variable; y, the-Darcy velocity in the medium; C, the concentration in
' the groundwater; and lambda, the radioactive decay constant.

The two region semi infinite solution used for the leaching comprises a
waste layer of finite thickness and with transport parameters Di and

R. The waste layer lies between two semi infinite layers of buffert

R. The Darcy velocity, v, ismaterial having parameters D2 and 2

assumed to be negligible in all layers. The symbol x denotes the
I

spatial coordinate, a and b are additional spatial coordinates. The

origin of the coordinate x is taken at the center of the waste layer,

in the plane of symmetry.

The boundary conditions are (1) symmetry at x-0; (2) continuity at x-a;

(3) C1 = kC2 at x-a; and (4) C2 remaine finite for all x-a.

Here, k is the partition coefficient relating the concentration of each

radionuclide in the waste form to that in the buffer at the interface,

x-a, The COSMOS leaching model can now handle the full generality of
these conditions, although the presently available description in

Fraser and Jarvis, (1985a), is limited to solutions for k-1 and R-1.

For tho transport of radionuclides through the buffer, similar solu-

tions ate available (LeNeveu, 1987) using the mass transfer approach.
In this approach, the boundary conditions are applied to a layer of
thickness, b, located between x-0 and x-b. They involve I, the initial

amount of the radionuclide present in the waste, and K, the mass

transfer coefficient at the waste form buffer interface.

A.2.3 Geoschere Submodel

The geosphere submodel is an .dapted version of the CEONET code

(Coodwin et al., 1987) used as a submodel of SYVAC3 CC3, the programf

used to simulate the performance of high activity nuclear fuel waste in
a mined vault. The adapted code can simulate the simultaneous movement

_ - ..
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of radionuclides belonging to decay chains with up to five members,

| through up to nineteen paths, each pathway having up to nine segments,
| each with different transport characteristics. The convection-
1

dispersion equation is solved analytically for each segment in each
pathway. The SWAC3 executive program performs the successive convolu-
tions to provide radionuclide flow rates for each pathway at the

geosphere biosphere boundary for a set of times af ter vault closure.
The analytical solutions used are based on semi-infinite boundary

conditions at the outlet of each segment, and are published (Heinrich

and Andres, 1984). Radionuclide concentrations are converted to

concentrations in the groundwater at the geosphere biosphere boundary
using the flow rate of groundwater in the overburden layer.

A.2.4 Biosphere Radionuelide Transfer Coefficients

i|
Dose Conversion Factors

The biosphere codes used in SWAC and COSMOS, while very similar, are
not identical. To provide a consistent basis for comparison of the

various disposal methods, it was decided to use the COSMOS biosphere
code to convert the output of the geesphere submodel to doses to man.

The biosphere portion of COSMOS was run as an independent program, with

| unit concentration input for each radionuclide. Effective committed
1

dose equivalents and committed dose equivalents for the 8 organs listed
above were estimated for each of the three relevant provinces of New

York State, for both the boundary well and surface water scenarios, to

produce an array of conversion factors. A routine was linked to the

SWAC3 executive which received the geosphere output concentrations and
multiplied each by the appropriate conversion factor from this array to

produce the required doses.

A.2.5 Outout

The SWAC3 executive program contains the codes for performing the time
convolutions, linking the input file with the submodels, and providing
output to the user. The output is provided as files or as graphical
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representations of the data. For the present simulations, the results

of the simulations are presented in graphical and tabular form indicat-

ing the particular scenario for which the simulation was performed, the
maximum doses, and the times when these doses were received.

I

,

5

j

l

I

.,
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APPENDIX B

Differences Between This Report and the DEIS

A number of factors are responsible for the differences between the

results in this report and those in the earlier DEIS.

The models, codes, assumptions, and parameter values were completely
reviewed after completion of the DEIS. The COSMOS code sr.s revised in
several of its routines to facilitate data input. A new subroutine,

SEERA, was developed to allow for groundwater transit times between the
rows of vaults assumed for the DEIS. The output was modified so that

the committed dose equivalent was calculated for each of eight organs
instead of the previous restriction to 'most critical organ'. Although
the more important exposures were predicted to occur in the first few
thousand years, changes were made so that the code would accommodate
various time increments, and thus permit the assessments to be extended
to very long times. This was done to provide evidence whether

worrisome exposure peaks from the Group 3 nuclides might occur beyond
the range of times calculated in the DEIS. The revised codes were
thoroughly checked to verify that computing errors were unlikely.

Some of the comments received from readers of the DEIS questioned the
appropriateness of some of its modelling assumptions. The assumptions
were, therefore, reviewed in the process of developing responses to the
comments. Most were judged satisfactory for the purposes of a generic
assessment which does not include the effects of the detailed aspects
of the site, the design, and the operating procedures. However, major
changes were incorporated in the pathways by which carbon 14 could
cause exposure of tl.e critical individuals residing at the boundary of
the facility.

In the DEIS, it was assumed that well water contaminated with particu.
late carbon 14 (and the other mobile nuclides) was used to irrigate
crops and pasture, as well as for domestic uses and the watering of
farm animals. The crops and grass ware assumed to take up carbon 14

_ _
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efficiently through their roots, and thus transfer the nuclide through
meat and cereal food chains. As explained in Section 5 (n), advice

from the EPA and others led to changes in these assumptions. The

combined effect of a change in chemical form, and the elimination of
the crop / pasture pathways resulted in about a thousand fold reduction
in the carbon-14 doses from the vault systems (carbon 14 from the mined
repository is not important). With the reduction of doses from carbon-
14, the dose from iodine-129 became the controlling contribution to the

!peak effective dose rate equivalent. The peak values, which ranged
from 24 to 800 mrem per year for the near-surface vaults in the DEIS,
now range from 1.1 to 50 mrem per year. Section 6 contains a complete

list of the changes in PDCF's compared with the DEIS values.
,

The review which followed publication of the DEIS also reexamined the
parameter values and other data needed to assess the radiological
impacts. Some revisions were made in the generic sito characteristics,
in particular; the depth to the watertable, in the migration related t

parameters, and in the dose conversion factors. The changes in the ;

factors are listed in Section 6.

As mentioned in the previous section, the reduction in the thickness of
the unsaturated zone led to a need to mound soil in order to bury the '

belovground vaults. Aside from a reduction of the length of the migra- !

tion path, no changes in the model resulted. However, the clear cut j

difference in performance which was evident between the aboveground and i

belovground vaults in the DEIS results, is much less distinct in the ;

ravised values. The DEIS and current resulta are consistent from the
point of-view that the doses arise earlier frn:n the aboveground vaults. I

i

!The thyroid doses were still the c.;1y significant organ doses in either
study, and the effect of the changes varied from case to case, Some

decreased slightly, whil. others increased by factors up to 2.5.

However, thyroid doses that exceeded the performance objective in the
DEIS estimates, also exceeded it in the revised estimates; and those

that met the objective in the DEIS, also est it in the revised ones.

I
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In summary, the new values for the annual effective dose equivalents
are much lower than in the DEIS for the vault systems, because of the
decreased importance of carbon 14; the results for the underground

'

mined repository are not greatly different. The only significant organ
doses in both studies are those received by the thyroid; the values
have changed, but are not likely to change conclusions. '
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