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FRSTRACT

Licensing and regulation of commercial low-level waste (CLLW) buriai facil-
ities require that anticipated risks associated with burial sites be evalu-
ated for the life of the facility. This work reviewed the existing
capability to evaluate dose to man resulting from the potential redistribu-
tion of buried radionuclides by plants and animals that we have termed biotic
trioasport. Through biotic transport, radioruclides can be moved to locations
where they can enter exposure pathways to man. We found that predictive
models currently in use did not address the long-term risks resulting frem
the cumulative transport of radionuclides. Althouch reports in the litera-
ture confirm that biotic transport phenomena are ccmmon, assessments rou-
tinely ignore the associated risks or dismiss them as insignificant without
quantitative evaluation. To determine the potential impacts of biotic
transport, we made order-of-magnitude estimates of the dose to man for biotic
transport processes at reference arid and humid CLLW disposal sites.
Estimated doses to site residents after assumed loss of institutional control
were comparable to dose estimates for the intruder-agricultural scenario
defined in the DEIS for 10 CFR 61 (NRC). The reported lack of potential
importance of biotic transport at low-level waste sites in earlier assessment
studies is not confirmed by order of magnitude estimates presented in this
study.
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EXECUTIVE SUMMARY

This report summarizes the results of Phase I of our effoirts to evaluate the
relevance of biotic transport to the assessment of impacts used in licensing
and regulation of commercial low-level waste disposal sites. Numerous
examples from the literature indicate that plants and animals in the vicinity
of waste sites do become contaminated as a result of contact with radioactive
materials. However, we could find no reports of detailed stucies conducted
to evaluate the rates of radionuclide movement at commercial low-level waste
(CLLW) by biotic processes. A review of the existing dose assessment models
showed a lack of predictive risk capabilities associatea with long-term
radionuclide mobilization by the biota. Commonly, impact assessments treated
biotic transport by ignoring it or by stating that the risks were assumed to
be negligible.

Once having established that the methodology for risk assessment was lacking,
we set about to develop order-of-magnitude estimates for the potential dose
to man resulting from biotic transport at representative arid and humid
sites. Reference site descriptions were established which considered waste
inventories, site characteristics and biological communities. A biotic
transport model was established for plant and animal intrusion into buried
wastes. Parameter values were obtained from the literature. We then coupled
the biotic transport model to an existing computer code and calculated dose
to individuals inhabiting the waste site after loss of institutional control.
We compared the estimated dose to humans from biotic transport mechanisms
with doses to humans estimated for the intruder-agricultural scenario
reported in the DEIS for 10 CFR 61 (NRC). The dose to man as a result of
cumulative biotic transport processes was calculated to be the same order of
magnitude as the dose resulting from the more commonly evaluated human
intruder scenario.

The previously reported 'ack of potential importance of biotic transport at
CLLW sites is not confirmed by our findings. The accumulated activities of
generations of plants and animals at both arid and humid sites appear to be
capable of moving radionuclides to locations where they can cause exposure to
man.



CORTENTS

ABSTRACT . . .
EXECUTIVE SUMMARY

1.0
2.0

3.0

4.0

INTRODUCTION . . T L
PHASE I, TASKS 1 AND 2: EVALUATION OF EXISTING MODELS AND
THE POTENTIAL ROLE OF BIOTIC TRANSPORT MODELS . ¢ s
2.1 DEFINITIONS .

2.2 REVIEW AND COMPARISON OF RAD]CNUCLIOE TRANSPORT MOOELS

RACIATION EXPOSURE PATHWAY MODELS, AND RECENT LOW- LEVEL

WASTE MANAGEMENT STUDIES .

2.3 BIOTIC TRANSPORT IN TERRESTRIAL AND AOUATIC SYSTEMS
2.4 RECOMMENDATIONS FROM PHASE I, TASKS 1 AND 2 .
2.5 REFERENCES . .
PHASE I, TASK 3: ORDER OF MAGN TUDE ESTIMATES FOR ARID
AND HUMID LOW-LEVEL WASTE DISPOSAL SITES -
3.1 REFERENCE SITE DESCRIPTIONS
3.1.1 Reference Low-Level Waste Burial Grounda
3.1.2 Reference Radionuclide Inventories
3.1.3 Reference Environments .
SCENARIO AND SOURCE TERM DEVELOPMENT . i
3.2.1 Human Intrusion Scenarios from 10 CFR Part 61 .
3.2.2 Biotic Transport Scenarios .
3.2.3 Calculations of Biotic Transport

2.4 Source Terms . e e
OSE CALCULATIONS
3,
3.

w
.
~n

. B X
1 Dosimetry Models
2 Dose Calculations for Human Intrus1on Scenar1os
3.3 Dose Calculations for the Intrusion and Active
Biotic Transport Scenarios
3.3.4 Comparison of Results . . . . .
3.4 DISCUSSION OF RESULTS FOR PHASE I, TASK 3
3.5 REFERENCES . . : e
DISCUSSION OF EFFORTS FOR PHASE II 3
4,1 TASK 1: BIOTIC TRANSPORT MODELING
4.2 Task 2: TECHNOLOGY TRANSFER .

3.
D
3.
3o
.

n N
- -

ShEbhLWWWW WWwwwwwwwwwwww jaC b IaS At ]
- - . - - - - - - - - - - - - - - . - -




+

Keteren

tern Site

ew of

western

WP;-YPY"Y:

?a;tern
Years t the '[d;f_tfll'l Site

Compariso ) ; antr 4 0

parison of Surfa centration and Organ Dose over
Years O 0t T c Y N » L .2 \
. ¢ 5 of ¢ | for Waste Spectrum 1 at the
Reference 51 b

Year St Concentration and Organ Dose over
ears 310t ransport for Waste Spectrum 2 at the

,r.t_"! - L




1.0 INTRODUCTION

Commercial low-level waste disposal facilities may be envisioned to proceed
through several stages of development during their "lifetimes." An initial
perioc¢ of active disposal may be followed by a period of years during which
site monitoring and/or maintenance are the only activities. LUltimately,
institutional controls will be lost and site management practices abandoned.
Throughout these successive phases, which may encompass several hurdred
years, plant and animal communities will occupy the site.

The role of plants and animals in transporting wastes from burial sites to
iocations where they might cause human exposure can pe’entially be an impor-
tant consideration in regulatory and licensing decisions. Literature reports
give examples of plant and animal entry into buried wastes, while assessment
studies report that the roles of plants end animals are insignificant.
Recent technological development work includes testing the effectiveness of
intrusion barriers to plants and animals over simulated wastes. The uncer-
tainties about the relevance of biotic pathways to the long-term regulation
of nuclear waste disposal have led to this evaluation.

The general approach used in phase I includes an examination of the litera-
ture on plant and animal intrusion into buried wastes, a review of cormonly
used dose assessment models to identify nonagricultural biotic patrkway
components, and exposure scenario development followed by order-of-magnitude
dose assessments for biotic pathwavs at reference arid western and humid
eastern sites.
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2.0 PHASE I, TASKS 1 AND 2: EVALUATION OF EXISTING MODELS
AND THE POTENTTAL ROLE OF BIOTIC TRANSPORT FODELS

|

Two potentially conflicting statements or concerns exist 1in the literature
concerning radiation exposure pathways. One position is typified by Clarke
and Webb (1979) who advocate & model evaluation of all isotopes via all
pathways. The second position, exemplified by Adam and Rocgers (1978), and
typically the current application practice, is to assume that biotic pathways
need not be evaluated by rigorous techniques, i.e. modeling.

As a result of the Tasks 1 and 2 of this project, we conclude that in-depth
studies of radionuclide movement through the biota associated with commerciel
low-level waste (CLLW) burial sites have not been conducted, though a number
of specific examples of bictic transport have been observed. In addition,
laboratory experiments and field observations have demonstrated biotic
mechanisms and processes through which radionuclides are transported. The
inferences for biotic transport potential are relatively clear. What is not
known, and has not been assessed, is the magnitude and potential conseguences
of transport over times up to 500 years (McKenzie et al. 1982).

This chapter contains a summary of our findings from Tasks 1 and 2 of Phase I
of this project: the evaluation of existing models and a definition of the
potential role of future biotic transport models. After establishing defini-
tions, we summarize our review of existing radiation dcse pathway models,
commercial low-level waste management literature, and biotic transport
evidence from recent scientific literature. Finally, we present our recom-
mendations for establishing the potential magnitude of biotic transport and
for assessing the role of biotic transport in commercial low-1evel waste
management decisions.

2.1 DEFINITIONS

Fundamental definitions for some of the terms used in this report are given
below. These definitions are intended to apply specifically to commercial
Tow-level waste management and biotic transport.

Transport Mechanism. The means or process by which radioactive material is
moved from one place to another. The mecnanisms of particular concern in
this study are those that move radiocactive materials from waste containers,
burial trenches, or disposal sites. Three basic transport mechanisms may be
important: atmospheric transport, ground-water transport, and biotic
transport.

Biotic Transport. Actions of plants or animals that transport or cause
transport of radioactive materials from a CLLW burial ground to a location
where these materials can enter into human exposure pathways such as food
chains.

?.1




Fediation Exposure Pathways. Routes by which radionuclides or radiation may

reach people. ExampTes of radiation exposure pathways resulting from the
action of transport mechanisms at CLLW burial grounds include:

e ingestion of well water from the saturated zone during ground-water
transport of radioactive materials

* ingestion of aquatic foods taken from a nearby river, which has been
contaminated by overland flow or transport through the saturated zone

e ingestion of fooa crops irrigated with contaminated water or grown in
contaminated soil

® direct irradiation from contaminated soil and
® inhalation of radionuclides resuspended with contaminated soil.

Human Food Chain Compcnents. Plant or animal materials that are typically

eaten by man, These include above- and belowground vegetable crops, fruits,

berries, grains, eggs, milk, beef, pork, poultry, fish, crustacea, molluscs,
and water plants.

2.2 REVIEW AND COMPARISON OF RADIONUCLIDE TRANSPORT MODELS, RADIATION
L N ' LOW-
MANAGEMENT STUDIES ’

Existing radionuclide transport and radiation exposure pathway models were
reviewed to determine the current status of biotic transport modeling.
Models chosen for review were identified through discussions with personnel
at the Pacific Northwest Laboratory who had participated in model development
efforts, and through model compilation studies (Mosier et al. 1980; Owen et
al, 1979; Strenge et al. 1976; Hoffman et al. 1977; Miller 1978; Science
Applications, Inc. 1979). The review resulted in a list of 23 computer
programs for further evaluation (Table 2.2-1). After the computer programs
were identified, they were classified and compared,

The computer programs identified for review (Table 2.2-1) use essentially the
same methods and equations. Most are actually modifications of previously
written programs. The computer program PABLM (Napier et al. 1980a), for
example, which calculates an accumuiated dose, i3 similar to the computer
programs FOOD and ARRRG (Napier et al. 1980b), which calculate a one-year
dose and a 50-year dose commitment. FOOD and ARRRG are simplifications of
the computer program HERMES (Fletcher and Dotson 1971). Other variations of
FOOD include GAUCHE (Mosier et al. 1980) and VITTLS (Brenchley et al. 1977),
while CARDOCC (Watts 1976) is a modification of ARRRG. Of these eight
programs, the three selected for further examination in this study include
only FOOD, ARRRG and CRITR. RAGTIME (Pleasant et al. 1980), developed to
account both for seasonality of agricultural processes and the generation of
radiocactive daughters through decay during fooa chain transport, is basically
a modification of the previously developed computer program TERMOD (Booth and

2.2



TABLE 2.2-1.

Computer Programs Reviewed

Computer Program Authors
AIRDOS 11 (1) Moore 1977

*A |RDOS-EPA Moore et al. 1979
AiRWAY (3, Rider 1979

*AQUAMAN Shaeffer and Etnier 1979

*ARRRC Napier et al, 1960t
BELCH (2) Mosier et al., 1980

*8 | 0DOSE Dufty and Bogar 1980
BIOTRAN (3) Gallegos et al., 1980
CARDOCC (1) Watts 1976

*CRITR Soldat et al. 1974

*F0OOD Napier et al., 1980b
CAUCHE (1) Mosier et al. 1980
HERMES (1) Fletcher and Dotson 1971
INGDOS (1) Pleasant 1979

LADTAP (2) Mosier et al, 1980

*M1LDOS Strenge and Bander 1981
PABLM (2) Napier et al, 1980a
RAGTIME (1.2) Pleasant et al. 1980

*RVRDOS Martin et al. 1976

»TERMOD Booth and Kaye 1971
UDAD (1) Momeni et al. 1979
VADOSCA (2) Miller 1978

VITTLS (1) Brenchley et al. 1977
26PUFF (1) Crawford 1966

*Designates a mode! chosen for extensive review,

Reasons for Removal from Further Consideration

1. Redundant; capabilities available in other
programs or precursor or descendant of
program reviewed,

Incomplete documentation,

N
.

3. Overly detailed in analysis or parameters
not all available.

Kaye 1971). Because the development of RAGTIME was still in progress, only
the program TERMOD was reviewed. The transport mechanism and radiation
exposure pathway equations found in AIRDOS-EPA (Moore et al, 1979), which is
a modified version of AIRDOS-II (Moore 1977), and the equations in INGDOS
(Pleasant 1979) are exactly the same. Thus, the AIRDOS-EPA computer program
was chosen for review in this study. MILDOS (Strenge and Bander 1981) is an
NRC version of the UDAD computer program (Momeni et al, 1979).

Some computer programs weren't considered because they were redundant. This
category included computer programs such as 2BPUFF (Crawfcrd 1966), where
information is contained in other computer programs. Computer programs were

also not included if sufficient code documentation did not exist or if they




were not easily obtainable. These included: LADTAP (Mosier et al. 1680),
BELCH (Mosier et al, 198G), and VADOSCA (Miller 1978). Other computer
programs were e€liminated 1f they were cverly detailed in their analysis of a
specific process; that is, if it would be impossible to obtain proper parame-
ter values to simulate other transport mechanisme, or if equations could rot
easily be changed to calculate concentratior as opposed to dose. These
includea AIRWAY (Ricder 1979) anc BIOTRAN (Gallegos et al, 1980).

The radionuclide transpert and radiation exposure pathway computer proarams
listed in Table 2.2-1 consider only atmospheric and surface water transport
m2chanisms. None of the programs directly considers biotic transport
mechanisms., The exposure pathway model$ calculate concentrations in human
food stuffs, with ro attempts tc model radionuclide transport by non-food
chain biota. All of the computer programs were developed tu conduct radia-
tion dose analyses following radionuclide releases from operating nuclear
fecilities or fallout. These proarams do not consider potential long-term
impacts on the integrity of buried waste containers in CLLW trenches or the
increase ir accessibility of the buriea wastes resulting from biotic
mechanisms. A more detailled discussion of our review of existing models can
be found in McKenzie et al. (1982).

Recent studies on CLLW disposaél were reviewed, and they inclur- ° -vssions
of impact analysis, waste classification, environmental as: t “nd
decommissioning, HNo studies were found, however, that spec 8ss
biotic transport mechanisms, The stuaies reviewed utilize: i
models designed to evaluate transport by biota not directly e

human food chain.

Typical statements concerning biotic transport in recent comnc... A-Tevel
waste management studies include:

e "During the conduct of the study, numerous pathways have been and will
continue to be considered. However, many of these pathways are either
not restricting or are highly imprgbable. Only those reasonable path-

ways which are restricting are considered in detail." (Adam and Rogers
1978, p. 17)

® "“NRC staff believes, however, that the most significant pathway is
ground-water migration. ... Impacts from plant and animel intrusion
are site-specific and can be reduced through engineering designs applied

to reduce ground-water migration and potential intruder exposures"
(U.S. NRC 1981)

e ‘"ecological pathways involving the movement of waste material by
waterfowl, burrowing animals, blowing weeds, etc., are not considered ir
this study" (Murphy and Holter 1980, p. 8-12)

A further review of recent low-level waste management literature and the

potential implications on biotic transport modeling can be found in McKenzie
et al. (1982).
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relative magnitude, when compaered to terrestrial systems, that we dismiss
them from further consideration.

2.4 RECOMMENDATIONS FROM PHASE I, TASKS 1 AND 2

Licensing decisions regarding commercial Tow-level waste (CLLW) management
are, of necessity, influenced Ly the results of predictive modeling. Our
review of recent Titerature on low-level waste indicates that a long-term
scenaric analysis approach is typically used in predictive modeling
exercises, In such an approach, radionuclide transport models are coupled
with radiation dose evaluation models through the use of long-term human
exposure scenarios. The resulting doses or estimates of impact on human
healtk are then used as input to decisions about siting, trench design,

burial ground operation, waste packaging, waste form, and ultimately,
decommissioning,

All of the modeling exercises reviewed here are based on the assumption that
burial ground performance is most strongly affected by the long-term actions
cf air and water, None of the models considers biotic mechanisms and pro-
cesses other than those that are directly linked to man through the human
food chain. Biotic transport has not been evaluated beyond the qualitative
Tevel in current radicactive waste disposal impact assessments. However,
statements about the lack of concern for significant effects from biotic
transpori are not supperted by operational experience or by an evaluation of
biotic transport mechanisms and processes. Based on this review, an eval-
uation of the potential magnitude of biotic transport and its impact is
needed to assess the adequacy and reliability of the current licensing and
regulatory processes for CLLW disposal sites.

We find that all current dose pathway models are essentially the same and
deficient in that they do not include biotic transport. We conclude that the
results of radiological impact assessments are highly dependent on the
scenario examined. Additionally, current assessment procedures may not be
ideally suited for use with the long-term scenarics of concern.

As a result of our efforts in the first two tasks of Phase I of this project,
we recommended that a defensible, reproducible method be developed to
quantify the long-term impacts of biotic transport mechanisms.

As a first step of Task 3 of Phase I, we recommended that order of magnitude
relationships be developed and applied to a specific scenario (such as the
crop root penetration scenario). This step will begin by extending the
current scenario to include the full range of plant and animal species
occurring on or near the waste site. The calculated results of the scenario
with and without biotic transport will be compared.

The second step of Task 3 was recommended to determine the elapsed time

recuireo for biotic mechanisms and processes to become part of a plausible
pathway for human exposure. Knowledge of this would permit the development

2.6
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SCENARIO AND SOURCE TERM DEVELOPMENT

permit comparative evaluation of the long-term impacts of biotic trans-
port processes at the reference western and eastern sites, radiation exposure
,cenarios and the resulting source terms are required. The source terms, in
the form of surface or near-surface radionuclide concentrations in the trench
cover soil, are then used to calculate radiation doses to the maximally
exposed individual for human intrusion and biotic transport scenarios. The
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study, two container decomposition half-times are assumed for each
reference site. Waste spectrum 1 i1s designed to represent current and past
CLLW disposal conditions, with container decomposition time calculated from
the inferred biotic availability of wastes exhumed at arid and humid sites.
The containers and waste forms are assumed to decompose with a 35-year
half-time for western sites, and a 15-year half-time for eastern sites.
Waste spectrum 2 is designed to represent a future waste stream, with the
increased use of volume reduction and solidification methods. These wastes
are assumed to be more durable than past wastes, and are assigned a 70-year
half-time for western wastes and a 50-year half-time for eastern wastes.




The surface soil concentrations developed for the intruder-agriculture
scenario are shown in Table 3.2-1. Concentrations are also shown for waste
spectra 1 and 2 after loss of institutional controls at the western and
eastern sites, accounting for 120 years of radioactive decay without biotic
transport. Again these source terms are corrected for the specific activity
and container decomposition half-time associated with each waste spectrum.

The maximally exposed individual residing on either the western or eastern
site could be exposed by inhalation of resuspended radionuclides, ingestion
of garden crops grown in the soil, and direct exposure to penetrating
radiation. To account for the small surface area contaminated by the
intruder-agriculture scenario, the individual is assumed to inhale dust with
a concentration of 2 x 107% g/m3 for eight hours per day, five days per week,
or 2000 h/yr. The individual is also assumed to ingest 60 kg/yr of vegeta-
bles grown in the contaminated soil, and is exposed for 2000 hours per year
to penetrating radiation from the contaminated surface soil. These parame-
ters and exposure conditions were used in radiation dose calculations, and
the resulting doses were compared with doses resulting from biotic transport
processes.

3.2.2 Biotic Transport Scenarios

Active biotic transport processes, including both burrowing activity of
mammals and invertebrates into the wastes and uptake of contaminants by
natural invading or established vegetation, is assumed to occur for 100 years
following site closure and prior to the occurrence of the agricultural
intruder. The burrowing activity of animals results in excavation of soil,
all of which is assumed to be deposited on the surface of the burial ground.
Wastes, adjusted for the quantity available (i.e., 21lowing for waste package
decomposition and radioactive decay), are assumed to be moved to the surface
by burrowing activities in direct proportion to the volume of soil moved from
the depths at which animals encounter wastes.

Plant Intrusion

Plants redistribute radionuclides from the buried wastes by uptake through
the root system and assumed subsequent uniform distribution of contaminants
throughout the plant. It was assumed that above-ground plant materials
contribute a quantity of radionuclides to the soil on the surface of the
burial site equal to the amount contained in the annual biomass produced.
Plant roots are assumed to distribute their contaminant burdens at various
depths below the surface in proporticn to annual root biomass production at
those depths.

At year 100, the total accumulation of radionuclides on the soil surface

resulting from plant and animal activities is assumed to be mixed in the
upper 0.5 m of the entire burial ground. Radionuclides that accumulate in
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the subsurface profile as a result of plant root redistribution (animals are
assumed to bring contaminants to the surface only) are assumed to be uni-
formly mixed within 0.5-m-thick profiles. A1l of the above processes con-
tribute redistributed radionuclides to inhalation and external exposure as
well .s providing a contaminant source for crop plants, forage plants fed to
animals, and vegetables consumed directly by man.

Vegetative cover for the western waste disposal site was assumed to consist
of two basic plant communities: 1) an "initial" community dominated by
annual species, and 2) a "final" community dominated by perennial species.
Plant composition and percent vegetative cover for these communities are
presented in McKenzie et al. (1982b). The time required for successional
change from annual (our "initial") to perennial (our "final") communities in
shrub-steppe semi-arid western sites has been estimated to require 100 years
(Daubenmire 1968). Although succession is a gradual process, we assumed the
change in community type to occur at year 100.

Vegetative cover on the eastern commercial low-level waste site wa. assumed
to have changed over 200 years, from a bare field to a “climax" (Odum 1959;
Whittaker 1970) or "steady state" (Bormann und Likens 1979) plant community
dominated by a northern hardwood/oak-hickory forest (Odum 1959, Whittaker
1970, Bormann and Likens 1979). We assumed that early successional plants
invaded the site within the first year after cessation of institutional
control. Net aboveground annual vegetative production (gross productivity
minus plant respiration) for the first 40 years following the bare field
stage was assumed to be 500 g/m2/yr-dry weight (Whittaker 1970). Net annual
production from year 41 on was assumed to be 1,200 g/m?/yr-dry weight
(Whittaker 1970, Lieth 1975). Further details about the plant community for
the eastern site are given in McKenz.e et al. (1982c).

Animal Intrusion

Potential animal intruders for the western site include a number of burrowing
species. These animals were classified into six groups of animals composed of
from one to several species with generally similar burrowing habits. The
groups include: 1) ground squirrels (eight s ecies), 2) pocket mice and
kangaroo rats (14 species), 3) pocket gophers (four species), 4) prairie dogs
(three species), 5) badger (one species), and 6) harvester ants (three
species). Although this is not a comprehensive list of burrowing animals, it
does include those species for which published data are available on animal
density, burrow density, or burrow volumes. We believe these six categories
are representative of the burrowing activity and volumes of soil likeiy to be
displaced by animals on an arid commercial low-level waste burial site.

Potential animal burrowers at the eastern site include the eastern chipmunk
(Tamias striatus), woodchuck (Marmota monax), moles (Parascalops breweri,
Scalopus aquaticus, Condylura cristata), ants, and earthworms. ATthough
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other burrowing species may be present in the humid east, we believe the
above animals are representative of the general burrowing activity and
volumes of soil likely to be displaced by animals on a commercial low-level
waste burial site.

Further details on the animal population densities, burrow volumes, depth
distribution of burrow systems, and the estimated volumes of soil brought to
the surface are given in reports by McKenzie et al, (1982b; 1982c).

3.2.3 Calculations of Biotic Transport

The BIOPORT computer program calculates BI0logical transPORT of radionuclides
from a commercial waste disposal site. A complete listing of the computer
program used to calculate the intrusion and active biotic transport processes
is given in Appendix B of McKenzie et al. (1982b). Biological components are
plant roots, which absorb radionuclides and translocate them to other plant
organs (i.e., stems and leaves) and subsequently back to the soil; and
animals, which move soil and accompanying radionuclides from various strata
to the surface.

The computer program calculates biological transport for each year of the
simulation and for each radionuclide in the waste inventory. For each year
the model: 1) simulates decay of the waste inventory and the waste in each
soil stratum, when present; 2) computes, for each radionuclide in each soil
stratum, a new concen ration based on plant uptake and radionuclide
redistribution; 3) determines the amount (m3/ha) of soil brought to the
surface from the various strata by animal activity; and 4) computes, for each
radionuclide in each stratum, a new concentration based on soil movement.
After the first year, the soi]l moved by the animals is contaminated from
plant activity.

Uptake of radionuclides by a plant is determined by the highest concentration
encountered by the plant roots, and by the concentration ratio (CR) for each
element. The iadicactivity of the plant is apportioned among the roots and
aboveground plant parts based on annual biomass production and the root to
shoot ratio. The belowground portion of radioactivity is distributed in the
cover profile in proportion to the root biomass ir each of three 0.5 m-thick
strata above the waste zone. Annual biomass production is assumed to recycle
each year; thus, radioactive material is added to each soil stratum by roots
and to the soil surface from above ground plant parts.

3.2.4 Source Terms

A summary of the source terms resulting from intrusion and active biotic
transport processes for waste spectra 1 and 2 at the western and eastern
sites are shown in Table 3,.2-2. These concentrations are assumed to accumu-
late gradually during 100 years of institutional control (with no corrective
action taken by waste site management) and over longer periods until the peak
surface radionuclide concentrations are reached. For the western site, the
quantities of radionuclides that accumulate in the soil layers above the
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buried waste by intrusion active processes are shown in Figures 3.2-1 and
3.2-2 for waste spectra 1 and 2, respectively. The peak surface accumulation
for waste spectrum 1 is about 2.4 Ci/ha of trench surface, and this concen-
tration occurs after about 90 years. For waste spectrum 2 at the western
site, the peak concentration at the trench surface is about 2.0 Ci/ha and it
occurs after about 100 years.

Far the eastern site, the quantities of radionuclides that accumulate in soil
layers above the buried waste by intrusion/active processes are illustrated
in Figure 3.2-3 for waste spectrum 1. This figure shows the total Ci/ha
present at each of the four soil depths over a 500 year time span. The
surface accumulation of about 3.3 Ci/ha of trench surface occurs at 100 years
after site closure. The peak concentration in the trench surface soil is
about 4.7 Ci/ha, and it occurs 237 years after site closure. Figure 3.2-4
shows the total Ci/ha present at four soil depths for waste spectrum 2 over a
500 year time span. The accumulated concentration at the surface 100 years
after site closure is about 2.5 Ci/ha. The peak surface concentration, 4.7
Ci/ha, occurs about 266 years after site closure. Again, the quantities
shown in Figure 3.2-1 through 3.2-4 have been corrected for radioactive decay

and daughter product ingrowth, with the appropriate assumed container decom-
position half-time.
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FIGURE 3.2-1. Total Ci/ha Present over 200 Years at the
Western Site, Waste Spectrum 1
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FIGURE 3.2-4. Total CI/ha Present over 500 Years at the
tastern Site, Waste Spectrum 2

3.3 DOSE CALCULATIONS

Since the mixtures of the radionuclides resulting from the human intrusion
scenario and the biotic transport scenario are different, dose calculations
are performed to determine the relative impacts of the two types of
scenarios. By using the same environmental pathway and dose analysis model
with the source terms, a direct comparison of the scenarios can be made.
Since the scenarios are considered to be preliminary at this time, the
absolute magnitude of the calculated doses are less important than their
relative magnitude. This section contains a discussion of the pathway and
dose models used, the calculated doses for the human intrusion and the biotic
transport scenarios, and a comparison of the critical organ doses from the
two scenarios.

3.3.1 Dosimetry Models

The PNL computer program MAXI (Napier et al. 1979; Murphy and Holter 1980) fis
used to calculate the maximum annual dose to an exposed individual from a
large number of exposure pathways. This program uses dose factors from the
DACRIN (Houston, Strenge, and Watson 1974) computer program for inhalations
dose calculations. For ingestion pathways, dose factors from the FOOD and
ARRRG (Napier et al. 1980) comput2r programs are used in MAXI for both
terrestrial and aquatic food products.
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TABLE 3.3-1. Summary of the Maximum Annual Doses to the MaximuTESxposed
Individual from the Intruder-Agriculture Scenario

Dominant Max imum
Radionuclide Dominant Annual
Waste Reference Maxi?uw Organ of Contributors Exposure Organ Dose
Spectrum Site Year Reference To Dose Pathway (rem)
‘(c) Western 1 Total -body Cs-137 + D(d, External 28
(Past Wastes)
Western 1 Bone Cs=137 + D External 28
2(°) Western 1 Total ~body Cs=137 + D External 20
(Future
Wastes) Western 1 Bone Cs=137 + D External 20
1€ Eastern 1 Total -body Cs-137 + D External 41
(Past Wastes)
Eastern 2 Bone Cs=137 + D External 42
2(') Eastern 2 Total -body Cs-137 + D External 39
(Future
Wastes) Eastern 2 Bone Cs=137 + D External 39

rﬂfhe doses are calculated over a 50-yea" continuous exposure period for the waste spectra
starting 100 years after closure of the low-level waste burial ground.

(D)The year in which the maximum annual dose occurs during the 50-year continuous exposure
period, starting 100 years after final closure of the CLLW burial ground.

(C)Hastc spectrum 1 was based on the current mixture and specific activity of CLLW radionuclides
in the western and eastern United States (U. S. Nuclear Regulatory Commission (1981).

(d)The +D notation indicates that the decay energy of a short-lived daughter product is included.

‘e)vaste spectrum 2 was based on estimates of future CLLW mixtures and specific activities in the
western and eastern United States (U, 5. Nuclear Regulatory Commission 1981),

nuclides of waste spectra 1 and 2 for the reference western and eastern
sites. For both waste spectra, the dominant exposure pathway is direct
exposure resulting from Cs-137 and its daughter, Ba-137m. The maximum annual
dose from external emitters is the largest in the first year. For the
western site, the resulting maximum annual doses to total body are 28 rem for
waste spectrum 1 and <0 rem for waste spectrum 2. For the eastern site, the
maximum annual dose to bone peaks in the second year at a value of 42 rem for
waste spectrum 1 and 39 rem for waste spectrum 2. Complete listings of the
maximum annual doses by organ are given in the appendices of documents by
McKenzie et al. (1982b; 1982c).

3.3.3 Dose Calculations for the Intrusion and Active Biotic Transport
Scerarios

Doses to the maximum-exposed individual for the intrusion and active biqtic
transport scenario were calculated using the MAXI computer program. 1lae
surface contamination levels (pCi/m?), resulting from this scenario are given
in Table 3.2-2 for waste spectra 1 and 2 for the reference western and
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organ receiving the largest dose for both waste spectra is bone. For the
western site, peak bone doses are 15 rem for waste spectrum 1 and 13 rem for
waste spectrum 2. For the reference eastern site, peak bone doses during
continuous exposure 100 years after site closure are 26 rem for waste spec-
trum 1 and 18 rem for waste spectrum 2.

The year in which the peak dose occurs may not be the same year that the peak
soil concentration occurs if internal exposure pathways and organs are
considered. To illustrate this complex behavior, we calculated the organ
dose versus time (for total body, bone, and thyroid) for the eastern site,
and plotted the total concentration of radionuclides in the top 0.5 m of
soil. The resulting figures are included here as Figures 3.3-1 and 3.3-2.
These figures clearly indicate that the organ doses, controlled by single
radionuclides within the mixture, peak at times different than the peak total
concentrations. The concentrations of specific radionuclides within the
total mixture change with time as a function of their radiological half-lives
and biological transport properties. Thus, to determine the relative impacts

of biotic transport, it is necessary to compare radiation doses, and not
total surface soil concentrations.

3.3.4 Comparison of Results

A comparison of the maximum annual dose results for the human intrusion and
biotic transport scenarios 100 years after closure of the reference western
and eastern sites is given in Table 3,3-3. Again, it should be noted that
both sets of doses were calculated using the same pathway analysis models so
that a direct comparison could be made. However, the magnitude of the doses
are less important than their relative ratio because of uncertainties in many
of the parameter values used. For waste spectrum 1, the ratio of the crit-
ical organ doses for the biotic transport scenario to the human intrusion
scenario ranges from 0.62 for the western site to 0.54 for the eastern site.
For waste spectrum 2, the ratio of the critical organ doses for the biotic

transport scenario to the human intrusion scenario ranges from 0.46 for the
western site to 0.65 for the eastern site.

The doses calculated for the human intrusion scenaric were based on the waste
spectra for the western and eastern U. S, and the intrucder-agriculture
scenario as defined in the DEIS for 10 CFR Part 61 (U. S. Nuclear Regulatory
Commission 1981). However, exposure pathway assumptions and dose pathway
models were different from those used in the DEIS and resulting doses are
different, The NRC total-body dose result for waste spectrum 2 (for the
total U. S., and for the intruder-agricultural scenario at 100 years after
site closure) is 5.1 rem (U. S. Nuclear Regulatory Commission 1981, p. 4-19).
The total body doses of 20 rem for the western site and 39 rem estimated for

this task indicate that the two approaches produce different, but relatively
cimilar, results.
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TABLE 3.3-3, Results Comparison for Human Intrusion and Intrusion

and Active Biotic Transport for the Reference Western
and Eastern Sites

Muman Intrusion Scenario Biotic Transport Scenario
Waste keference Critical Waximum Annual Critical ximum Annual Ratio
Spectrum Site Organ Dose (rem) Organ Dose (rem) (Biotic/Human)
1 Eastern Total -body 42 Bone 26 0.62
2 Eastern Total ~body 39 Bone 18 0.46
1 Western Total -body 28 Bone 15 0.54
2 Western Total-body 20 Bone 13 0.65

(',Doses for both scenarios are calculated for 100 years after site closure.

3.4 DISCUSSION OF RESULTS FOR PHASE 1, TASK 3

While the dcse estimates obtained in this study are preliminary and further
work is needed to refine the biotic transport model, the results do provide a
useful "order of magnitude" estimate of the potential impact of biotic
transport. The major result, that an intrusion and active biotic transport
scenario results in doses that are only about a factor of two less than doses
from a human intrusion scenario, is quite significant. While the total
surface concentration of radionuclides resulting from the biotic transport
scenario is less than that which resulted from human intrusion, two con-
ditions are identified as controlling the dose results. First the surface
area contaminated over a burial ground was substantially larger for the
biotic transport scenario (70 ha versus 0.18 ha). This condition was
reflected in the biotic transport exposure scenario by assuming that the
maximum-exposed individual's entire diet came from the site, while only 60
kg/yr was raised onsite for the human intrusion scenario. Second, the
resulting radionuclide mixture at the surface was different for biotic
transport than for human intrusion. Root penetration by native plants
resulted in the selective long-term accumulation of the more biologically
available radionuclides at the trench surface. 01 most importance in the
internal organ dose calculation was Sr-90,

Because of the lack of data in several key areas, it became necessary in the
course of this assessment to make several assumptions that directly influ-
enced the results. Thus, this assessment of the potential magnitude of
intrusion and active biotic transport at the reference arid site is con-
sidered to be a preliminary "order of magnitude" assessment, Key assumptions
that may have influenced the results from this study include the following:

e To model waste availability for past and future wastes we assumed
container (waste form) decomposition half-times of 35 and 70 years.
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e We assumed that all ~f the radionuclides released during container
decomposition were in a chemical form that was available for biotic
transport.

e The use of a "composite" animal community may not adequately represent
the conditions at a specific arid site. Within this assumed community,
we made estimates of representative animal population densities, the
volume of soil/waste moved per year, and potential burrow depths. We
further assumed that a’l material moved by burrowing activities reached
the soil surface. Further information on belowground redistribution of
material by animals would make the model more complex and potentially
more complete.

® We assumed that the standard "agricultural" concentration ratios were
applicable for determination of radionuclide concentrations of native
plants whose roots enter tae waste zone.

e We had to develop plant rcot biomass and depth distributions based on
incomplete data.

® The exposure scenarios for both human intrusion and biotic transport
require careful rev.ew. The assumptions made for this study a:e reflec-
tive of our best judgement based upon similar assumptions made in other
published work. These assumptions shculd be carefully evaluated since
they are intended to be reasonably "conservative" and not worst case.

e We assumed that the vegetative cover remained intact and was adequate to
control erosion. If erosion were to be significant, then the assumed
accumulation of contaminants at the surface may be less and so may the
resulting dose to man according to this scenario. Substantial erosicn,
perhaps as accelerated by the action of burrowing animals, may, under a
different scenario, increase the dose to an intruder residing over the
burial trench. This may be accomplished by reducing the trench cover
thickness. Also, dose to offsite residents may require evaluation if
surface contaminants are moved offsite by secondary processes (e.qg.,
wind and water erosion).

® The 100 year elapsed time from site closure to human intrusion was based
on previously published scenarios. Alternative time spans may elter the
relative importaiice of the two scenarios.

We are satisfied that the structure of the model for intrusion and active
transport is sufficientiy developed at this stage to be useful as a tool in
additional efforts focused on parameter values. The next step in a sensi-
tivity analysis is to evaluate the influence and effects of the previously
listed assumptions and initial parameter values. Results of these efforts
would lead to identification and evaluation of the data base for "key"
parameters. Improved data bases should be obtained for "key" parameters.
Parameter and model refinement would produce an assessment tool that could
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4.0 DISCUSSION OF EFFORTS FOR PHASE 11

The preliminary calculations in Phase | indicate that biotic transport is of
potential concern in long-term performance of low=-level disposal sites. In
Phase II, the preliminary moael will be modified and enhanced to permit
state-of-the-art evaluation of the potential dose to man resulting from
long-term biotic transport. Based on this evaluation, Phase 11 efforts
within this project will determine how biotic transport considerations may be
included in the regulatory process. Possible usas may include establishing
maximum permissible transport criteria for given pathways, identifying which
pathways are relevant for which types of nuclear waste disposal facilities
and procedures, and recommending methods for their inclusions in site
evaluations. A description of the specific tasks that are underway in Phase
Il is given in the following sections.

4.1 TASK 1: BIOTIC TRANSPORT MODELING

The objective of this task is to develop improved models that can better
predict the quantities of radionuclides transported by biotic processes. The
resulting model will be used to provide a more accurate prediction of the
dose to man than the "order of magnitude" estimates provided in Phase I.
Thus, in this task, we are refining and modifying the model used to make
these biotic transport estimates. In addition to modifying the model, we
are:

e reviewing and attempting to improve the exponential decay model cur-
rently used to represent CLLW package/waste form decay,

e assessing the assumption of uniform biological availability with respect
to package decay, and

e attempting to improve the simulation of the intruder-agriculture sce-
nario used as a comparison standard that can indicate the relative
importance of bictic transport.

Other efforts in this tusk are being focused on using a sensitivity analysis
to determine which parameters control the model predictions for the signifi-
cant radionuclides. The intent of this effort will be to help determine how
best to improve the model and its results. To the degree that the model
truly represents biotic transport, the sensitivity analysis will also provide
an indication of the importance of individual biotic pathways.

In this task, the reference western and eastern site descriptions and data
will be replaced with actual data from operating sites. Data are needed on
site areas, trench configurations, biological communities, and radionuclide
inventories. In addition, data from four additional regions where future
CLLW sites may be established will be collected and reviewed.
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4.2 TASK 2: TECHNOLOGY TRANSFER

The BIOPORT computer program ic the computer implementation of the model
developed in this project for accounting for the biotic transport of radio-
nuclides from a commercial low-level waste burial ground. Comparative dose
estimates are made for the exposure scenarios using the MAXI computer
program. The purpose of this task will be to provide the NRC with a copy of
the entire computational packuec:z with sufficient documentation so that NRC
staff members may use it. The computer program documentation will include a
description of the use of the computer programs, as well as a description of
the theoretical basis of the programs and their applications and operations.

The computer programming efforts will conform to FORTRAN 77 and applice* e
sections of ANSI Standard X3.9-1978, FIPS 38 3-12-78, and ANSI! Standard
N-413. To provide verification of correct operation of the computer

programs, both the input and output will be presented for a set of five

sample problens selected with NRC approval. The users' manual will contain
sections on:

e theoretical basis of the overall model and modifications,
e practical considerations and limitations for application,
e technical information for running the computer program,

e definition of program variables,

e description and accession of data sets,

e example problems for various program operations,

e a program logic flow chart and 1isting, and

e references.

Finally, a one-day short cuurse will be designed and presented to NRC steff.
In this course we will fully describe the points above; we will alsc examine

how input should be prepared, how output should be interpreted, and how data
sets should be accessed and modified.
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