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ABSTRACT

The International Atomic Energy Agency (IAEA) started the Coordinated
Research Program entitled "The Safety Assessment of Near-Surface Radioactive
Waste Disposal Facilities." The program is aimed at improving the confidence in
the modeling results for safety assessments (referred by the U. S. Department of
Energy as performance assessments) of waste cfisposal facilities. The program has
been given the acronym NSARS (Near-Surface Radioactive Waste Disposal Safety
Assessment Reliability Study) for ease of reference. The purpose of this report is
to present the ORNL modeling results for the first test case (i.e., Test Case 1) of
the IAEA NSARS program.

Test Case 1 is based on near-surface disposal of radionuclides that are
subsequently leached to a saturated-sand aquifer. Exposure to radionuclides
results from use of a well screened in the aquifer and from intrusion into the
repository. Two repository concepts were defined in Test Case 1: a simple earth
trench and an engineered vault.

Test Case 1 modeling was performed independently by several research parti-
cipants from various countries, and comparisons of the results were conducted by
working groups consisting of the research participants. The comparisons of
NSARS Test Case 1 may be obtained from the IAEA. This report only presents
the modeling results obtained by Oak Ridge National Laboratory (ORNL) for
IAEA NSARS Test Case 1.



1. INTRODUCTION

This report presents the methodology used to determine the groundwater
transport of radionuclides, water ingestion doses, and intruder doses for the first
test case of the International Atomic Energy Agency’s (IAEA) research program
entitled "The Safety Assessment of Near-Surface Radioactive Waste Disposal
Facilities (NSARS)".

The IAEA NSARS research program is aimed at improving the confidence in
the modeling results for safety assessments (referred to by the U.S. Department of
Energy as performance assessments) of waste disposal facilities. Test Case 1
modeling was performed independently by research participants from various
countries, and comparisons of the results were conducted by working groups
consisting of the research participants. The comparisons of NSARS Test Case 1
may be obtained from the IAEA. This report presents only the modeling results
obtained by Oak Ridge National Laboratory (ORNL) for IAEA NSARS Case 1.

Test Case 1 is based on near-surface disposal of radionuclides that are
subsequently leached to a saturated-sand aquifer. Exposure to these radionuclides
results from: 1) use of a well screened in the aquifer and 2) intrusion into the
waste repository. Two disposal concepts are defined for Test Case 1: a simple
earth trench (Case 1T) and an engineered vault (Case 1V).

The principal features analyzed in this report are:

¢ Near-field performance in terms of release (R) to the geosphere for wastes
in an earth trench (1TR) and an engineered vault (1VR);

¢ Release from the near field, leading to transport through the aquifer and
exposures to man via use of a well (W) for both the earth trench (1TW)
and the engineered vault (1VW);

¢ Intrusion (I) into the earth trench facility as part of the construction of a
house foundation and exposures both during the intrusion and later (1TT);
such intrusions are not considered reasonable for the somewhat deeper,

engineered repository.



2. TEST CASE INPUT SPECIFIED BY THE IAEA

This section presents descriptions of the disposal environments, parameter
values, nuclides of concern, and exposure scenarios provided by the IAEA for use

in the modeling of Test Case 1.

2.1 REPOSITORY DESIGN AND SITE CHARACTERISTICS

The earth trench concept (1T) and the engineered vault design (1V) are
shown in Figs. 1 and 2. The defined parameter values for the two concepts are
given in Tables 1 and 2. For both repository designs, the length of the facility is
assumed to be perpendicular to the direction of groundwater flow.

Sites for both concepts are in a temperate climate with annual precipitation
of 1000 mm, assumed to be uniform throughout the year, and uniform evapotran-

spiration of 400 mm during the year.

22 NUCLIDES AND INVENTORY

A range of nuclides has been chosen to explore the importance of half-life,
sorption potential, decay chains, gaseous forms, and mode of exposure in deter-
mining repository performance. The nuclides and daughter nuclides selected, and
their half-lives, are given in Tables 3 and 4.

The inventory for each design concept is arbitrarily set for time t = 0 at
1 TBq of each of the nuclides in Table 3. The inventories of daughter nuclides

(Table 4) are assumed absent at t = 0.
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Table 1. Defined parameter values for the earth trench concept (1T)

Length of trench — 100 m
Width of trench 10 m
Depth of trench Sm
Width of cap 30 m
Length of cap 120 m
Thickness of cap 3m
Gradient of cap 1in 30
Porosity of cap 04
Hydraulic conductivity of cap 10® m/s

Distance above water table 1m




Table 2. Defined parameter values for the engineered vault design (1V)

T::temal length of vault 100 m
Internal width of vault 10m
Internal height of vault Sm
Thickness: vault base, walls, and roof 03m
Porosity of concrete 0.25
Hydraulic conductivity of concrete 10° m/s
Ratio of overpack volume to backfill volume 2:1
Porosity of backfill 0.4
Hydraulic conductivity of backfill 10" m/s
Width of cap 30m
Length of cap 120 m
Thickness of cap 3m
Thickness of rolled clay within cap 1m
Gradient of cap, both top surface and clay surface 1in 30
Porosity of clay, cap fill, and cover material 0.4
Hydraulic conductivity of clay 10° m/s
Hydraulic conductivity of cap fill and cover 10° m/s

material layers

Distance above water table 1m




Table 3. Nuclides selected and their half-lives

Nuclide Half-life
*H 1235 a
1c 5730 a
BI1Cs 300 a
BOTh 7.7 x 10* a

Source: ICRP 1983.
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Table 4. Daughter nuclides and their half-lives

Daughter nuclide Half-life

26Ra 1600 a
2Z2Rn 3.8235d
28pg 3.05 min
214pp 26.8 min
MBj 19.9 min
2Mpo 1.64 x 10* s
210pp 223 a
210B; 5012d
A0pg 138.38 d
25pb Stable

Source: ICRP 1983.



23 WASTEFORM

For the scenarios of the concept designated 1T, disposal in earth trenches,
the waste is in the form of miscellaneous trash materials (paper, plastics, metal,
etc.), with principally surface or sorbed contamination. The waste is assumed to
have no significant containment. For the scenarios of the concept designated 1V,
disposal in engineered vaults, the waste form is assumed to be a uniformly contam-
inated concrete matrix within 200-L drums. The defined parameter values for both
concepts are given in Table 5. The hydraulic conductivity of the concrete matrix is

the same as given in Table 2.

24 GEOSPHERE

The geosphere is characterized as an unconfined sand aquifer, with the
defined properties given in Table 6. The sorption coefficients of relevant elements

are provided in Table 7.

25 EXPOSURE SCENARIOS

Two exposure scenarios are defined for Test Casé 1: exposure to man via
use of a well located 500 m from the earth trench and engineered vault (Fig. 3)
and a building intrusion scenario for the earth trench concept (Fig. 4). Intrusion
into the repository is not assumed to occur before t = 100 a, due to institutional
controls in force up to that time. The house basement excavation is assumed to
penetrate into the waste. The remaining features of the intrusion scenario and
parameter values were not specified by the IAEA and were to be determined by

the individual NSARS research participants.
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Table 5. Density and porosity of waste

Case 1T Case 1V
Waste density 400 kg/m® 2500 kg/m®
Waste porosity 0.4 0.25




11

Table 6. Defined properties of the aquifer

Density

Porosity

Hydraulic conductivity
Hydraulic gradient
Saturated thickness
Path length
Longitudinal dispersivity
Transverse dispersivity
Water extraction rate

Drinking water rate

2000 kg/m®
0.25
10° m/s
1in 100
10 m
500 m
50 m
10 m
100 L/d

2.0L/d
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Table 7. Sorption coeflicients

— N — I
Element Sorption coefficient,
m’/kg
H 0
C 0
Cs 0.3
Th 3
Ra 0.1
Po 0.1
Pb 0.3

L
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2.6 DOSIMETRIC DATA

The dose conversion factors for all relevant nuclides, including daughter
nuclides, are listed separately for inhalation and ingestion in Table 8. For inhala-
tion of Z?Rn assumed to be in equilibrium with all daughter nuclides, dose conver-
sion factors of 1.0 x 10® and 1.4 x 10® Sv/h per Bg/m? are assumed for indoor and

outdoor exposure situations respectively (ICRP 1987).

2.7 ADDITIONAL PARAMETER VALUES

For those parameters for which no values were specified, the research
participants were requested to provide and use data they believed were the most

appropriate to the situation described in the test specifications.

3. MODELING APPROACH

This section presents the modeling approach applied to Test Case 1 for the
determination of the release rates of nuclides, groundwater transport, and drinking
water doses for the earth trench and engineered vault disposal concepts. In addi-
tion, the methodology for the determination of the intruder dose from the

intruder-construction and intruder-agriculture scenarios is presented.

3.1 RELEASE RATE TO THE GEOSPHERE

The release rates from the earth trench and engineered vault concepts were

determined by the use of simplified models. The conservative assumption was
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Table 8 Dose conversion factors

Nuclide Adult dose per unit intake, Sv/Bq
(including daughters) Inhalation Ingestion

*H 1.7 x 10! 1.7 x 101
e 5.7 x 10°1° 5.7 x 101°
BICs 8.7 x 10° 1.4 x 10
210pg 2.2 x 10° 4.4 x 107
210pp 3.4 x 10 1.4 x 107
26Ra 2.1 x 10° 3.1 x 107
30Th 8.6 x 10’ 1.5 x 107

Source: ICRP 1979.
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made that the limiting flux through both systems could be determined by the Darcy
flux obtained for the clay caps above the disposal facilities. In both disposal design
concepts, the gradient through the caps was assumed to be unity.

The clay cap in the earth trench concept has a hydraulic conductivity of
1 x 10® m/s, which results in a Darcy velocity of 1 x 10® m/s for a unit gradient.
The steady-state pore velocity through the waste was then determined to be
2.5 x 10® m/s or 0.8 m/a, determined using a waste porosity of 0.4.

The clay cap and concrete in the engineered vault concept have hydraulic
conductivities of 1 x 10 m/s, resulting in a Darcy velocity of 1 x 10° m/s for a unit
gradient. The steady-state pore velocity through the waste was then determined to
be 4 x 10° m/s or 0.13 m/a, determined using a waste porosity of 0.25.

Removal of radionuclides from the waste to the underlying aquifer was deter-
mined using a leach rate constant, K. The value of K, was determined according
to the formula of Gilbert and others (1989):

K = v
da+ 2 k)
0
where

v = pore velocity through the unsaturated waste, m/a,
d = depth of the waste, m,
p = soil bulk density, kg/m3,
8 = soil volumetric water content, L/m?,
K, = sorption coefficient, L/kg.

The leach rate constant was used as a factor in the simplified release model
based on first order kinetics. Differential equations were written to simulate the
system shown in Fig. 5. These coupled differential equations were then solved
using a fourth order Runge-Kutta numerical solving routine in the TIME-ZERO
computer code (Kirchner 1990). The release rate of each radionuclide was deter-

mined from the activity of the radionuclide of interest times the appropriate
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pr = activity of parent radionuclide in waste, Bq
Krp = decay rate constant of parent radionuclide, st
Kl p = leach rate constant of parent radionuclide, s!

Qwy; = activity of the i*h daughter radionuclide in waste, Bq

1

Krgj decay rate constant of the it daughter radionuclide, §

Kl g4 !

leach rate constant of the i'" daughter radionuclide, s

where i = 1 to the number of interest, n

IABAG

Fig. 5. Kinetic release rate model for the earth trench and engineered vault.
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leach rate constant. In each disposal concept, the soil volumetric water content
was assumed to be equal to the porosity of the waste; in other words, saturated

waste conditions were assumed.

3.2 GROUNDWATER TRANSPORT

The equation for contaminant transport in groundwater is

oCc 1
— +—VuC = V(DVC)-AC
a R, B (DVC)
when
C0,x,y,2) = 0
and
aC(@t,x,y,z = 0,b) _ 0
oz
where
C = concentration of radionuclides in water, Bg/m’,
t = time, s,
R, = retardation factor,
D = dispersion coefficient, m%s, a product of « and 1,
« = dispersivity in the x and y directions, m,
& = pore velocity, m/s,
A = radiological decay constant, s,
xy,z = distance in the x, y, and z directions from the point of origin, m,
b = thickness of the aquifer, m,
v = del operator.

If the source is represented by an area with length L and width w and the

contaminant is released instantaneously at ¢ = 0, then the solution to the above
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equation is

Cltxy2) = Q; X(x0) YO,1) 2(z,0)

nKy
where
X = lerf SH2IA _gpp XL2ZA Nexp (g
@4DR,)" (4D YR)"
1 w2 +y w2 -y
Yo = lerf - - of -
(4D,!/R) (4D 1R )
and
1
Z(z = =
(z.0 b
where
C = concentration of radionuclides in water, Bq/m?,
Q. = radionuclide instantaneous release activity, Bq,
n, = effective porosity,
R, = retardation factor,
t = time after release, s,
x = cartesian coordinate in the x direction,
y = cartesian coordinate in the y direction,
z = cartesian coordinate in the z direction,
L = length of the source, m,
A = /R,
u = pore velocity, m/s,
D, = dispersion coefficient in the x direction, m%s, a product of «; and 4,
D, = dispersion coefficient in the y direction, m?/s, a product of a; and x4,
o, = longitudinal dispersivity, m,
ar = transverse dispersivity, m,
A, = radiological decay constant, s,
w = width of the source, m,
b = thickness of the aquifer, m,
erf = error function.



This solution assumes complete mixing at the point where the concentration
is calculated. The solution was modified for a continuous, time-variant release by
summing over a series of pulse releases. For a time-variant release, Q, is a func-
tion of time. When the pulse spacing is kept small relative to the standard devia-
tion of ihe pulse al the receptor, a continuous, time-variant release can be simu-
lated by

k

Ctey2) = Y Qi gy - t) Your - 1) 2@zt - t) (3.1)
i1 "R,

where
Q. = activity released during a pulse i, Bq,
t; = time of pulse release, i s,
k = the number of pulses.

Release rates were calculated on a yearly basis. The amount of contaminant

in each pulse was given by

R*& (32)

where R is the releasc rate in Bqy/s, and 8 is the incremental time step in seconds.
The incremental time step was determiried by the dimensionless standard deviation

of a pulse given as

2 8
=(=+-=2)05 (3.3)
o= Pe * Pe )

where Pe is the peclet number. This number represeats the ratio of advection to
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dispersion and is given by

Pe = X (3.4)
[
where x is the longitudinal distance to receptor location and e is longitudinal
dispersivity.
The incremental time step 8 was determined by
8 = o x GWT (3.5)

where GWT is groundwater travel time, (x/u)R,, in seconds.
The solutions represented by Egs. 3.1 through 3.5 are modifications to the

GRND computer code (Codell 1981) developed by the U.S. Nuclear Regulatory

Commission.

33 DETERMINATION OF DRINKING WATER AND INTRUDER DOSES

Test Case 1 results, i.e., releases to the geosphere, and dose predictions are
given in IAEA pro forma format in Sect. 4. The drinking water and intruder expo-

sure scenarios were taken from Kocher and O’Donnell (1987) unless otherwise

noted.
33.1 Exposure to Radionuclides in Drinking Water
Intake of contaminated water by off-site individuals is assumed to result

from use of a contaminated groundwater source as drinking water. The annual

committed effective dose equivalent, H (Svfyear), from direct ingestion of
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radionuclide i in drinking water w is given by

H, =C,U,D,
where
C,., = concentration of radionuclide i in drinking water, Bq/L,

G
il

” annual consumption of drinking water, L/a,

o
1l

;= dose conversion factor for ingestion of radionuclide i, Sv/Bq.

In implementing the model, a daily consumption of contaminated drinking

water of 2 L, or an annual consumption of 730 L, is assumed.

3.4 EXPOSURE PATHWAYS FOR DIRECT INTRUSION INTO DISPOSAL
UNITS

Exposures resulting from direct intrusion into the earth trench are assumed
to occur according to the intruder-construction and intruder-agriculture scenarios.
In these scenarios, all waste in the disposal unit is assumed to be easily accessible

during normal excavation activities and to be indistinguishable from native soil.

3.4.1 Exposure Scenarios and Exposure Pathways for Inadvertent Intruders

In estimating doses to an intruder following loss of active institutional control
over the disposal facility, the intruder is assumed to establish a permanent home-
stead on the site 100 years after disposal. Furthermore, the intruder is assumed to
have no a priori knowledge of waste disposal activities at the facility.

Exposures of an intruder while constructing a foundation for a home that
extends into the disposal unit is considered under the intruder-construction
scenario. During construction, doses are received from inhalation of suspended

radionuclides and from external exposure.



24

In the intruder-agriculture scenario, an intruder is assumed to construct a
home directly on top of the disposal unit, and the foundation is assumed to extend
into the disposal unit. Radioactive wastes are assumed to be exhumed during
construction of the foundation, and all waste remaining in the disposal unit at the
time direct intrusion occurs is assumed to be indistinguishable from native soil.
Some of the exhumed waste is assumed to be mixed with native soil in the
intruders’s vegetable garden, and the following pathways involving exposure to

radionuclides in the solid waste are assumed to occur:

» ingestion of vegetables grown in the contaminated soil,

e direct ingestion of contaminated soil from the garden in conjunction
with vegetable intakes,

e external exposure to contaminated soil while working in the garden or
residing in the home on top of the disposal units, and

¢ inhalation of radionuclides suspended in the air from contaminated

soil while working in the garden or residing in the home.
3.42 Dose Conversion Factors for Internal and External Exposure

From the descriptions of the assumed exposure scenarios given above, doses
to off-site individuals and inadvertent intruders are assumed to result from inges-
tion and inhalation of radionuclides and from external exposure to photons emitted
by radionuclides in contaminated soil or in the disposal unit. This section presents
the factors that are used in the dose analysis to convert intakes of radionuclides via
ingestion and inhalation to internal doses and to convert concentrations of radio-
nuclides in water, soil, or the disposal unit to external dose rates.

The internal dose conversion factors for ingestion and inhalation of radionu-
clides were given by the IAEA and are shown in Table 8. These internal dose
conversion factors are those presently recommended by the International Commis-

sion on Radiological Protection (ICRP 1979).
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The dose conversion factors for external exposure give external dose rates
per unit concentration of radionuclides. These factors depend on the distribution
of radionuclides in the source region, the amount of self-shielding provided by the
source region, and the amount of shielding between the source region and the
location of the exposed individual. Therefore, dose conversion factors for external
exposure are required for two separate sets of circumstances: 1) the assumed
exposure pathways involving exposure to activity in contaminated soil while garden-
ing or during indoor residence and 2) the exposure to activity in the disposal unit
during excavation at the site.

For external exposure to radionuclides in contaminated soil while gardening
or during indoor residence and for external exposure to radionuclides in the dispo-
sal unit during excavation into the unit, the source region is assumed to be a uni-
formly contaminated slab of infinite lateral extent. Depending upon the exposure
scenario, the slab is assumed to have either finite or infinite thickness, and the
shielding provided by uncontaminated material between the source and receptor
locations is taken into account. The idealized distributions of radionuclides in the
source region assumed in the dose analysis probably are reasonable because about
1 m of soil-equivalent material between a source and a receptor location provides
essentially complete shielding (Kocher and Sjoreen 1985).

In all calculations of external dose while working in the vegetable garden or
residing in a house on top of disposal units, an exposed individual is assumed to be
1 m from the source region (U.S.DOE 1988). In all cases, the shielding provided
by 1 m of air is negligible compared with the shielding provided by the soil in the
source region itself.

For external exposures while working in the vegetable garden, the source
region is assumed to be a slab extending from the ground surface to a depth of
15 cm, which is a typical thickness of a plowed layer. The external dose-rate
conversion factors for this case are given in Table 9. For external exposure while
residing in the house and for the intruder-construction scenario, the source region

is assumed to be a slab of essentially infinite thickness beginning at the ground
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Table 9. External dose-rate conversion factors for radionuclides
uniformly distributed in 15 cm of surface soil and uniformly
distributed in infinite thickness of soil

Nuclide

15-cm soil thickness

infinite soil thickness

—

131Cs 6.5 x 101° 7.8 x 1010
24pp 2.6 x 101° 3.0 x 101
24B; 1.6 x 10?

—

2.1 x 10° “
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surface, with no shielding assumed between the source region and the receptor
location other than that provided by the soil in the source region (shielding
provided by the walls of the house during indoor residence is taken into account in
the dose analysis itself). The external dose-rate conversion factors for this case are
also given in Table 9.

The external dose-rate conversion factors in Table 9 were obtained from:
1) calculations of absorbed dose rates in air for monoenergetic photon sources in
soil (Kocher and Sjoreen 1985), 2) the spectrum of photons emitted by each radio-
nuclide (Kocher 1981), and 3) the branching fractions in radioactive decay chains
(Kocher 1981). For all radionuclides, absorbed dose in air is converted to effective
dose equivalent in an exposed individual by multiplying by a factor of 0.8. This is
an excellent approximation for all photon energies above 0.1 MeV and provides a

conservative overestimate of dose equivalent for lower photon energies.
3.43 Models and Parameter Values for Intruder Exposure Pathways

This section presents the models used to calculate doses to off-site individuals
and inadvertent intruders for the various exposure pathways involving direct intru-
sion into disposal units. The parameter values assumed in implementing the

models are presented.
3.43.1 Intruder Scenario Exposure Calculations

Exposures of intruders according to the intruder-construction scenario are
assumed to result when an intruder constructs a house basement in the waste
disposal unit. Exposures occur according to the inhalation and external exposure

scenarios presented below. The exposure time period is assumed to occur for
500 hfyear.
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Exposures of intruders according to the intruder-agriculture scenario are
assumed to result when an intruder exhumes waste from disposal units while
digging a foundation for a home on top of thc units themselves and mixing some
of the waste with native soil in a vegetable garden. The exposure pathways
assumed for this scenario include: 1) ingestion of vegetables grown in contam-
inated soil, 2) direct ingestion of contaminated soil in conjunction with ingestion of
vegetables, 3) external exposure to contaminated soil while working in the garden
and during indoor residence, and 4) inhalation of suspended radioactive particles
while working in the garden and during indoor residence. The equations for these
exposure scenarios arc presented below.

The annual committed effective dose equivalent (Sv/year) from ingestion of

radionuclide { in vegetables v is given by

Hiv = CivU\‘D i
where
» = concentration of radionuclide i in vegetables, Bq/kg,
U, = annual consumption of vegetables, kg/year,
D; = dose conversion factor for ingestion of radionuclide i, Sv/Bq.

Radionuclides are transferred to vegetables via root uptake from the

contaminated soil. Radionuclide concentrations in vegetables are given by

Civ = Bivc‘ s
= B, f.Cilp,

where

B;, = plant-to-soil concentration ratio for radionuclide i (Bg/kg wet weight

in vegetation per Bq/kg dry weight in soil),
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C, = concentration of radionuclide i in soil in vegetable garden, Bg/m®,

p, = density of soil, kg/m®,

C, = concentration of radionuclide i in disposal units, Bq/m®,

fi = dilution factor for mixing of radionuclide i from disposal units into soil

in vegetable garden.

The plant-to-soil concentration ratios in vegetables assumed in implementing
the model are given in Table 10. The other parameter values assumed in the
model are: 1) a dilution factor for mixing of radionuclides from the disposal units
into native soil in the vegetable garden of 0.2 (Napier et al. 1984), 2) a soil density
of 1,400 kg/m® (Baes and Sharp 1983), and 3) an annual consumption of contam-
inated vegetables by an individual of 90 kg (U.S.NRC 1977). Ingestion of contam-
inated soil is assumed to occur as a result of incomplete washing of vegetables
before consumption.

The annual committed effective dose equivalent (Sv/year) from direct inges-

tion of radionuclide i in contaminated soil s is given by
H;, = C*%U,D;
where

C™, = mass concentration of radionuclide i in soil in vegetable garden,

Ba/kg,
U, = annual consumption of contaminated soil, kg/year,
D; = dose conversion factor for ingestion of radionuclide i, Sv/Bq.

Radionuclide concentration in soil, by mass, in the vegetable garden is given
by
s = [Cilp,
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Table 10. Elemental plant-to-soil concentration ratios in vegetables

Element B, Source
H 4.8 Reg. Guide 1.109
(U.S.NRC 1977)
C 5.5 x 10? 1% of Reg. Guide 1.109
(US.NRC 1977)
Cs 9.5 x 107 Ng 1982
Th 5.0 x 10* Peterson 1983
Ra 2.6 x 10? Peterson 1983
Pb 1.0 x 10?2 Ng 1982
Po 2.4 x 10* Peterson 1983
e T ——— ——— —
B. =

wv

plant-to-soil concentration ratio for radionuclide i (Bq/kg wet weight in

vegetation per Bq/kg dry weight in soil).
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where

C, = concentration of radionuclide i in disposal units, Bq/m®,
fi; = dilution factor for mixing radionuclide i from disposal units into soil in
vegetable garden,

p, = density of soil, kg/m’.

In implementing the model, a dilution factor for mixing of radionuclides from
the disposal units into native soil in the vegetable garden of 0.2 and a soil density
of 1,400 kg/m? are assumed, as in the model for the vegetable pathway. A daily
consumption of contaminated soil from the vegetable garden of 0.1 g, i.e., an
annual consumption of 0.037 kg, is also assumed (U.S.DOE 1986).

For external exposure e to contaminated soil while working in the vegetable

garden, the annual effective dose equivalent (Sv/year) from radionuclide i is given

by
H, = CUD,

where
C, = concentration of radionuclide i in soil in vegetable garden, Bq/m?,
U, = fraction of the year during which external exposure to contaminated

soil in vegetable garden occurs,
D, = dose conversion factor for external exposure to radionuclide { in soil,

Sv/year per Bg/m’.

As in models for the vegetable and soil ingestion pathways, the radionuclide

concentrations, by volume, in soil in the vegetable garden are given by

Cs = .G
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where

C, = concentration of radionuclide i in disposal units, Bg/m®,
[ = dilution factor for mixing of radionuclide i from disposal units into soil

in vegetable garden.

In implementing the model, a dilution factor for mixing of radionuclides from
the disposal units into native soil in the vegetable garden of 0.2 is assumed, as in
the models for the vegetable and soil ingestion pathways. Also assumed is a frac-
tion of the year of 0.01 during which external exposure while working in the
garden occurs, i.e., an exposure time of about 100 hjyear (Oztunali et al. 1981).

For external exposure to wastc during indoor residence on top of the disposal

units, the annual effective dose equivalent (Sv/year) from radionuclide i is given by

H, = C,UD,S;

where

i

C, = concentration of radionuclide i in disposal units, Bq/m?,
Ul

fraction of the year during which external exposure to waste in

disposal units during indoor residence occurs,

D, = dose conversion factor for external exposure to radionuclide i in
disposal units, Sv/year per Bq/m®,

S; = shielding factor for radionuclide i during indoor residence.

The shielding factor takes into account the reduction in external dose
provided by the walls and floor of the house. In implementing the model, a
fraction of the year during which exposure in the house occurs of 0.5, i.c., an
exposure time of 4,380 h/year, is assumed (Oztunali et al. 1981). A shielding
factor from indoor residence of 0.7 is assumed for all radionuclides (U.S.NRC
1977).
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While working in the contaminated vegetable garden or residing in a house
on top the disposal units, the annual committed effective dose equivalent (Sv/year)

from inhalation of radionuclide i in air a is given by

H, = CGL.UD;
where
C., = concentration of radionuclide i in air, Bq/m®,
f. = fraction of the year during which inhalation occurs,
U, = air intake, m*/year,
D; = dose conversion factor for inhalation of radionuclide i, Sv/Bq.

Estimates of concentrations of suspended activity in air are obtained using a
mass-loading model, which is based on observations of airborne concentrations of
naturally occurring materials, such as uranium and thorium, relative to their
concentrations in surface soils (Anspaugh et al. 1975). In this model, airborne

concentrations of radionuclides are given by

Cia = CuLJp:
where
C, = concentration, by volume, of radionuclide i in soil, Bq/m?,

t~
1l

. = mass loading of soil in the atmosphere, kg/m®,

density of soil, kg/m®.

B
[

For inhalation exposures while working in the vegetable garden, the

concentration, by volume, of radionuclide i in soil is given by

CL: = f LrCiI
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where

C, = concentration of radionuclide i in disposal units, Bq/m?,
[, = dilution factor for mixing of radionuclide i from disposal units into soil

in vegetable garden.

In implementing the model, several paramcter values are again assumed, as in
the model for external exposure while working in the garden: 1) a dilution factor,
0.2, for mixing of radionuclides from the disposal units into native soil in the
garden, 2) a soil density of 1,400 kg/m® and 3) a fraction of the year, 0.01 (about
100 h/year), during which exposure while working in the garden occurs. An annual
air intake of 8,000 m? is also assumed (U.S.NRC 1977). Finally, an atmospheric
mass loading of soil of 10 kg/m* is assumed, which is ten times greater than the
average background value (Anspaugh et al. 1975) and takes into account increased
particle suspension (dust) during gardening activities.

For inhalation exposures while residing in the house, the airborne concentra-

tion of radionuclide i is given by

Co = SCLJps
where
S; = ratio of indoor to outdoor air concentration for radionuclide i,

C, = concentration of radionuclide i in disposal units, Bg/m®,

L, = mass loading of soil in the atmosphere, kg/m’®,

p, = density of soil, kg/m®,

In implementing the model, a soil density of 1,400 kg/m?, a fraction of the
year during which exposure in the house occurs of 0.5 (4,380 h/year), and an

annual air intake of 8,000 m* are again assumed. An atmospheric mass loading of
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soil of 107 kg/m® is assumed, which is the average background value (Anspaugh

et al. 1975). Finally, a ratio of indoor to outdoor air ccncentration of 0.24 is
assumed, except no reduction in indoor concentrations is assumed to occur for *H
and *C (Kocher 1980). The reduction in indoor air concentrations results primar-

ily from deposition of airborne particles onto indoor surfaces.
3.4.4 Rn-222 Inhalation Dose

The dose from inhalation of radon and radon daughters in a structure built

over the waste was calculated from (Rogers and Hung 1987):

D = —2_ £/iD, tanh(100 b,T,) exp(-100 b,T, - b,T,) D, U,

HA VF
where
Q = Ra activity in waste, Bq,
E = ™Rn emanation fraction,
H = height of rooms in structure, cm,
A, = air ventilation rate of structure, air exchanges per second,
A = decay rate constant of Z’Rn, s°',
V = volume of waste, m?,
T, = thickness of earthen cover, m,
T, = thickness of concrete floor in house, cm,
D, = radon diffusion coefficient of waste, cm?s,
D, = radon diffusion coefficient of cover, cm%s,
D, = radon diffusion coefficient of concrete, cin?fs,
T, = thickness of waste, m,
D; = *™Rn dose conversion factor for inhalation, Sv/h per Bg/m?,
U, = Occupancy time in the house, h,
a, =P2D,i=w,12,
b

i = \/A_/_D—i (i = w12),
pi = porosity (i = w,1,2),



m; = 0.01 Md/P; (i =w,1,2),

M = moisture content, dry weight percent,

k =026 Bg/m* of ZRn in water per Bg/m® in air,
d, = density (i =w,1,2),

F

= % [1 + /a7 a, tanh(100 b,T,} + %[1 - Ja T a tanh

(100 b,T,)] exp(-2 (100 b,T, + b,T,)).

In implementing the model, an emanation fraction of 0.3 was assumed.
The height of the room was assumed to be 2.4 m with an air ventilation rate of
1.4 x 10* sec”. The cover was assumed to be removed, while the concrete thick-
ness was assumed to be 15 cm. The radon diffusion coefficients were assumed to
be 1 x 102 cm?s for the waste (Rogers et al. 1984) and 3 x 102 cm¥s for the
concrete (Culot et al. 1976). The dose conversion factor for Z?Rn was given by
the IAEA as 1.0 x 10°® Sv/h per Bg/m® for indoor exposures. An occupancy time
of 4380 h was assumed, which is the time for indoor residence assumed in the
intruder-agriculture scenario. The dose from radon due to outdoor exposures was
not considered; instead, the radon daughters were assumed to remain in the soil,

and the dose was received from external exposure.
4. RESULTS

In order to allow comparisons of Test Case 1 results between the research
participants, the IAEA provided a series of pro forma formats. The results of Test
Case 1 are provided in Exhibits 1 through 6 using the IAEA pro forma formats.
The following comments on the results of Test Case 1 are given with reference to
the information provided on the IAEA pro forma sheets.

The release rates for both disposal concepts are directly proportional to the
pore velocity assumed in the unsaturated zone. The release rates for 2°Ra and
*1%b are shown to be higher than that for 2°Th since the release rate was deter-

mined from the leach rate constant. The leach rate constants for 2Ra and 2'°Pb
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RESULTS FOR NSARS TEST CASE 1T: EARTH TRENCH

1TR. RELEASE TO GEOSPHERE

Description of release model

For all rnuclides, leach rate was determined from:

v

d(1 +-gkd)

Release rate was equal to the product of the trench activity as a function of
time and the leach rate constant. Pore velocity (v) was assumed equal to cap
Darcy velocity (0.32 m/a) divided by the porosity of the waste (0.4). Pore
velocity was determined to be 0.8 m/a.

Parameter values (additional to those specified)

Infiltration in the cap was assumed equal to the hydraulic conductivity times
the gradient (3.2 x 10" m/a).

The distribution coefficient, kd, for waste was assumed to be equal to that
reported for soil.

Ra-226 and %'°Pb were released at their own rates according to their
respective leach rate constants.

Leachate flowrate: 320 m%/a

Table 1'TR. Maximum release rate

Nuclide Maximum release Time of
(incl. daughters) rate, Bg/a maximum, a
’H 1.6 x 10" 1
“e 1.6 x 10" 1
Wcs 5.3 x 10° 1
BoTH 5.3 x 107 1
26Ra 2.8 x 108 1000
20pp, 9.2 x 107 1000

Exhibit 1. Results for NSARS Test Case 1T, Earth Trench: 1TR Release to

Geosphere.
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RESULTS FOR NSARS TEST CASE 1T: EARTH TRENCH

12
10 T I | T |
10“ C-14 |
1010 H-3
10° | |
Cs-137
=3 Th-230 "‘
=
= 10 '
: - _
«q
= 10 Ra-226 —
10° L \ B
104 | |
Pb-210
10° L B
102 | | | |
10° 100 102 10°  10*  10° 108

TIME SINCE DISPOSAL (a)
IAEA20

Exhibit 1. (continued).
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RESULTS FOR NSARS TEST CASE 1T: EARTH TRENCH

1TW. EXPOSURE TO MAN VIA WELL USE

Description of transport model

Codell analytical model (GRND) for a constant velocity, isotropic,
homogeneous aquifer of constant thickness was used.

Parameter values (additional to those specified)

Aquifer thickness is 10 m; it was assumed that the contaminant was vertically
mixed to this depth.

Table 1TW. Effective dose equivalent

for drinking well water
Nuclide Maximum dose, Time of
(incl. daughters) Sv/a maximum, a

*H 1.6 x 10°% 40

14c 3.2 x 103 40

I37Cs o e
Z0Th 9.0 x 10° 4.4 x 10°
26Ra ) 5.6 x 10 44 x 10°
210pp 8.4 x 107 44 x 10°
210pg 8.0 x 10 4.4 x 10°

Exhibit 2. Results for NSARS Test Case 1T, Earth Trench: 1TW Exposure
to Man via Well Use.
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RESULTS FOR NSARS TEST CASE 1T: EARTH TRENCH

1TI1. INTRUSION EXPOSURE

Name of the scenario

Intruder - construction

Description of the scenario

Intruder constructs a house on the earth trench. The basement of the house
intrudes into the waste. Exposure routes include inhalation and external
irradiation.

Parameter values

Exposure time: 500 h
Inhalation rate: 8000 m%/a
Fraction of year exposed: 0.057
Mass loading: 1 x 10 kg/m?
Soil Density: 1400 kg/m®
Table 1TI1. Maximum doses from intrusion
exposure, construction
chli:ie Individual effective dose equivalent, Sv/a
Incl.
datgghters) Ingest. Inhal. Ext. irr.  Radon exp. Total
H (100a 82 x 10 82 x 1013
H“C (100a 73 x 107 7.3 x 10°
3Cs (100a 1.1 x 107 8.8 x 10* 8.8 x 10
Z0Th (100a 1.1 x 103 1.1 x 103
2%Ra (100a 1.1 x 10 1.1 x 10
9000a) 2.5 x 10° 2.5 x 103
210pp (100a) 1.3 x 10°* 1.3 x 103
9000a) 4.1 x 10° 4.1 x 10°
20pg (100a) 8.4 x 107 8.4 x 107
9000a) 2.6 x 107 2.6 x 10°
24pb (100a) 1.4 x 10* 1.4 x 10
9000a) 3.1 x 103 3.1 x 103
24Bi (100a) 1.0 x 103 1.0 x 10
9000a) 2.2 x 10! 2.2 x 10!

Exhibit 3. Results for NSARS Test Case 1T, Earth Trench: 1TI1 Intrusion
Exposure, Construction.
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RESULTS FOR NSARS TEST CASE 1T: EARTH TRENCH

1TI1. INTRUSION EXPOSURE

Name of the scenario

Intruder - agriculture

Description of the scenario

Intruder resides in a house on the trench. The intruder has a garden and
receives exposure from ingestion of vegetables and related soil, inhalation
during gardening and while in the house, and external exposure during
gardening and while in the house.

Parameter values

Soil dilution factor:
Vegetable intake:

Soil intake:

0.2
90 kg/year
0.037 kgfyear

Fraction of year spent in garden: 0.01 (876 h)
Mass Loading:

1 x 10 kg/m?® (garden),
1 x 107 kg/m? (house)

Fraction of year spent in house: 0.5 (4380 h)

Table 1TI2. Maximum doses from intrusion

exposure, agriculture
chli]de Individual effective dose equivalent, Sv/a
INCi.
dalgghters) Ingest. Inhal. Ext. irr.  Radon exp. Total
H (100a) (7.7 x 107 3.7 x 102 7.7 x 107
“C (100a) |80 x10° 33 x 10* 8.0 x 10°
BICs (100a) 3.5 x10° 1.4 x10% 5.4 x 10? 54 x 103
Th (100a) [3.5 x 10* 1.4 x 10?3 1.8 x 107
2Ra (100a) |89 x10* 1.4 x 10* 8.9 x 10!
7400a) |19 x 107 3.1 x 10° 1.9 x 102
2%Pb (100a) | 1.1 x 10* 1.6 x 10° 1.1 x 10*
7400a) |34 x 10° 5.0 x 10° 3.4 x 103
200 (100a) |22 x 10° 1.0 x 10° 2.3 x 103
74002) | 6.8 x 10* 3.2 x 107 7.1 x 10%
*2Rn (100a) 65x10% || 6.5 x 10?3
7400a) 14 x 107 || 1.4 x 10!

Exhibit 4. Results for NSARS Test Case 1T, Earth Trench: 1TI1 Intrusion
Exposure, Agriculture.
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COUNTRY: USA PAGE _7 _OF_10
ORGANIZATION: ___ ORNL/DOE DATE __1992-11-30

RESULTS FOR NSARS TEST CASE 1V: ENGINEERED VAULT

1VR. RELEASE TO GEOSPHERE

Pore velocity (v) assumed equal to cap or concrete Darcy velocity (0.032 m/a)
divided by the porosity of the waste (0.25). Pore velocity was determined to
be 0.13 m/a.

Description of release model
For all nuclides, leach rate was determined from:

L4

a1 +—g-kd)

The release rate was equal to the product of the vault activity as a function
of time and the leach rate constant.

Parameter values (additional to those specified)
Infiltration in cap was assumed equal to the hydraulic conductivity times the
gradient (3.2 x 10 m/a).

Ra-226 and *°Pb were released at their own rates according to their
respective leach rate constants.

Leachate flowrate: 32 m’/a

Table 1VR. Maximum release rate

Nuclide Maximum release Time of
(incl. daughters) rate, Bq/a maximum, a
*H 1.6 x 10" 1
Hc 1.6 x 10" 1
3¢Cs 5.3 x 10° 1
B0Th 5.3 x 10° 1
26Ra 1.4 x 10’ 9000
210py, 4.7 x 10° 9000

Exhibit 5. Results for NSARS Test Case 1V, Engineered Vault: 1VR
Release to Geosphere.
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Exhibit 5. (continued).
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RESULTS FOR NS/.RS TEST CASE 1V: ENGINEERED VAULT

1VW. EXPOSURE TO MAN VIA WELL USE

Description of transport model

Codell analytical model (GRND) for a constant velocity, isotropic,
homogeneous aquifer of constant thickness was used.

Parameter values (additional to those specified)

Aquifer thickness is 10 m; it was assumed that the contaminant was vertically
mixed to this depth.

Table 1VW. Effective dose equivalent for

drinking well water
Nuclide Maximum dose, Time of
(incl. daughters) Sv/a maximum, a

3H 1.7 x 10° 40

Hc 5.6 x 107 40

137CS . .
30Th 4.8 x 10° 5.0 x 10°
*%Ra 3.0 x 107 5.0 x 10°
210py, 4.5 x 10°® 5.0 x 10°
20pg 4.2 x 107 5.0 x 10°

Exhibit 6. Results for NSARS Test Case 1V, Engineered Vault: 1VW
Exposure to Man via Well Use.
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are larger than 2°Th due to their smaller sorption coefficients. Since the release
rates are directly proportional to the leach rate constant, this allows the daughters
of #°Th to be released according to their own sorption coefficients.

The drinking water doses for both disposal concepts were determined using
an analytical groundwater model with a constant flow rate in one dimension and
dispersion in the x and y directions. The radionuclides were assumed to be mixed
in the z direction, which is an aquifer thickness of 10 m.

The travel time for a radionuclide from the disposal site to the well, located
500 m from the disposal site, was determined from the aquifer pore velocity. The
aquifer pore velocity was determined from the IAEA information to be 12.6 m/a.
This results in a travel time to the well of approximately 40 years for radionuclides
without sorption. This was the travel time obtained for **C for both disposal
concepts. C-14 has a retardation factor of 1 and a long half-life in relation to the
travel time; therefore, the saturated flow analysis correctly predicts the travel time
to the well. The doses for °Ra and daughters appear as two peaks: one from
the initial release of *Ra from the source at its own release rate and the other
from ingrowth from #°Th during groundwater transport. The analysis allowed the
release of radionuclides at their own rates; however, during groundwater transport
the daughter radionuclides were assumed to be transported at the rate of the
parent radionuclide. Equilibrium was assumed between the parent radionuclide
and the daughter radionuclides, with the concentration for the daughters deter-
mined from the concentration of the parent times the ratio of the parent retarda-
tion factor to the daughter retardation factor.

Intrusion scenarios were considered only for the earth trench disposal con-
cept since the engineered vault was assumed to be protected by the concrete struc-
tures. Two intruder scenarios were considered: the intruder-construction and the
intruder-agriculture. In both intrusion scenarios, the source was assumed to have
been reduced by decay only, with no loss due to groundwater leaching. This was
considered a conservative assumption since the maximum pore velocity was used in
the groundwater analysis and may have reduced the source inventory for the intru-

der. The information in the proforma sheets indicate that the intruder-agriculture
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scenario results in doses that are higher than the intruder-construction. This is
reasonable since the intruder-agriculture scenario is an extension of the intruder-
construction scenario, except that the intruder in the agriculture scenario is

exposed to several additional pathways.

5. SUMMARY

Doses from drinking water from a well were evaluated for both repository
designs. The drinking water doses to an off-site individual for the earth trench
repository were approximately an order of magnitude larger than those evaluated
for the engineered vault repository.

The intruder scenario was assumed to be reasonable only for the earth trench
scenario. Therefore, intruder dose calculations were not performed for the
engineered repository. Two intruder scenarios were considered for the earth
trench repository: the intruder-construction and the intruder-agriculture. The
intruder-agriculture scenario resuited in doses that were orders of magnitude
higher for several radionuclides when compared to the intruder-construction
scenario. This was due to the addition of the ingestion pathway from vegetables
taken from the garden in the intruder-agriculture scenario. The most significant
result observed from the intruder scenario involved the ingrowth of progeny from
the ®°Th decay chain that resulted in peak doses several thousand ycars after
institutional control. In addition, the dose from “*Rn dominated total dose to the
intruder in the agriculture scenario. This indicated that the disposal of small
quantities of 2*U or ®*Th would result in significant doses to an intruder from the

ingrowth of **Rn.
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