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ABSTRACT

A radiation dose assessment is performed for plutonium contamination at Area 13

of the Nevada Test Site (NTS). Area 13 is one of five safety shot areas at NTS.

Safety shots were experiments that tested the abiiity of nuclear weapons not to

fission in the case of accident, storage, handling, and transport situations. As a

result of the safety shots, piutonium, the majority of which is Pu-239, has

contaminated surface soil of the five safety shot areas. This dose assessment

determines approximate radiation doses that an industrial-worker or residential-

farmer could receive at Area 13, and analyzes compliance of the potential doses

with Department of Energy (DOE) standards.

The Nevada Applied Ecology Group (NAEG) determined that the ratio of plutonium

ingestion to piutonium inhalation at NTS is approximately 100 for a residential-

farmer. At this ratio, inhalation is responsible for approximately 100 % of the dose

to the lungs and 95 % of the dose to the whole body and bone; lungs and bone

were determined to be the critical organs. External dose was not considered by

the NAEG. Because of results of the NAEG, this dose assessment only considers

inhalation.

The RESRAD code is used to calculate radiation doses. RESRAD calculates dose

by modeling environmental transport of radioactive contaminants from the source to

a human receptor and using dose conversion factors (dose per unit intake of



radionuclide). The parameters used in the RESRAD code are subjected to

sensitivity analysis to analyze variations in radiation dose that could occur from

variations in the parameters. "Sensitive" parameters are the mass loading factor

(mass of soil suspended per unit volume of air), inhalation rate, distribution

coefficient (radionuclide adsorbed onto soil versus that in infiltrating water),

contaminated zone thickness, evapotranspiration coefficient (percentage of

precipitation that is lost by evaporation and transpiration), and soil mixing layer

(depth to which surface soil undergoes mixing).

Values for committed effective dose equivalent (whole body dose from internal

radiation) were calculated for a generic scenario (i.e., parameters were for normal

weather conditions and/or were not specific to a given land-use scenario). The

radiation doses reach a peak at 73.3 years, at which point the dose is

0.334 mrem/yr per pCi/g of initial plutonium contamination. Area 13 is divided into

six contaminated strata, which range in plutonium activity from 14,000 pCi/g in

stratum six to 36 pCi/g in stratum one. For year 73.3, the calculated doses would,

therefore, be 4680 mrem/yr at stratum six and 12 mrem/yr at stratum one.

Results from the generic scenario were used to analyze compliance of the

residential-farmer and industrial-worker scenarios with DOE standards. DOE Order

5400.5 states that the effective dose equivalent (whole body dose from internal and

external radiation) to the public should not exceed 100 mrem/yr; this limit would

apply to the residential-farmer. At year 73.3, the doses at four of the six Area 13



strata exceed this limit. The DOE Radiological Control Manual states that the

effective dose equivalent to a worker should not exceed 5 rem/yr. At year 73.3 (or

any other year), none of the doses calculated for Area 13 strata exceed this limit.
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1.0 Introduction

1.1 Nevada Test Site Background

1.1.1 Safety Shot Program

Safety shot tests were performed at the Nevada Test Site (NTS) as part of the

United States (US) nuclear weapons program because of concerns by the Atomic

Energy Commission and US military organizations about the safety of nuclear

weapons in storage, handling, transport, and accident situations. The safety shots

were performed by detonating a chemical explosive near arrangements of

Plutonium and/or uranium (Dunaway and White, 1974). The safety aspect was the

prevention of accidental fission reactions. Benefits of the safety shot tests were

seen in plane accidents at Paiomares, Spain, and Thule Air Force Base, Greenland,

which involved nuclear weapons and no significant fission reactions. As a

consequence of these safety shots, the NTS and surrounding areas are

contaminated and humans are exposed to potential health risks. Safety shots were

performed aboveground from 1954 to 1963 (Bloom and Martin, 1978) before being

moved underground.

Safety shots should be distinguished from the nuclear shots performed at NTS.

Nuclear shots tested fission ability and other aspects of the weapons, while the

safety shots tested the ability not to fission.



1.1.2 Nevada Applied Ecology Group

The Nevada Applied Ecology Group (NAEG) was formed in July 1970 with Planning

Directive NVO-76 by the Department of Energy's (DOE's) Nevada Operations Office

(NVO). The purpose of the NAEG was . . to coordinate the ecological, radiation

monitoring and other environmental programs necessary to support continued

nuclear testing activities; and to provide the mechanisms to effectively comply with

requirements of the National Environmental Policy Act of 1969. . (Dunaway and

White, 1974). The NAEG objectives were to identify areas of contamination,

determine concentrations in the ecosystem, quantify rates of environmental

transport, evaluate the radiological dangers associated with plutonium, identify

areas that need to be remediated, and develop remediation technologies (Dunaway

and White, 1974).

1.1.3 Problem Description

1.1.3.1 Radionudides Present

The main radionudides studied by the NAEG were plutonium (Pu) and americium

(Am). Plutonium dispersed as a result of the safety shots consists of Pu-238,

Pu-239, Pu-240, and Pu-241. Other radionudides present are daughter products of

the plutonium isotopes. Americium-241 is present in significant amounts because

of decay of Pu-241, which has a half-life of 14.4 years. Uranium-235 is also present

at some sites because of safety shots performed with uranium (U).



1.1.3.2 Safety Shot Sites

The safety shot sites studied by the NAEG are the Gadgets, Mechanics, and

Expiosives (GMX) site in Area 5 of NTS, Plutonium Vaiiey in Area 11 of NTS,

Project 57 in Area 13 of the Neiiis Air Force Range (NAFR), and the Roiier Coaster

sites (Double Track and Clean Slate 1, 2, and 3) on the Tonopah Test Range (TTR).

The location of the safety shot sites is shown in Figure 1-1 (Leavitt, 1974). The

sites NTS, TTR, and NAFR are collectively known as the Test Range Complex

(TRC); however, the term "NTS" is used in this study to refer to the general area of

the safety shot sites on the TRC. Note the location of Las Vegas to the southeast

of the TRC (see Figure 1-1).

Information is given in Tabie 1-1 on site areas, total inventories of piutonium, and

number of shots performed at the sites (Martin and Bloom, 1980).

1.2 Land-Use Scenarios, Environmental and Exposure Pathways

1.2.1 Land-Use Scenarios

The scenario most likely for the present is the industriai-worker scenario, which

involves possible exposure of a worker on the site. Activities presently conducted

on the safety shot sites support DOE's plans to clean up the sites. DOE personnel

at risk could be performing tasks such as surveying, sampling, and monitoring, or

remediation activities such as removing surface soil and packaging the soil into

containers. Another scenario currentiy possibie is the intruder scenario; the

intruder is someone that trespasses on the site.
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Table 1-1: Safety shot site areas, plutonlum inventories, and shots

Site Location Area (m®) Total Pu-239,240* (Ci) No. of shots

Area 13 4,017,000 46 ± 9.0 1

Area 5 (GMX) 125,300 1.5 ± 0.19 22

Double Track 179,000 3.6 ± 0.95 1

Clean Slate 1 177,100 4.2 ± 1.2 1

Clean Slate 2 470,500 17 ± 3.7 1

Clean Slate 3 1,732,000 37 ± 5.4 1

Area 11 4,830,900 36 ± 4 4

* Mean ± standard error (SE); SE = s/(n)^'^, where n is the number of samples

Source: Martin, W. E., and S. G. Bloom, 1980, Nevada Applied Ecology
Group Model for Estimating Plutonium Transport and Dose to Man,
in Transuranic Elements In the Environment, W. C. Hanson (Ed.), pp.
459-512, USDOE Report, DOE/TIC-22800.



A variety of land-use scenarios could occur in the future. An industrial-worker

scenario, such as that previously mentioned, would still be possible. If NTS was

released to the public, depending on the conditions of release, a recreational,

residential, agricultural, industrial, or combination of these scenarios could occur.

Recreational scenarios would include hiking, riding motorcycles, or driving four-

wheel-drive vehicles. A residential scenario consists of someone living at the site.

If a resident was growing crops or raising livestock, the residential scenario would

be combined with an agricultural scenario (residential-farmer scenario). A strictly

agricultural scenario would mean that only agriculture is taking place at the site,

with no residence.

1.2.2 Environmental and Exposure Pathways

A diagram of the environmental and exposure pathways possible for a radioactively

contaminated site is given in Figure 1-2 (Yu et al., February 1992). All of the

pathways in Figure 1 -2 are possible at NTS. Exposure to the human receptor can

occur by external radiation or internal radiation. The two means of internal radiation

are inhalation and ingestion. The probabilities of exposure by external radiation,

inhalation, or ingestion are dependent on the land-use scenarios and environmental

pathways likely for each land-use. Internal exposure by inhalation or external

exposure can occur regardless of the scenario considered. Radionuclides present

in the air because of resuspension can lead to internal exposure by inhalation and

external exposure. Radionuclides on the ground surface also contribute to the

external exposure, (next page)
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Internal exposure by Ingestion is possible for all scenarios, but it is most likely to

occur in a residential scenario such as the residential-farmer scenario.

Possible items of ingestion for a residential-farmer are plants foods, meat and milk

from livestock, drinking water, soil, and aquatic foods. Parts of NTS have fertile soil

with the potential to support plant foods, and it is possible to graze livestock on the

plants that grow naturally at NTS. Springs that could be a source of drinking water

exist in the vicinity of the NTS. Ingestion of fish that live in the springs is possible

but unlikely.

The most probable exposure pathways for the industrial-worker scenario are

external exposure and internal exposure from inhalation.

1.3 Scope of Study

The RESRAD computer code, developed by Argonne National Laboratory for DOE,

is used to calculate radiation doses from inhalation of plutonium at Area 13.

RESRAD can calculate radiation doses to on-site residents, workers, and

recreationists from RESidual RADioactive material. RESRAD calculates radiation

dose by modeling environmental transport of the contaminant from the source to a

receptor and using dose conversion factors (dose per unit intake of radionuclide).

The present land-use scenario considered in this study is the industrial-worker

scenario. Various industrial-worker scenarios are very likely to occur because of



DOE plans to remediate the safety shot sites. The intruder scenario is also

currently possible, but is not considered in this study.

The future land-use scenario considered in this study is the residential-farmer

scenario. Depending on the conditions of release to the public, this scenario is not

necessarily the most likely. The reason for consideration of this scenario is the

potential to incur greater doses to the receptor than other scenarios; the residential-

farmer scenario is usually considered the "worst case" scenario. In addition.

Area 13 has potential for agriculture.

Because of results obtained by the NAEG Plutonium Transport and Dose

Assessment Model, inhalation is the only mode of exposure considered in this

paper. The NAEG Model was developed for determining dose to man in a typical

ecosystem at NTS; It modeled environmental transport of plutonium and transport

of plutonium within the human body. Studies by the authors of the NAEG model

indicate that, for a residential-farmer scenario at NTS, inhalation accounts for

approximately 100 % of the dose to lungs and approximately 95% of the dose to

total body and bone (Martin and Bloom, 1980). For plutonium intake, lungs and

bone are the critical organs. External dose was not considered in the NAEG

model.



In the case of the industrial-worker, inhalation should account for even more than

95% of the dose to total body and bone; workers do not ingest agricultural

products from the site.

The radiation doses calculated by RESRAD will be used to analyze the compliance

of Area 13 with DOE standards. DOE Order 5400.5 (DOE, 1990) contains radiation

standards for the public, and the DOE Radiological Control Manual (DOE, 1992)

contains radiation standards for workers.

Based on a variety of factors. Area 13 was chosen as the site of study for this

paper. These factors are briefly discussed in the following paragraphs.

The Roller Coaster sites Clean Slate 1, 2, and 3 and Area 13 are the safety shot

areas which have potential for agriculture (Leavitt, 1974). The potential agricultural

area of Clean Slate sites combined is about 5,000 acres, while that of Area 13 is

about 2,560 acres. The 7,560 acres represent about two-thirds of the total area of

the safety shot sites. Although ingestion is not considered in this study, the

potentiai that an area has for agriculture makes it more likely to be used by a

residential-farmer if released.

The highest concentration of plutonium is located in Area 11; it is

6,200 ± 2800 //Ci/ml In comparison, the highest concentrations at Area 13 and the

Roller Coaster Sites are 820 ± 340 and 2800 ± 1000 /iCi/m^ respectively. The

10



Clean Slate sites have the highest total plutonium Inventory, followed by Area 13

and Area 11. Although Area 11 has no potential agricultural acres, It Is a justifiable

study area because of Its high concentrations.

Area 13 was chosen for this study because of Its high plutonium Inventory, Its

potential for agriculture, and the abundance of data and knowledge that was made

available by Dr. Tsuneo Tamura (Tamura, 1991-1994), member of the former NAEG,

who did extensive studies on characteristics of plutonium at Area 13.

11



2.0 Area 13 Description

2.1 Area 13 Characterization

2.1.1 Stratum Areas and Activities

One safety shot (Project 57) was performed in Area 13; this shot was performed in

1957. Project 57 was a relatively large shot in comparison to safety shots at the

other sites. 46 ± 9 Curies of Pu-239,24G activity existed over 6 strata of varying size

as of November 1977 (Gilbert, 1977). A map of the main contaminated areas at

Area 13 is given in Figure 2-1 (Tamura, 1975). An inner fence encloses about 250

acres and surrounds the 4 most highly contaminated strata (strata 3, 4, 5, and 6) in

addition to parts of strata 1 and 2. An outer fence encloses about 1000 acres and

surrounds the 6 strata analyzed by Gilbert (Gilbert et a!., 1975, and Gilbert, 1977).

Samples taken from the locations identified in Figure 2-1 are discussed in

Section 2.1.4. Stratum areas and activity amounts are given in Table 2-1

(Gilbert et a!., 1975, and Gilbert, 1977). The appearances of strata 1 and 2 in

Figure 2-1 indicate that they would extend outside the outer fence; however, the

areas analyzed by Gilbert for strata 1 and 2 were only those parts of the strata that

were within the outer fence.

2.1.2 Site Environment

Leavitt (1974) performed a soil survey of the five safety shot areas at NTS. The

surface soil at Area 13 is generally classified as gravelly sandy loam. Erosion by

wind has removed the finer particles to create the gravelly surface known as desert

12



O
)

O
U
T
E
R
 F
E
N
C
E

8
»

I
N
N
E
R
 F
E
N
C
E

1
1
2
0

F
E
E
T

I
S
O
P
L
E
T
H
 

I 
K
v
l

2
^

6
^

6
.
Z
.
 >
 G
R
O
U
N
D
 Z
E
R
O

D
•
 
•
•
 
•

r.
 •
 •/
. w
T
T
i
 •
 '
I

V.
-.

V;
-.

-.
*.

.«
rV

.'
»'

 * •
;»
'A
:.
 'A
.;
-.
»«
• 

♦A
rr

r.«
//.

»*
.•/

.»

Fi
gu

re
 2

-1
: 

Ar
ea

 1
3 

st
ra

tu
m

 (
Is

op
le

th
) 

an
d 

sa
m

pl
e 

lo
ca

tio
ns

S
ou

rc
e:

 
Ta

m
ur

a,
 T

., 
19

75
, 

C
ha

ra
ct

er
iz

at
io

n 
of

 P
lu

to
ni

um
 i

n 
S

ur
fa

ce
 S

oi
ls

 f
ro

m
 A

re
a 

13
 o

f t
he

 N
ev

ad
a 

Te
st

 S
ite

, 
in

Th
e 

R
ad

io
ec

ol
og

y 
of

 P
lu

to
ni

um
 a

nd
 o

th
er

 T
ra

ns
ur

an
ic

s 
in

 D
es

er
t E

nv
iro

nm
en

ts
, 

M
. 

G.
 W

hi
te

 a
nd

 P
. 

B.
Du

na
wa

y 
(E

ds
.),

 U
SE

RD
A 

R
ep

or
t N

VO
-1

53
, 

pp
. 2

7-
42

, 
N

ev
ad

a 
O

pe
ra

tio
ns

 O
ffi

ce
, 

NT
IS

.



T
a
b
l
e
 2
-
1
:
 
A
r
e
a
 1
3
 s
t
r
a
t
u
m
 a
r
e
a
s
 a
n
d
 a
ct
iv
it
ie
s

S
t
r
a
t
u
m

S
t
r
a
t
u
m
 A
r
e
a
s

m
'
 

%

Pu
-2

39
,2

40
*

/z
Ci
/m
®

Pu
-2
39
,2
40
*

nC
i/
g

E
s
t
i
m
a
t
e
d

In
ve
nt
or
y*

C
i

%

1
1,
24
5,
00
0

3
1
.
0

1
.
9
 ±
 0
.
3
4

0
.
0
3
6
 ±
 0
.
0
0
7
8

2
.
4
 ±
 0
.
4
2

5

2
2
,
5
4
7
,
0
0
0

6
3
.
4

5
.
8
 ±
 1
.
4

0
.
1
0
 ±
 0
.
0
2
5

1
5
 ±
 3
.
6

3
3

3
1
0
8
,
0
0
0

2
.
7

2
3
 ±
 4
.
3

0
.
4
0
 ±
 0
.
0
7
5

2
.
5
 ±
 0
.
4
6

5

4
7
4
,
0
0
0

1
.
8

5
4
 ±
 8
.
8

1.
1 
±
 0
.
1
5

4
.
0
 ±
 0
.
6
5

9

5
1
9
,
0
0
0

0
.
5

1
1
0
 ±
 1
9

2
.
4
 ±
 0
.
4
3

2
.
1
 
±
 0
.
3
6

5

6
2
4
,
0
0
0

0
.
6

8
2
0
 ±
 3
4
0

1
4
 ±
 6
.
4

2
0
 ±
 8
.
2

4
3

*
 
M
e
a
n
 ±
 s
ta

nd
ar

d 
er
ro
r (

SE
);

 S
E
 =
 s
/(
n)
^'
^,
 w
he
re
 n
 i
s 
th
e 
nu

mb
er

 o
f 
sa
mp
le
s

So
ur

ce
s:

 
1)

 G
il

be
rt

, 
R.

 O
.,

 L
 L
 E
be
rh
ar
dt
, 
E.

 B
. 
Fo

wl
er

, 
E.
 M
.
 R
o
m
n
e
y
,
 E
. 
H.
 E
ss
ln
gt
on
, 
an
d 

J.
 E
. 
KI
nn
ea
r,
 1
97

5,
St

at
is

ti
ca

l 
An

al
ys

is
 o
f 
Pu
-2
39
,2
40
 a
nd
 A
m-
24
1 
Co

nt
am

in
at

io
n 
of

 S
oi
l 
an
d 
Ve

ge
ta

ti
on

 o
n
 N
A
E
G
 S
tu
dy

Si
te
s,
 in

 T
he
 R
ad
io
ec
ol
og
y 
of
 P
lu

to
ni

um
 a
n
d
 o
th
er
 T
ra
ns
ur
an
ic
s 
in
 D
es

er
t 
En
vi
ro
nm
en
ts
, 
M
.
 G
.
 W
hi

te
 a
nd

P.
 B
. 
D
u
n
a
w
a
y
 (
Ed

s.
),

 U
S
E
R
D
A
 R
ep
or
t 
NV
O-
15
3,
 p
p.
 2
07
-2
16
, 
Ne
va

da
 O
pe
ra
ti
on
s 
Of
fi
ce
, 
NT
IS
.

2
)
 G

il
be
rt
, 
R.

 O
.,

 1
97
7,
 R
ev

is
ed

 T
ot

al
 A
mo

un
ts

 o
f 

in
 S
ur
fa
ce
 S
oi

l 
at

 S
af

et
y-

Sh
ot

 S
it
es
, 
in

Tr
an
su
ra
ni
cs
 i
n 
De

se
rt

 E
co

sy
st

em
s,

 M
.
 G
. 
Wh
it
e,
 P
. 
B.

 D
un
aw
ay
, 
an
d 
D.

 L
. 
Wi
re
ma
n 
(E

ds
.)

, 
U
S
D
O
E

Re
po
rt
 N
VO
-1
81
, 

pp
. 
42

3-
43

0,
 N
ev

ad
a 
Op
er
at
io
ns
 O
ff
ic
e,
 N
TI
S.



pavement. The desert pavement protects the surface from continual erosion.

Area 13 contains approximately 2,560 potential agricultural acres; this value

includes land area outside of the outer fence at Area 13. If water were available,

this land could be cultivated for crops.

The plants at Area 13 consist of desert shrub at about 5-10 % plant density

(Tamura, 1975). The dominant shrub is fourwing saltbush. The other dominant

species of shrub at NTS are winterfat and galleta grass. Domestic livestock prefer

these three types of plants to other species that exist at NTS. Area 13 has the

potential to be used for grazing livestock (Leavitt, 1974).

Rainfall is approximately 4-8 inches per year (Tamura, 1975). Because most of this

rain comes in short bursts, the majority is lost either by evapotranspiration or runoff

versus permeation of the soil (DOE, Yucca Mountain Environmental Assessment

(EA)). Springs exist in the vicinity of NTS that could be sources of drinking water.

2.1.3 Radionuclides Present

The Plutonium isotopes present at Area 13 are Pu-238, Pu-239, Pu-240, and

Pu-241. The majority of the plutonium is Pu-239; it is the main radionuclide of

concern. Because of the nearly identical energies of the alpha particles emitted by

Pu-239 and Pu-240, the activities of the two plutonium isotopes are generally

reported as one number (Pu-239,240). Other radionuclides present are daughter

products of the plutonium isotopes. U-234 is present from decay of Pu-238; U-235
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is present from decay of Pu-239; U-236 is present from decay of Pu-240: and

Am-241 is present from decay of Pu-241. Characteristics of the plutonium isotopes

and their immediate daughter products are summarized in Table 2-2.

To comprehend the presence and relative amounts (amounts in terms of atoms or

mass) of the plutonium isotopes, the method of production of plutonium can be

examined. Because of the way plutonium is produced, in a given amount of

plutonium, Pu-239 would account for the greatest amount, followed by Pu-240, and

then Pu-241. Pu-239 and Pu-241 are the only fissionable types of plutonium.

Plutonium can be formed in nuclear reactors or particle accelerators by bombarding

natural uranium, U-238, with neutrons. U-239 is formed when U-238 absorbs a

neutron. The new uranium isotope, U-239, undergoes beta decay and becomes

Pu-239. U-239 has a half-life of 23.5 minutes. Pu-239 can then become Pu-240 or

Pu-241 by absorbing one or two more neutrons, respectively. Another possible, but

much less likely, way to produce Pu-240 is the phenomenon in which U-239

absorbs a neutron to become U-240, which undergoes beta decay to Pu-240.

The relative radioactivity of the plutonium isotopes can be determined from the

initial, relative amounts (atoms or mass) of the isotopes and their respective half-

lives. The relative radioactivity of Pu-239 and Pu-241 in a typical gram of plutonium

is illustrated in Figure 2-2 (adapted from Fowler and Essington, 1974). The figure

also illustrates the ingrowth of Am-241 activity because of decay of Pu-241. The

original graph from Fowler and Essington did not explicitly include Pu-240. (next page)
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Table 2-2: Characteristics of piutonium isotopes and daughter products

Radionucilde Half-life

(years)
Mode of

Decay
Decay Energy

(MeV)

Piutonium-238 87.7 Alpha 5.49

Plutonium-239 24,100 Alpha 5.15

Plutonium-240 6580 Alpha 5.16

Piutonium-241 14.4 Beta 0.02

Uranium-234 (from Pu-238) 2.46 E(5) Alpha 4.77

Uranium-235 (from Pu-239) 7.04 E(8) Alpha 4.40

Uranium-236 (from Pu-240) 2.39 E(7) Alpha 4.48

Americium-241 (from Pu-241) 433 Alpha 5.48

Source: General Electric Company, 1989, Nuclides and Isotopes, 14th Edition,
Nuclear Energy Operations, San Jose, California.
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Source: Adapted from Fowler, E. B., and E. H. Essington, 1974, Soils Element
Activities for October, 1972 to September, 1973, In The Dynamics of
Plutonium in Desert Environment, P. B. Dunaway and M. G. White
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Perhaps the Pu-240 activity in the original graph was included with the Pu-239

activity.

From Figure 2-2, the initial activity of Pu-241 is higher than that of Pu-239 by a

factor of about 8.3. However, because the half-life of Pu-241 is only 14.4 years, its

activity drops off rapidly while the activity of Pu-239 remains nearly constant. The

activity of Am-241 increases as Pu-241 decays until the activity of Pu-241 equals

the activity of Am-241, at which point a balance is reached between production of

Am-241 from Pu-241 and decay of Am-241. At this point, which occurs at about

73.3 years, the activity of Am-241 reaches its peak activity, approximately 0.25 of

Pu-239 activity.

The measured ratio of Pu-239 to Am-241 activity can vary according to site, sample,

and depth. The average ratio at Area 13 computed from 154 soil samples was

found to be 9.4 ± 0.14 (Gilbert et al., 1975). These soil samples were analyzed

approximately 17 years after the safety shot at Area 13. The ratio of 9.4 is roughly

consistent with the expected ratio for 17 elapsed years in Figure 2-2.

In this study, all Pu-240 activity is included with Pu-239 activity and is assumed to

be Pu-239. Because the half-life of Pu-240 is less than Pu-239, assuming that the

combined specific activity (activity/mass) of Pu-239 and Pu-240 is entirely Pu-239

specific activity appears to be a conservative assumption (i.e., including Pu-240

activity as Pu-239 activity assumes the total activity will remain for a longer period
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of time). In addition, U-236, progeny of Pu-240, has a shorter haif-iife than U-235,

progeny of Pu-239, while their alpha energies are nearly identical. Pu-241 and

Am-241 activity is considered separately from Pu-239 and Pu-240 activity. It is also

assumed that the initial activity of Pu-241 is 8.3 times the initial activity of both

Pu-239 and Pu-240. This assumption is conservative because, according to

Figure 2-2, the initial activity of Pu-241 is approximately 8.3 times the initial activity

of only Pu-239 (assuming Pu-240 activity was not included with Pu-239 in

Figure 2-2). Pu-238 is not considered in this study.

The full decay chains of Pu-239 and Pu-241 are given in Figure 2-3 and Figure 2-4,

respectively (Kroodsma et al., 1993). The atomic number is plotted on the vertical

axis and the mass number is plotted on the horizontal axis. Each decay chain

illustrates all decays down to a stable element. Each radionuclide decays to

another radionuclide by emitting an alpha or beta particle, and in the process may

also emit gamma rays. The half-lives, decay modes, and decay energies are given

for each radionuclide in the chain. Only decays that have intensities of

approximately 10 % or more are listed; exceptions are noted with an asterisk (*).

Data contained in Figure 2-3 and Figure 2-4 was obtained from the General Electric

Company (1989), the Nucleon Lectern Associates, Inc. (1986), and the Chemical

Rubber Company (CRC) Press (CRC, 1983).
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2.1.4 Plutonium Distribution in the Soil Particle Size Fractions

Gilbert et al. (1975) determined Pu-239,240 concentrations versus surface soil

depth at the safety shot sites of NTS. For Area 13, approximately 17 years after

deposition, about 93% of the Pu-239,240 resided In the top 5 cm of soil.

In an effort to further characterize the location of the plutonlum, Tamura (1975)

performed particle size separation and analysis for nine surface soil samples at

Area 13. Each particle size fraction (or range) was analyzed for plutonlum activity

content (activity per gram of particles In that size fraction) and percentage of total

soil plutonlum activity. To calculate the percentage contribution to total soil

plutonlum, Tamura used the plutonlum content of the particle size fractions and the

weight contribution of the size fraction to soil. The reader Is referred back to

Figure 2-1 for the locations where the nine samples were obtained from Area 13.

Particle size distribution of the nine samples in percentage by weight Is summarized

In Table 2-3. The numbers show that the soils are high In sand content

(2000 - 53 fjm) and low In clay content {<2tjm). More detail on particle size

distribution In percentage by weight can be found In the original source by Tamura

(1975).

The plutonlum content of the particle size ranges and the contribution of these size

ranges to the total plutonlum activity Is given In Table 2-4 for samples 1 through 7.

The 20 - 5 /^m medium silt size range has the highest plutonlum concentration for
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samples 1 and 7. The 53 - 20 /^m coarse silt size range has the highest

concentration for all other samples. The 53 - 20 /^m size range contributes the

most to total plutonlum In all samples. Even though Its plutonlum concentration Is

relatively lower for samples 1 and 7, the 53 - 20 /zm size range contributes more to

total plutonlum than the 20 - 5 /zm range because of Its relatively higher weight

percentage.

A possible explanation for the concentration of plutonlum in the medium silt and

coarse silt fractions lies In the surface area of the size fractions. As the particle

sizes become smaller, the surface area of the particles per gram becomes larger.

Because plutonlum adsorbs to the surface of the soil particles, one would expect

more surface area to be available to the plutonlum for the smaller particles. This

seems to be true to a point. As the particle sizes become very much smaller, as Is

the case with clay, the movement of the plutonlum between soil particles Is

somewhat Impeded. The medium and coarse silt sizes may have the optimum size

to surface area ratio.

Sample 6 Is unique with respect to Its contribution to total plutonlum by the clay

size range and Its clay weight percentage. The plutonlum contribution In samples 1

through 5 and 7 ranges from 0.4 to 1.8 % while the contribution In sample 6 Is

9.0 %. Sample 6 has the highest clay content of all the samples, (next page)
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A possible explanation of this uniqueness could be that contaminated clay particles

have been carried to the general area of sample 6 by water runoff and wind erosion

of adjacent areas (Tamura, July 1992).
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3.0 Plutonium Resuspension

Several methods that have been used to model resuspension at NTS are discussed

in this chapter: the resuspension factor exponential formulas, the wind erosion

power-laws, and the mass loading factor formula. The mass loading factor is used

by both the NAEG Model and RESRAD.

3.1 Resuspension Factor

The resuspension factor approach is normally used only for modeling resuspension

over fresh surface deposits of contamination. The resuspension factor, K, is equal

to

^ _ Air concentration (Ci/m^)
Surface deposition {Ci/m^)

K has been measured in the approximate range of 1 E(-5) to 1 E(-11) m \ Martin

and Bloom (1980) state that the resuspension factor varies with time and depends

on such environmental conditions as wind speed and direction, rainfall, and any

other conditions that would affect the aerodynamics of the soil surface. The

resuspension factor is also dependent on the aerodynamics of the particles

containing plutonium and their tendencies toward saltation, creep, and

resuspension. Methods using this factor do not take into account the geometrical

configuration of the source or the particle size distribution (Anspaugh, 1974).

The air concentration of a freshly deposited surface contaminant will decrease over
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time largely because the mixing of the contaminant within the top layers of soil

allow less of it to be available for resuspension. One way of modeling this

decrease with time is the use of a single exponential function. Half-times ranging

from 35 to 70 days have been used with this type of model (Langham, 1971, and

Wilson et al., 1960). The problem with the single exponential function model is that

it can be used with reasonable accuracy for only a short period of time following

deposition.

The resuspension factor can be used to approximate resuspension over aged

sources if the resuspension factor is measured over the aged source instead of

when the source was fresh. Anspaugh (1974) used two types of measurements to

come up with two different values for the resuspension factor at the GMX site of

Area 5. One value was 3 E(-10) m'^ and the other was 2 E(-9) m"\ These two

different values demonstrate that use of this method can result in uncertainties.

However, it can still serve as an order of magnitude estimation of resuspension

over an aged source.

Another method used to model resuspension was deveioped by Anspaugh et al.

(1975) in which the resuspension factor decreases as a function of time from

1 E(-4) to 1 E(-9)

where k = 0.15 day""^ and t = time from deposition in days, (next page)
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This predictive model has been reasonably compared with measured values of K at

NTS.

3.2 Wind Erosion Power-Law

Another type of model used for resuspension is the power-law formula

C^=RU"

where C, is the air concentration (/zCi/m®), U is the wind velocity, and R and n are

empirical constants derived from the data. Shinn and Anspaugh (1975) applied this

model to NTS and derived n=2.1. Sehmel and Orgill (1973) derived n=2.1 for

Plutonium resuspension at Rocky Flats. Martin and Bloom (1980) found that n=2.1

for calcium molybdate resuspension at Hanford. A different result of n=6.4 was

obtained by Shinn and Anspaugh (1975) for a plowed field in Texas. This suggests

that a value of about 2 is appropriate for n as long the surface is undisturbed. The

value of R is site-specific and must be found by taking at least one measurement of

resuspension and wind speed.

3.3 Mass Loading Factor

The mass loading factor model is used in both the NAEG model and RESRAD.

This model makes use of the mass loading factor, mass of soil per volume of air (its

units are usually /^g/m®). The model is based on the assumption that the specific

activity of dust particles in the air approximates the activity of the contaminated soil,

(next page)
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To find the air concentration, the mass loading factor is multiplied by the soil

concentration:

Air Conc9ntration(Clm^ aii) = Mass Ljomling Factoi{g soilm^ aii) x Soil Coricarttration^Clg solli

3.3.1 Values for the Mass Loading Factor

1966 data by the National Air Pollution Control Administration (NAPCA) give mass

loading factors for 217 urban and 30 nonurban stations. The annual arithmetic

averages for the urban stations varied from 33 /ug/m® for St. Petersburg, Florida to

254 fjg/m^ for Steubenville, Ohio. The mean arithmetic average for the urban

stations was 102 The averages for the nonurban stations varied from

9 /ug/m® for White Pine County, Nevada, to 79 ̂dg/m^ for Curry County, Oregon. The

mean arithmetic average for the nonurban stations was 38 /zg/m®.

Anspaugh (1974) has measured a mass loading factor of 70 at the GMX site

of Area 5. Anspaugh has suggested that a mass loading factor of 100 /^g/m® be

used for predictive purposes at NTS; this value is used in the NAEG model.

3.3.2 Application of the Mass Loading Model

The mass loading model is appropriate for aged sources such as the safety shot

sites in which the contamination has been given time to mix with the surface soil.

For a fresh deposit, the contaminant has not been given sufficient time to mix, and

the specific activity in the air would not be a good estimate of the soil activity. This

model should not be used for fresh deposits (Anspaugh, 1974).
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The application of the mass loading factor to nuclear shot sites may not be

appropriate. A study at Nuclear Site 201 found that disturbing the soil pavement

surface by hand raking doubled the mass loading factor but increased the

Plutonium air concentration by a factor of 27 (Shinn and Homan, 1985). One

explanation of this could be that the heat of the nuclear shot melted the sandy

surface into a partially glass surface, stabilizing the concentration of piutonium.

When the glassy surface is broken up by raking, this might not increase mass

loading by much, but it could greatly Increase the air piutonium concentration.

Situations exist where use of the mass loading factor could become difficult. Any

activity on the soil such as agricultural cultivating or vehicular traffic could

temporarily elevate the mass loading factor, complicating an effort to use the

model.

The application of this model to safety shot sites at NTS would be difficult if the

distribution of piutonium among the size fractions and the particle size distribution

of the aerosol were taken into account. Measurements by Anspaugh (1974) at the

GMX site of Area 5 taken with high-volume cascade impactors found an Activity

Median Aerodynamic Diameter (AMAD) of 3.0 /zm and a total Mass Median

Aerodynamic Diameter (MMAD) of 1.7 The AMAD is the diameter of a unit

density sphere with the same terminal settling velocity in air as the aerosol particle

whose activity is the median for the entire aerosol. For MMAD, the same definition

applies, except for mass instead of activity. For several dry, sparsely vegetated
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locations in the West, nearly all of the total mass concentration was contained in

the range of 0.7 to 15 yum (Shinn and Anspaugh, 1975). The medium silt size

(20 - 5 yum) at Area 13 has the highest activity per gram for particles in its size

fraction for samples 1 and 7 (Tamura, 1975). For the remainder of samples, the

coarse silt size (53 - 20 yum) has the highest activity per gram for particles in its size

fraction: however, particles in the coarse silt size are not likely to be resuspended.

3.3.3 Soil Plutonium Index

To account for the different associations of plutonium with the particles sizes and

the potential for resuspension of the size ranges, as well as lung deposition,

Tamura (1977) defined the soil plutonium index. The soil plutonium index (SI) is

defined as the product of the soil activity factor (SA), the lung depositional

factor (LD), and the resuspendible activity factor (RA):

SI = SAx LDx RA

The soil activity factor is the ratio of the percent of total soil activity contained within

a size range to the percent of total soil mass contained within that range; this ratio

represents the activity in a gram of particles in that size range. The lung

depositional factor is the percent of inhaled particles in a size range that are

deposited in the pulmonary region of the lung. The resuspensible activity factor is

the percentage of particles in a size range that have the potential to be suspended

as aerosol. Table 3-1 lists data from Area 13 for these parameters and calculates a

soil plutonium index.
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Tamura also mentions the importance of other factors that would affect

resuspension, but were not accounted for In the soil plutonium indices, such as soil

erodiblity, plutonium solubility, and surface roughness.

3.3.4 EPA Enrichment Factor

The U.S. Environmental Protection Agency (EPA) (1977) suggests the use of an

enrichment factor, which Is the ratio of specific activity of aerosol (pCI/g) to the

average activity of soli (pCI/g). The EPA method for calculating the enrichment

factor Involves the summation of the products of g, and f; g, Is the ratio of the

fraction of the total activity contained within the size Increment I to the fraction of

the total mass In the size, and f Is the fraction of the airborne mass within each

Increment of particle size In the air.

Several basic similarities and differences exist between Tamura's method and the

EPA method: (1) EPA's g, has the same definition as Tamura's soli activity factor;

(2) EPA considers the actual amount of suspension for each particle range Instead

of the resuspension ability; and (3) the EPA method does not account for lung

deposition.

Tamura's method can be modified with the EPA method If f Is substituted for

Tamura's resuspendlble fraction. Anspaugh (1974) measured a MMAD of 1.7 /zm at

the GMX site of NTS. Assuming the MMAD is similar for all NTS sites, this would

provide us a rough estimate for size resuspension at Area 13. Referring to the size
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ranges in Table 3-1, about 50 % of suspended mass would be In the <2 //m range

and about 50 % of suspended mass would be In the combined 2 - 5 /jn and 5 -

125 /zm ranges. We will assume the 2 - 5 /^m and 5 -125 /^m ranges each have

25 % of the mass.

An EPA enrichment factor and a "modified" soil plutonlum Index are calculated In

Table 3-2. The derived enrichment factor, 1.3, means that for Area 13, the specific

activity of aerosol could be approximately a factor of 1.3 greater than the average

activity of soil. The modified soil plutonlum Index, 0.21, Is approximately half of

Tamura's soil plutonlum Index. Tamura's value Is greater because of the relative

conservatism of his resuspendlble fraction when compared to EPA's factor f,

resuspended fraction.

Values for the enrichment factor and the modified soil plutonlum Index can vary

according to the data used. Another calculation was made using Tamura's particle

size distribution and plutonlum distribution data from NVO-153 (see Tamura, 1975).

In addition, a particle size range of 5 to 20 /zm Is substituted for the 5 to 125 /^m

range because of observations of Shinn and Anspaugh (1975) that for several dry,

sparsely vegetated locations in the West, Including NTS, nearly all of the total mass

concentration Is contained In the range of 0.7 to 15 /.^m. The data and results for

the calculation are given In Table 3-3. The enrichment factor for this calculation Is

2.0. The modified soil plutonlum Index for this calculation, 0.22, Is not significantly

different than the previously calculated value of 0.21.
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3.3.5 Application of the Modified Soil Plutonium Index and the Enrichment Factor

to Dose Assessments

The modified soil plutonium index can be used to caicuiate the amount of

Plutonium retained in the pulmonary region of the lung for a given average soil

concentration and mass loading factor. The necessary calculation Is shown in the

following equation:

Amount of Plutonium Retained in tfte Lung (Cf{m^ of air inftaiedi) =

average soil concentration {Cfs/j x mass loading factor {glm^ x {modified sal plutonium inde)i)

For example, if the average soil concentration is 1 pCi/g and the mass loading

factor Is 100 pg/ixf, then a modified soil plutonium index of 0.21 would mean that,

for each m^ of air inhaled, the plutonium retained in the lung is

(1 E(-12) Ci/g) X (100 E(-6) g/m®) X 0.21 = 2.1 E(-17) Ci.

We can compare this calculation with one that makes no adjustment for the

different associations of plutonium with the particle size ranges and the fraction

suspended of the particles size ranges. We will assume for this calculation that the

aerosol has an AMAD of 1 yum; pulmonary deposition of aerosol with an AMAD of

1 /jm is 0.23 (ICRP-19, 1972). If the average soil concentration is 1 pCi/g and the

mass loading factor is 100 pg/rn^ (similar to the previous calculation),

(1 E(-12) Ci/g) X (100 E(-6) g/m®) X 0.23 = 2.3 E(-17) Ci are retained in the lung for

each m^ of inhaled air. (next page)
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For this comparison, the values of 2.1 E(-17) Ci and 2.3 E(-17) Ci do not vary

significantly.

The modified soil plutonium index calculates the amount of plutonium retained in

the pulmonary region of the lung. The usefulness of calculations of plutonium

retained in the pulmonary region of the lung to whole body dose calculations is

limited because contaminants are transported to the body fluids from all three

regions of the respiratory tract: nasopharyngeal, tracheobronchial, and pulmonary.

It is possible that the modified soil plutonium index could be expanded to include

deposition in the nasopharyngeal and tracheobronchial regions.

If only the enrichment factor was considered, then some consideration for particle

size deposition in the respiratory tract would still have to be made. Eckerman

(1992) created a computer program that can calculate doses to organs of the body

and to the whole body from inhalation of aerosol with a given AMAD. The

computer program can calculate whole body doses according to ICRP-26 (1977) or

ICRP-60 methodology. Doses to individual organs are the same regardless of

whether ICRP-26 or ICRP-60 methodology is used. ICRP-26 calculations are

referenced below, because DOE standards are still based on ICRP-26

methodology.

The dose conversion factors used in RESRAD were calculated for an AMAD of

1 /im. The AMAD was measured as 3 at the GMX site of NTS by Anspaugh
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(1974). According to Eckerman's code, Inhalation of Pu-239 aerosol with an AMAD

of 1 /jn would lead to a whole body dose of 8.33 E(-3) rem/Bq. Inhalation of

Pu-239 aerosol with an AMAD of 3 /zm would lead to a whole body dose of

6.65 E(-3) rem/Bq. If the enrichment factor of 1.3 for Area 13 was used with the

dose for an AMAD of 3/zm, the "enriched" dose would be 1.3 X 6.65 E(-3) =

8.6 E(-3) rem/Bq. The ratio of the enriched dose to the dose for an AMAD of 1 /zm

Is 8.6/8.33=1.04. This ratio can be Interpreted as follows: for a given average soil

concentration and mass loading factor, the dose for a 3 /zm AMAD aerosol with an

enrichment factor of 1.3 would lead to a whole body dose a factor of 1.04 greater

than the whole body dose for an aerosol of 1 /zm AMAD without an enrichment

factor (enrichment factor = 1). If the enrichment factor of 2.0 was used with the

dose for an AMAD of 3 /zm, the enriched dose would be 1.3 E(-2) rem/Bq, and the

ratio of the enriched dose to the dose for a 1 /zm AMAD would be 1.6.

3.4 Comparison of Mass Loading Factor and Resuspenslon Factor Methods

The objective of resuspenslon modeling with respect to this dose assessment Is to

enable the modeler to determine the concentration of plutonlum In the air. Two of

the methods discussed thus far, the resuspenslon factor method and the mass

loading factor method, can be compared according to this purpose.

Over an aged source, the resuspenslon factor Is calculated by using measurements

of air concentration (Cl/m®) and soil concentration (pCI/m^ or pCI/g). The

resuspenslon factor Is defined as the ratio of air concentration to soil concentration.
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and has units of m"\ In order to determine air concentrations from the

resuspension factor, one could first measure resuspension factors at a site, and

use an average of these values as a base for calculations. The average

resuspension factor is then multiplied by the soil concentration at a certain point to

determine the air concentration at that point.

Data obtained by Anspaugh (1974) will be used in a rough example. Anspaugh

calculated two resuspension factors for the GMX site of Area 5 using

measurements of soil concentration (dpm/g) and air concentration (/zCi/cm®); these

vaiues are 3 E(-10) m"' and 2 E(-9) m \ The average of these two values is

1.2 E(-9) m'\ If this average is used to back-calculate the air concentration at the

two points the resuspension factor was calculated, the result is an overestimation of

about 280 % at the point where the factor 3 E(-10) m"* was measured and an

underestimation of about 21 % at the point where the factor 2 E(-9) m"' was

calculated. In either case, the estimates of air concentration are within an order of

magnitude of the measured value. Resuspension factors varying from

9.1 E(-11) m'^ to 5.4 E(-9) m"" were calcuiated at NTS by Romney et al. (1987); the

geometric mean and arithmetic average of these calculations are 2.9 E(-10) m"' and

6.8 E(-10) m"\ respectively. If the average of 6.8 E(-10) m"^ is used to calculate the

air concentration at the two points of measurement by Anspaugh, the result is an

overestimation of about 120 % at the point where the factor 3 E(-10) m ' was

measured and an underestimation of about 55 % at the point where the factor

2 E(-9) m"' was measured, (next page)
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These estimates are also within an order of magnitude of the measured values.

To caicuiate the air concentration of plutonium using the mass loading factor, the

mass loading factor {/jg/rrf) is multiplied by the soil concentration (pCi/g). Using

this method, similar to the resuspension factor method, one would have to assume

an average mass loading factor. Anspaugh measured the mass loading factor at

the GMX site as 70 /ug/m®. If this value for the mass loading factor is used along

with the measured soil concentrations from the GMX site to calculate air

concentrations, the result is an overestimation of about 270 % at the point where

the factor 3 E(-10) m"' was measured and an underestimation of about 24 % at the

point where the factor 2 E(-9) m^ was calculated. Similar to the resuspension

factor, the mass loading factor can be used to obtain air concentrations within an

order of magnitude of measured values.
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4.0 NAEG Model

4.1 Background

The NAEG Model was developed for determining the dose to "standard man" in a

typical ecosystem at NTS; it modeled environmental transport of plutonium and

transport of plutonium within the human body. W. E. Martin and 8. G. Bloom are

the first to work extensively on the model. J. R. Kercher and L. R. Anspaugh are

other NAEG members to do extensive work with the model. Anspaugh has

continued to work on the model at the Basic Environmental Compliance and

Monitoring Program (BECAMP). Numerous others have also contributed to this

model. The original model is called the NAEG model; most recent versions of the

model are called the BECAMP model. Versions referenced and/or consulted for

this paper are NAEG versions and are listed in Table 4-1.

NAEG model results show that inhalation is far more significant than ingestion at

NTS with respect to radiation dose. Section 4.2 summarizes these results.

Methodology for the NAEG model is described following the summary of results,

and is only that part of the methodology that affects either inhalation or both

inhalation and ingestion. For information on the methodology used to determine

ingestion doses, the reader is referred to one of the NAEG model reports listed in

Table 4-1. External dose was not considered in the NAEG model.
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4.2 NAEG Model Results

Martin and Bloom (1977) concluded that, for the residential-farmer scenario,

Inhalation Is the principal exposure pathway to standard man for Pu-239 and the

critical organs concerning radiation dose are the lungs and bone. Results of this

analysis are shown In Figure 4-1. Cumulative doses from Pu-239 to various organs

of standard man are graphed as a function of time. Lungs and bone, out of all

organs for which radiation dose criteria have been set by the International

Commission on Radiological Protection (ICRP), received the highest dose after

70 years (25,550 days). The lymph nodes received a higher dose, but criterion for

these organs have not been established by the ICRP. The ICRP concluded that

irradiation of the lung Is likely to be a more limiting factor than irradiation of the

lymph nodes for Insoluble radioactive particles (ICRP-30, 1981).

The doses were calculated per unit soil concentration for constant Intake rates.

The constant Intake rates, with units of pCI/day, for Inhalation and ingestlon are

0.002 Cj and 0.19 C„ respectively, where C, Is the average soil concentration of

Plutonium. The ratio of the ingestlon rate to the Inhalation rate Is 95.

Results from the NAEG model study Indicate that Inhalation Is responsible for

approximately 100 percent of the plutonlum burden In the lungs and 95 percent of

Plutonium burden In bone, liver, and kidney. These results are based on the

assumption that the ratio of plutonlum Input via Ingestlon to that via Inhalation Is

approximately 100 for NTS In the case of the residential-farmer scenario.(next page)
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Figure 4-1: Predicted cumulative doses to organs of st£uridard man from Pu-239

Source: Martin, W. E., and 8. G. Bloom, 1977, Nevada Applied Ecology
Group Model for Estimating Plutonium Transport and Dose to Man,
in Transuranics in Natural Environments, M. G. White and P. B.
Dunaway (Eds.), ERDA Report NVO-178, pp. 621-706, Nevada
Operations Office, NTIS.
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Fractions of plutonium organ burden in the bone, liver, and kidney because of

chronic ingestion and inhalation are given in Table 4-2 (Martin and Bloom, 1977).

4.3 Mass Loading Model

To model resuspension of plutonlum-contaminated soil and determine inhalation

intake, the NAEG model uses the mass loading model. Martin and Bloom (1980)

state the amount of plutonium inhalation as

= BLC, = 0.002 C,tn M c s s

where

A„, = plutonium inhalation rate for man (pCi/day)

B„ = respiration rate (20 m7day)

L, = mass loading factor (100 /^g/m® = 1 E(-4) g/m^), and

C, = average concentration of plutonium (pCi/g) in soil of the contaminated

area.

Several assumptions are made in the use of the mass loading model.

Environmental conditions are assumed to be at steady-state (i.e., the mass loading

factor does not change with time). Uncertainty in this assumption would arise for

conditions such as high velocity winds, vehicular traffic, and agricultural plowing

which could temporarily Increase the mass loading factor. A value of 100 /zg/m® is

assumed for the mass loading factor, which is the value suggested by Anspaugh

(1974) for modeling purposes. The respiration rate is assumed to be 20 m7day.

The different association of plutonium with the particle sizes and the suspended
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Table 4-2: Fractions of Pu-239 In bone, liver, and kidney Isecause of cfironic
Ingestlon and Inhalation for a period of 50 years*

Ratio of

Ingestlon/lnhalatlon
Fraction from

Ingestlon
Fraction from

Inhalation

1 0.0005 0.9995

10 0.0053 0.9947

100 0.0506 0.9494

200 0.0964 0.9036

400 0.1758 0.8242

1000 0.3478 0.6522

•Estimated burdens based on ICRP Publications 2 and 19 (1959; 1972)

Source: Martin, W. E., and 8. G. Bloom, 1977, Nevada Applied Ecology
Group Model for Estimating Plutonium Transport and Dose to Man,
in Transuranics in Natural Environments, M. G. White and P. B.
Dunaway (Eds.), ERDA Report NVO-178, pp. 621-706, Nevada
Operations Office, NTIS.
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fractions of the particle sizes are not accounted for in the model. The AMAD of the

aerosol particles is assumed to 0.5 ̂rc\, and the plutonium particles are considered

to be in the yearly translocation class.

4.4 Dose Assessment

The following procedure for calculating radiation dose to a reference organ is from

Martin and Bloom (1980).

dt

where

t  = time (days)

D = dose to the reference organ (rem)

E = 51.21596, a dose-rate factor ((g-rem)/(AiCi<lay))

6 = effective energy absorbed in the reference organ per

disintegration of radionuclide (MeV/dis)

y = plutonium burden in the organ (/zCi), and

m = mass of the organ (g).

The dose accumulated in the organ during a given exposure period of time Tq is

D = ̂  r^ydt
m Jo

If ingestion and inhalation to plutonium were terminated at time Tp, the individual

would accumulate an additional dose from the radionuclide present in the body at
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time Tq. The dose commitment Is the sum of the dose accumulated to Tq plus the

additional dose.

where

D,, = dose commitment (rem), and

□a = additional dose (rem).

Lung burdens are calculated using the ICRP Task Group on Lung Dynamics Model;

a diagram of the lung model Is given In Figure 4-2 (Houston et al., 1975). For

Information on the differential equations that govern this model, the reader can

consult ICRP-30 (1981), or Martin and Bloom (1980).

Values for the parameters of the ICRP Task Group on Lung Dynamics Model are

given In Table 4-3. Deposition In the nasopharyngeal, tracheobronchlal, and

pulmonary regions (values Dg, D^, and Dj from Figure 4-2) as a function of particle

size Is given In Table 4-3, Part A (Martin and Bloom, 1980). As particle size gets

larger, more of the particles are retained In the nasopharyngeal region and less are

deposited In the pulmonary region. Deposition In the tracheobronchlal region Is

constant regardless of particle size. Fractions of plutonlum (f) cleared by the

compartments as a function of compartment and translocatlon class are given In

Table 4-3, Part B (Martin and Bloom, 1980). Compartments a, c, and e transport

contaminants to the body fluids, while compartments b, d, f, and g transport

contaminants to the gastrointestinal (Gl) tract.
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Figure 4-2; ICRP Task Group on Lung Dynamics Model

where

f is the fraction of plutonium transferred from one location to another in the lung
model; subscripts refer to the compartments

D3, D.,, Dg are the fractions of inhaled material that are deposited in the
nasopharyngeal, tracheobronchial, and pulmonary regions, respectively, of the
respiratory tract

and Q, is the plutonium inhalation rate

Source: Houston, J. R., Strenge, D. L, and Watson, E. C., 1975, DACRIN - A
Computer Program for Calculating Organ Dose from Acute or Chronic
Radionuclide Inhalation, USAEC Report BNWL-B-389, Battelle, Pacific
Northwest Laboratories, NTIS.
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Table 4-3: ICRP Task Group on Lung Dynamics parameter values (Parts A & B)

Part A

Fraction of Inhaled Particles Deposited In
the Respiratory System vs. Particle Diameter^

1  Fraction of Inhaled quantity retained
Particle size (AMAD),

lim

Nasopharyngeal region

(Dg)
Tracheobronchlal region

(D4)
Pulmonary region

(D5)

0.05 0.001 0.08 0.59

0.1 0.008 0.08 0.50

0.3 0.063 0.08 0.36

0.5 0.13 0.08 0.31

1.0 0.29 0.08 0.23

2.0 0.50 0.08 0.17

5.0 0.77 0.08 0.11

Part B

Clearance Parameter Values^

Translocatlon Class

D(illy Weskly Yearly

Compartment
*

k f(k)"
***

f(k) f'(k)"
***

f(k) T^(k)"
***

f(k)

NP a 0.01 0.50 0.01 0.10 0.01 0.01

b 0.01 0.50 0.40 0.90 0.40 0.99

TB c 0.01 0.95 0.01 0.50 0.01 0.01

d 0.20 0.05 0.20 0.50 0.20 0.99

P e 0.50 0.80 50 0.15 500 0.05

f NA NA 1 0.40 1 0.40

g NA NA 50 0.40 500 0.40

h 0.50 0.20 50 0.05 500 0.15

LM i 0.50 1.00 50 1.00 1000 0.90

**

***

estimated from data of Morrow et al. (1966)
as amended by ICRP-19 (1972)
clearance pathway
biological half-time of clearance In days for pathway k
fraction cleared by pathway k

Source: Martin, W. E., and S. G. Bloom, 1980, Nevada Applied Ecology Group Model for Estimating Plutonium
Transport and Dose to Man, in Transuranic Elements In the Environment, W. C. Hanson (Ed.), pp. 459-
512, USDOE Report, DOE/riC-22800.
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Characterization of the translocation class of aerosol particles is very important.

Particles in the yearly class (relatively insoluble, immobile particles) can cause a

pulmonary lung burden 600 to 700 times greater than particles in the daily class

(relatively soluble, mobile particles) (Bloom and Martin, 1978). This difference in

lung burden because of translocation class is evident in the data for biological half-

times in Table 4-3, Part B. Particles in the yearly class have greater biological half-

times than particles in the daily and weekly classes. The plutonium particles at

NTS are generally considered to be in the yearly translocation class.
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5.0 RESRAD Model Methodology

RESRAD is a computer program developed by Argonne National Laboratory for

DOE'S Formerly Utilized Sites Remedial Action Program (FUSRAP) and Surplus

Facilities Management Program (SFMP). RESRAD was developed to calculate

radiation dose to on-site residents from RESidual RADioactive material and

determine soil guidelines according to the limits specified in DOE Order 5400.5

(DOE, 1990).

Although RESRAD was produced for FUSRAP, SFMP, and the residential scenario,

the procedure for determining dose and soil guidelines is general and use of the

code is being encouraged for all DOE sites and various land-use scenarios.

The RESRAD code models environmental transport only. RESRAD uses dose

conversion factors for inhalation, ingestion, and external radiation to determine

dose; it does not model transport of radionuclides within the body.

The source for RESRAD information referenced in this section is Yu et ai. (February

1992). RESRAD is a relatively new code and is currently undergoing revisions and

additions.

RESRAD is used in this study to calculate inhalation dose only. The methodology

described in the following sections for environmental transport and dose
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assessment is only that part of the RESRAD methodology that Is relevant to

inhalation. Only the dose calculation option of RESRAD is used in this study; soil

guidelines were not calculated.

5.1 Environmental Transport

5.1.1 Atmospheric Transport

Similar to the NAEG model, RESRAD uses the mass loading factor to determine

resuspension of radionuclides in surface soil to the atmosphere. To calculate the

annual intake E(t) (Ci/yr) of the radionuclide by dust inhalation, an environmental

transport factor ETF(t) (g/yr) is multiplied by the concentration S{t) (Ci/g) of the

radionuclide in the soil. The ETF is expressed as

ETF{t) = ASR X FA X FCD(t) x FO x Fl

where

ETF(t) = environmental transport factor at time t for dust

inhalation of radionuclide (g/yr)

ASR = average mass loading of airborne contaminated soil

particles (g soil/m^ air)

FA = area factor (dimensionless)

FCD(t) = cover and depth factor (dimensionless)

FO = occupancy factor (dimensionless), and

Fl = annual intake of air (m7yr).

For determining on-site exposure, an estimate of dilution of resuspended
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contaminated aerosol by uncontamlnated aerosol blown In from off-site is made

with a simple mixing model. The model assumes perfect mixing within a volume

defined by a mixing height and the area of the exposed contaminated zone. The

alternative to this model is the Gaussian plume model, which uses an area

distribution of point sources with zero release height. The Gaussian plume model

is usualiy applied to distances from one hundred to several thousand meters and

has not been validated for on-site exposure immediately above the source.

Uncertainties in the Gaussian plume model for immediate area exposures and large

computational requirements are the reasons that the simple mixing model is used.

The RESRAD mixing model defines the area factor (FA) as

FA =
I

A^ + DL

where

A = area of contaminated zone (m^, and

DL = dilution length (m).

This equation illustrates that the dilution length and area factor become less

important for larger areas. The dilution length depends on wind speed, mixing

height, resuspension rate, and thickness of the resuspendible dust layer.

The cover and depth factor (FCD) is the fraction of resuspendible soil particles at

the ground surface that are contaminated. It is calculated using the assumption

that mixing of the soil will occur within a layer of thickness d„ at the surface:
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FCD(t) = 1 C,(t) = 0, T(t) ̂  d„

= T(t)/d„ C,(t) + T(t) < d„

= 1 - C,(t)/d, C,(t) < d„ C,(t) + T(t) ̂  d„

= 0 C,(t) ̂  d„

where

d„ = depth of soil mixing layer (m)

Cd(t) = cover depth at time t (m), and

T(t) = thickness of contaminated zone at time t (m).

The occupancy factor, FO, is the percentage of time the person spends in the

contaminated area.

5.1.2 Leaching Model

The decrease in the radionuciide soil concentration because of leaching by

infiltrating rainwater can be estimated with RESRAD's leaching model. RESRAD

uses a sorption-desorption, ion-exchange leaching model. The radionuciide release

rate, R(t) (Ci/yr), is

m  A nt) 5(f)

(next page)
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where

L = leach rate (yr'^)

= bulk density of the contaminated zone (g/m®)

A = area of the contaminated zone (m^)

T(t) = thickness of the contaminated zone at time t (m), and

S(t) = average concentration of radionuclide in the contaminated

zone available for leaching at time t (pCi/g).

The equation for the leach rate constant, L(t), is

I
Lit) =

0-=^ Tit)

where

I  = infiltration rate (m/yr)

= volumetric water content of the contaminated zone, and

= retardation factor in the contaminated zone.

The infiltration rate is

/ = (1-C,)[(1-C,)P,+/J

(next page)
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where

C, = evapotranspiration coefficient

C, = runoff coefficient

P, = precipitation rate (m/yr), and

l„ = irrigation rate (m/yr).

The evapotranspiration coefficient is used instead of the evapotranspiration rate

because the rate value does not account for the correlation between precipitation

and evapotranspiration. The evapotranspiration coefficient is related to the

evapotranspiration rate by the formula

C. =
'  (^-C;>Pr*Irr

where E, is the evapotranspiration rate (m/yr).

Runoff coefficients account for the precipitation lost by runoff and vary with the type

of environment.

The equation for the volumetric water content of the contaminated zone is

where

e",,, = saturated water content of the contaminated zone, and

R3 = saturation ratio.

This is a general definition that can apply to all zones, not just the contaminated
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zone. Rj equals unity when the medium is saturated.

The saturation ratio can be estimated with the following formula

1

Rs =

where

I = infiltration rate (m/yr)

= saturated hydraulic conductivity (m/yr), and

b = soil-specific exponential parameter.

The hydraulic conductivity of soil is the ability to allow movement of water through

the soil medium when subjected to a hydraulic gradient, or pressure. Saturated

hydraulic conductivity is the hydraulic conductivity when the medium is saturated.

Hydraulic conductivity is also referred to as permeability.

The last parameter in the leaching model equation is the retardation factor. The

retardation factor is the ratio of average pore water velocity to radionuclide

transport velocity. If the adsorption-desorption process Is assumed to approximate

a linear Freundlich isotherm, the formula for the retardation factor is

(next page)
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where

Pb = bulk soil density (g/cm®)

Kb = distribution coefficient (cm®/g), and

0 = volumetric water content.

The distribution coefficient is the equilibrium concentration of the adsorbed

radionuciide in soil to the desorbed radionuciide in water.

5.2 Dose Assessment

RESRAD uses Dose Conversion Factors (DGFs) to determine dose; it does not

model transport of radionuciides within the body. The DGFs in RESRAD for

inhalation dose are committed effective dose equivalent received per unit intake of

radionuciide;

DCF=—

where

Hg = committed effective dose equivalent, and

E = exposure to unit quantity of radionuciide.

Committed effective dose equivalent can then be determined by multiplying the

dose conversion factor by the exposure to a given quantity of radionuciide. DGFs

used in RESfRAD were taken from a DOE Report (1988). DGF values similar to

those in the DOE Report were calculated by Eckerman et al. (1988) for an EPA

report.
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Committed effective dose equivalent is the sum of the committed doses equivalent

to individual organs, H-r, multiplied by their respective weights, Wj (Killough and

Eckerman, 1983):

T

Weighting factors are derived from values for organ-specific risk per unit dose

equivalent to the organ. The risk is that of stochastic fatal health effects, which are

assumed to be a function of dose and without threshold. Examples are malignant

disease such as cancer and genetic disorders. Nonstochastic effects are related to

a threshold value after which acute radiation effects appear such as cataracts and

skin burns (Kiiiough and Eckerman, 1983). Table 5-1 provides the organs

considered in the effective dose equivalent and their corresponding values of risk

and weighting factor (iCRP-26, 1977). A weighting factor of 0.06 is applied to the

five organs or tissues not given specific weighting factors that receive the greatest

dose equivalent (0.30/5=0.06).

The committed dose equivalent is the total dose equivalent that an organ would

receive over a 50-year period following exposure. Fifty years represents a general

working lifetime. Dose equivalent, H, to an organ is calculated with the following

formula from Kiiiough and Eckerman (1983):

H = [H(P) p(F) dV(P)]
M J

(next page)
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Table 5-1: Stochastic risk and weighting factors for organs considered In the
effective dose equivalent

Organ/tissue (T) Risk (rem"*) Weight (Wt)

Gonads 4.0 E-5 0.25

Breast 2.5 E-5 0.15

Red marrow 2.0 E-5 0.12

Lung 2.0 E-5 0.12

Thyroid 5.0 E-6 0.03

Bone surfaces 5.0 E-6 0.03

Remainder 5.0 E-5 0.30

Total 1.65 E-4 1.00

Source: International Commission on Radioiogicai Protection, 1977, iCRP
Publication 26, Pergamon Press, Inc., Oxford.
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where

M = mass of the organ

R = region of space that the organ occupies

H(P) = dose equivaient at point P

p(P) = iocai mass density, and

dV(P) = Iocai volume element.

The integral is taken over ail points within the region R that the organ occupies.
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6.0 RESRAD Results

6.1 Parameters for ttie Generic Scenario and Ranges for Sensitivity Analysis

The RESRAD dose assessment Is performed with an initial Pu-239 soil

concentration of 1 pCi/g. The activity of Pu-240 is included with that of Pu-239, and

concentrations of other radionuclides are relative to the 1 pCi/g initial concentration

for Pu-239,240. The purpose is to obtain a total, normalized dose (committed

effective dose equivalent for all radionuclides per pCi/g of initial Pu-239,240 activity)

that can be scaled to actual stratum contamination values for Pu-239,240 at

Area 13.

The values used for the parameters in the dose assessment are approximate. The

importance of the various parameters is judged using RESRAD's sensitivity analysis,

and important parameters are subjected to additional research to form a reasonable

bound on the parameter range. The parameters used in the dose assessment are

for a generic scenario (i.e., they are generally for undisturbed land and/or are not

specific to a given land-use scenario). After the initial dose assessment and

sensitivity analysis, the effects that the residential-farmer and industrial-worker

scenarios could have on the sensitive parameters is considered and, if possible,

quantified.

Sensitivities of the parameters are judged with respect to their effect on the dose

from Pu-239. All parameters for which RESRAD sensitivity analysis can be applied
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and that affect Pu-239 dose are considered in the sensitivity analysis conducted for

this study. A parameter is varied for sensitivity analysis by RESRAD using the

factor F. This factor is derived using the percent variation of the range, R, with the

following formula: F = 1 + 0.01 x R. Therefore, a range (R) of 300% would

convert to a factor (F) of 4. The value of the parameter is multiplied by F to obtain

the upper value and divided by F to obtain the lower value. Sensitivity of the

parameter is judged by viewing a graph of three plotted values: the lower value, the

base value, and the upper value.

The approximate range for each parameter is derived by either judgement of data,

or if sufficient data were not found, then the range is chosen arbitrarily. The

parameter ranges do not necessarily correspond with the generic scenario (i.e.,

some of the ranges take into account the variations that could occur with land-use

scenarios).

Values for the RESRAD model parameters used in the dose assessment and

descriptions of the values are given in Table 6-1 parts "A" through "G" (titles for

each part are given in the next paragraph). If the parameter was subjected to

sensitivity analysis, immediately below the parameter value is its approximate range,

if the range was chosen from judgement of data, then specific values are given for

the range. If the range was chosen arbitrarily, then the percent variation of the

range is given. Discussion of the parameter ranges used in the sensitivity analysis

is also included in the parameter descriptions in Table 6-1.
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The RESRAD computer model requires the user to Input data for the inhalation

pathway In seven different screens (sections). Data provided in Table 6-1 for the

model are organized according to these divisions: Contaminated zone parameters

are in Part A; Initial soil concentrations are in Part B; Cover and contaminated zone

hydrological data are in Part C; Distribution coefficients and leach rates are in

Part D; External gamma and dust inhalation parameters are in Part E; Ingestion

pathway data and nondietary parameters are in Part F; and Inhalation dose

conversion factors are in Part G.

6.2 RESRAD Results for Generic Parameter Set

6.2.1 Pu-239 and U-235

RESRAD results for the generic parameter set and radionuclides Pu-239 and U-235

are given in Figures 6-1 and 6-3, respectively. Figures 6-2 and 6-4 concern non-

leaching scenarios for the radionuclides. The graphs are semi-logarithmic (the x-

axis is logarithmic scale) with the committed effective dose equivalent in mrem

accumulated per year plotted as a function of year after initial time (year after

material placement) up to 100,000 years. Year 1, the beginning time in the graph,

would be 1 year after initial time. Therefore, since the test at Area 13 was

conducted in 1957, Year 1 represents 1958.

In Figure 6-1, the curve begins at approximately 0.24 mrem/yr at 1 year and drops

off gradually to about 0.01 mrem/yr at 100,000 years. The drop In the curve is

because of a combination of radioactive decay and leaching by infiltrating
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rainwater. The majority of the drop is because of radioactive decay; the effect of

leaching is relatively small when compared to radioactive decay. To demonstrate

the dominance of radioactive decay in this instance, Figure 6-2 graphs the dose per

year for the plutonium source being depleted by radioactive decay only. A visual

comparison of Figures 6-1 and 6-2 will reveal that the graphs are nearly identical.

Several factors cause the small effect that leaching has on the depletion of

plutonium. The first factor is the magnitude of the distribution coefficient of

Plutonium. The distribution coefficient is the ratio of the mass of radionuclide

adsorbed or precipitated onto unit mass of soil versus the solute concentration.

The higher the distribution coefficient, the lower the concentration of the

radionuclide in infiltrating water. In addition, the amount of infiltrating rainwater is

low because of the small amount of yearly rainwater and high evapotranspiration

and runoff at NTS.

The curve for U-235 in Figure 6-3 begins at about 1.3 E(-9) mrem/yr at 1 year, rises

gradually to the time of about 1600 years, and then drops off to zero dose at

approximately 30,000 years. The gradual rise is because of ingrowth of uranium

from decay of plutonium. Because of the relatively low distribution coefficient of

50 cm®/g used for uranium, the drop in Figure 6-3 is mainly due to leaching. The

half-life of U-235 is 7.04 E(8) years. Figure 6-4 shows what the dose accumulated

per year for uranium would be if no leaching of the source occurred. If the of

U-235 at Area 13 is closer to 23,000 cm7g versus 50 cmVg (see Table 6-1 d).
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Figure 6-4 would depict the actual case better than Figure 6-3. Figure 6-4 shows

that, In the time frame of 100,000 years, uranium Is produced from plutonlum faster

than It can decay, so the graph Is continually Increasing. Regardless of the

uncertainties Involved In determining the dose from U-235, Its dose Is so small that

It can be neglected for practical purposes.

6.2.2 Pu-241 and Am-241

The RESRAD results for the generic parameter set and the radlonuclldes Pu-241

and Am-241 are given In Figure 6-5. RESRAD calculations combine the dose for

the two radlonuclldes. The graph Is seml-logarlthmic (the x-axIs Is logarithmic

scale) with the committed effective dose equivalent In mrem accumulated per year

plotted as a function of year after Initial time up to 100,000 years.

The graph rises because of Ingrowth of Am-241 from the decay of Pu-241, and then

begins to fall as decay of Am-241 Is more dominant than Its production. At zero

years (not on graph), all of the dose Is due to Pu-241. At 73.3 years, where the

peak occurs, most of the dose (about 99%) Is due to Am-241. Similarly to the

Pu-239 case described In Section 6.2.1, the decrease In dose over time Is mainly

because of radioactive decay versus leaching.

The relative contributions from Pu-241 and Am-241 to the dose In Figure 6-5 are

calculated from an analysis of Figure 2-2, which Is repeated here as Figure 6-6.

From Figure 6-6, the period of time after Initial time that appears to be the highest
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in activity is the period between 0 and 75 years. At zero years, Pu-241 activity is at

its maximum. At about 50 years, Pu-241 activity is equal to that of Pu-239, and

Am-241 activity is nearly at its maximum. At 73.3 years, Am-241 reaches its peak,

and the activity of Pu-241 is equal to that of Am-241.

The dose incurred by each radionuclide is a function of both its activity and its

potential to inflict bodily harm; the latter is represented in the dose conversion

factor. Doses from Pu-241 are small relative to its activity because of its low dose

conversion factor. The low dose conversion factor of Pu-241 is because of the

relatively less harmful effect of inhaling a low-energy beta particle when compared

to inhaling a high-energy alpha particle from Pu-239 or Am-241. Table 6-2 contains

the data needed to calculate the relative dose contributions (the table also contains

data for Pu-239). The two calculations outlined in Table 6-2 are made for 0 years

and 73.3 years. If Figure 6-5 is extrapolated to year zero, 100% of the dose would

be from Pu-241 since no Am-241 has formed. The contribution of Pu-241 to total

dose is approximately 13% at year zero. At year 73.3, about 99% of the dose in

Figure 6-5 is because of Am-241. Am-241 represents approximately 28% of the

total dose at year 73.3.

6.2.3 Total Dose

Calculation of percent contribution to total dose from radionuclides Pu-239, Pu-241,

and Am-241 for years 0 and 73.3 after initial time is outlined in Tabie 6-2. These

calculations are based on Figure 6-6. At year zero, Pu-239 and Pu-241 contribute
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87% and 13%, respectively. At year 73.3, Pu-239 and Am-241 contribute 72% and

28%, respectively.

Table 6-3 illustrates addition of the dose curves in Figures 6-1 and 6-5 for the

radionuclides Pu-239, Pu-241, and Ann-241. Because the dose for Pu-241 and

Am-241 was calculated relative to 1 pCi/g of initial Pu-239 activity, the total dose is

also relative to 1 pCi/g of initial Pu-239 activity. Recall that the activity of Pu-240 will

be included with that of the Pu-239. Including Pu-240 activity with Pu-239 activity is

conservative because it will increase the relative amount of Pu-241, Am-241 dose;

this is under the assumption that Pu-240 activity was not included with Pu-239

activity in Figures 2-2 and 6-6. The result of the addition in Table 6-3 is therefore a

total, normalized dose (committed effective dose equivalent, mrem/yr, for all

radionuclides per pCi/g of initial Pu-239,240 activity). The doses are added for

various points in the two curves to produce the total dose. Note that the total dose

in Table 6-3 is greatest at year 73.3, followed by year 400. Year one is third in

magnitude.

6.3 Sensitivity Analysis Results

The parameters subjected to sensitivity analysis are summarized in Table 6-4. The

table contains the nominal parameter values, the upper and lower values of the

ranges, the percent variation of the ranges, the range types, and the figures that

display the RESRAD-generated sensitivity graphs.
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If the parameter's range was chosen from judgement of data, the upper and lower

values of its range are given along with the corresponding percent variation. If the

range was chosen arbitrarily, then only the percent variation is given. The nominal

values listed in the table are used as a base for RESRAD percentage variation. If

the range is arbitrary, then the nominal values are identical with the values used in

the generic scenario. If the range is from judgement of data, the nominal values

are, in most cases, different from the values used in the generic scenario. Due to

the method of percent variation, the nominal values need to be closer to the lower

value of the range (they are not the half-way point in the range).

Sensitivities of the parameters are judged using a visual inspection of the graphs

generated by the RESRAD sensitivity analysis option. By comparing the graphs,

one can also see the relative sensitivities of the parameters. The sensitivity of each

parameter is because of a combination of two factors: (1) the percentage variation

of the parameter range, and (2) the function of the parameter in the equations of

the RESRAD model.

Sensitivities of the parameters are judged with respect to their effect on the dose

from Pu-239. Therefore, the appearance of the RESRAD-generated sensitivity

graphs is similar to Figure 6-1. For the parameters that have nominal values

different than the vaiues in the generic scenario, the corresponding curve for the

nominal parameter in the sensitivity graph will be slightly different from the curve in

Figure 6-1.
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Sensitivity analysis graphs are provided in Figures 6-7 through 6-22. Three lines

total are plotted in the graphs: the lower value, nominal value, and upper value.

Because of the low sensitivity of some of the parameters, the upper and lower

value lines are not completely visible on all the graphs.

The most sensitive parameters (in order of occurrence in Table 6-4) are the

contaminated zone thickness, evapotranspiration coefficient, Pu-239 distribution

coefficient, inhalation rate, mass loading factor, and soil mixing layer. The potential

sensitivities of these parameters are discussed in Section 6.4.
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6.4 Sensitivity Analysis Results Discussion, Discussion of the Sensitive Parameters

The most sensitive parameters (in order of occurrence in Table 6-4) are the

contaminated zone thickness, evapotranspiration coefficient, Pu-239 distribution

coefficient, inhalation rate, mass loading factor, and soil mixing layer. The results of

the RESRAD sensitivity analysis and the potential sensitivities of these parameters

are discussed in Sections 6.4.1 through 6.4.6.

6.4.1 Contaminated Zone Thickness (Figure 6-8)

The RESRAD sensitivity analysis of the contaminated zone thickness does not

appear to be useful for this study. RESRAD sensitivity of the thickness seems to be

based on uncertainties in the initial estimate of the thickness. The type of

sensitivity of contaminated zone thickness that would be useful for an Area 13

study is the changes in dose that would occur if changes in the thickness occurred

over time. The thickness at Area 13 is fairly well quantified. Seventeen years after

deposition, approximately 93 % of the Plutonium contamination at Area 13 was

mixed within the top 5 cm of soil (Gilbert et al., 1975). Most of the plutonium will

likely stay in the 5 cm layer unless disturbed.

For the case of Area 13, we are concerned with changes that could occur to the

thickness over time instead of uncertainty in the initial estimate. The most likely

change in the thickness over time would be an increase. A situation that would

increase the thickness, thereby distributing the plutonium among a greater depth,

would be plowing or tilling by a residential-farmer, (next page)
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In this case, if the contamination is evenly spread over a 10 cm layer (twice the

original thickness), the concentration and subsequent dose would be cut in half.

When RESRAD's sensitivity analysis analyzes the effect on the dose if the thickness

is greater by a factor of 2 (10 cm), RESRAD assumes that the initial thickness is

10 cm; RESRAD does not consider that the increase in size occurred after initial

time. Because RESRAD considers the uncertainty to be in the initial estimate of

thickness, the soil concentration is considered to be the same and the net amount

of contamination is greater by a factor of two. Because the concentration and

mass loading factor are still the same, the amount of radionuclide being suspended

in the air is still the same regardless of thickness, and the dose remains the same.

6.4.2 Evapotranspiration Coefficient (Figure 6-15)

Figure 6-15 shows that the lower the evapotranspiration coefficient, the lower the

dose (i.e., more water infiltrates the contaminated zone to carry away

contaminants). Using a value of 0.994 in the generic scenario is consen/ative and

seems to be the upper bound on the realistic range.

6.4.3 Distribution Coefficient (Figure 6-18)

The distribution coefficient is the ratio of the mass of radionuclide adsorbed or

precipitated onto unit mass of soil versus the solute, or leachate concentration.

Therefore, the higher the distribution coefficient, the lower the concentration of the

radionuclide in infiltrating water. When considering dust inhalation as the primary
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source of dose, a high is conservative. More piutonium is retained in the surface

soii for resuspension. A iower allows the piutonium to ieach out of the surface

soil at a faster rate.

Values for the distribution coefficient, K<j, were taken from the RESRAD manuai

(Yu et ai., 1992, p. 235, 239). For soils and clays, = 2000 cm7g, for sand,

= 200 cm7g, for pH = 7, = 8500 cm7g, and for pH = 11, = 1000 cm7g.

The pH at Area 13 ranges from 7.8 to 8.4 (Leavitt, 1974).

Bondietti and Tamura (1980) state that determining the at NTS is a complex

problem. The piutonium exists in mixed-oxidation-state species; the majority of the

piutonium is in oxidation state Pu(IV). Because the soil at NTS consists of different

components (sand, siit, and clay), the interplay between these components and the

stability of the various Pu oxidation states further complicates the problem.

The majority of the soii at NTS is sand. Sampies taken by Tamura (1975) ranged

from approximately 60 to 80 % sand by weight. The reason that for sands

(53 - 2000 ̂JXX\) is iess than for ciay (<2 /jn) could be a combination of factors.

As the size of a soil particle increases, the surface area to voiume ratio decreases

(i.e., less surface area per unit of mass of soil is available for particles to adsorb).

In addition, effective porosities for sand are greater than effective porosities for ciay

(i.e., more pore space is available in sand for infiitrating rainwater).
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Tamura (August 1992) believes the pH of a soil has more effect on K,, than the soil

type. Figure 6-23 illustrates the relationship between and pH for different soil to

solution ratios and Pu oxidation states.

Using Figure 6-23 and the range of pH at Area 13 of 7.8 to 8.4, one can

approximate at Area 13 as 2,000 to 30,000 cm®/g. This range is on the upper

side of the nominal value in Figure 6-18. As can be seen in Figure 6-18, increases

in Kd from the nominal value do not affect the dose as much as decreases from the

nominal value. If we assume the at Area 13 to be 2000 cm7g or higher, the

changes in the dose would not be significant.

6.4.4 inhalation Rate (Figure 6-19)

The inhalation rate has a one-to-one proportionality with dose. In Figure 6-19,

when the inhalation rate is increased 15% (8400/7300=1.15), the dose is also

increased by 15% (0.276/0.240=1.15).

Martin and Bloom use a value of 7300 m7yr in the NAEG model (1980). This value

is recommended in ICRP-2 (1959). The default value of RESRAD is 8400 mVyr,

which is recommended in ICRP-23 (1975). Both of these values were

recommended for "reference man." Reference man (ICRP-23, 1975) is defined as

being a Caucasian male 20-30 years of age, 170 cm in height and weighing 70 kg.

Reference man is assumed to spend, per day, 8 hours working at a "light activity"

pace, 8 hours doing nonoccupational activity, and 8 hours resting. Any differences
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Figure 6-23: Effect of pH on plutonlum sorption to soils
a: soil/solution ratio, 1/12.5 (Nishita, 1976)
• : soil/solution ratio, 1/10, Pu(VI) (Prout, 1958)
□: soil/solution ratio, 1/10, Pu(IV) (Prout, 1958)
o: soil/solution ratio, 1/20 (Rhodes, 1957)

Source: Bondietti, E. A., and T. Tamura, 1980, Physicochemical Associations
of Plutonium and Other Actinides in Soils, in Transuranic Elements in
the Environment, W. C. Hanson (Ed.), pp. 145-164, USDOE Report,
DOEn"IC-22800.
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in an individual from these reference man statistics will likely mean a difference in

the inhalation rate as well. An individual could have any combination of the

descriptive factors such as age, sex, race, height, weight, and activity. The

inhalation rate varies more with certain differences than with others. Differences in

weight and activity will probably have more effect on the inhalation rate than

differences in age, sex, or race.

For purposes of conservatism, the value of 8400 m7yr could be used instead of

7300 m7yr.

Although not considered in the sensitivity analysis, a factor that will influence the

inhalation rate of contaminated dust is the occupancy factor, or fraction of time the

receptor spends in the contaminated area. For conservatism, the occupancy factor

in the RESRAD model was set at 1. An occupancy factor of 1 means that the

receptor is exposed to contamination 24 hours a day, 7 days a week, for a total of

168 hours a week. This factor will change according to land-use scenarios. A

resident on the site would have the highest occupancy factor. If the resident was

living at the center of the site, the occupancy factor could be very close to 1. A

worker on the site, if working 40 hours a week, would have an occupancy factor of

about 0.24.
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6.4.5 Mass Loading Factor (Figure 6-20)

The mass loading factor appears to have the most potential for sensitivity because

a combination of its one-to-one proportionality with dose and its potential for

variability.

Anspaugh (1974) has suggested that a mass loading factor of 1 GO /.^g/m® is a

reasonably conservative estimate for normal weather conditions at NTS and can be

used for predictive purposes. This value is used in the NAEG model. The mass

loading factor observed during the cascade impactor run at the GMX site of NTS

was measured as 70 /^g/m®. The RESRAD default for the mass loading factor is

200 yug/m®.

The mass loading factor can be approximated using the resuspension factor, which

is the ratio of air concentration (curies per cubic meter) to surface soil

concentration (curies per square meter). Resuspension factors varying from

9.1 E(-11) m"' to 5.4 E(-9) m"' (Romney et al., 1987) were calculated at NTS from

measurements of surface soil and air concentrations. The geometric mean and

arithmetic average of these calculations are 2.9 E(-10) m"' and 6.8 E(-10) m \

respectively. If it is assumed that the radioactivity of one square meter is

associated with 50 kg of soil (5 cm depth x E(4) cm7m^ x E(-3) kg/cm® soil), a

resuspension factor of 1 E(-10) m'^ is equivalent to a mass loading factor of 5 //g/m®

(1 E(-10) m"^ X 50,000 g/m® = 5 E(-6) g/m®). Using this conversion technique, the

range of 9.1 E(-11) m"' to 5.4 E(-9) m"^ converts to 4.55 /.^g/m® to 270 Aig/m^
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respectively. The geometric mean and arithmetic average of 2.9 E(-10) m"' and

6.8 E(-10) m"' convert to 14.5 and 34 yug/m®, respectively. The geometric

mean and arithmetic average of the range, after conversion to mass loading factor

units, are lower than both the measured value of 70 /.^g/m® and the suggested

modeling value of 1 GO //g/m®. However, the extreme of the range, 270 /^g/m®, is

higher than both 70 and 100 /zg/m®.

Data from 1966 by the NAPCA gives mass loading factors for 217 urban and 30

non-urban stations. The annual arithmetic averages for the urban stations varied

from 33 /ig/m® for St. Petersburg, Florida to 254 /ug/m® for Steubenville, Ohio. The

mean arithmetic average for the urban stations was 102 /^g/m®. The averages for

the non-urban stations varied from 9 /^g/m® for White Pine County, Nevada to

79 A^g/m® for Curry County, Oregon. The mean arithmetic average for the non-

urban stations was 38 yug/m®. The measured extremes of this variable for various

U.S. localities are approximately 5 E(-7) to 0.5 grams/m® (0.5 to 5 E(-5) /^g/m®,

respectively).

The mass loading factor can vary significantly according to weather phenomena.

"Dust devils" commonly occur at NTS and could temporarily increase the mass

loading factor. "Dust devils" are similar to tornados except less powerful In

magnitude.

In addition to possible variations according to the weather, the mass loading factor
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can also vary significantly according to land-use scenarios. Any activity that

disturbs the surface soii couid raise the mass loading factor above its vaiue for

ambient conditions. A residential-farmer could raise the mass loading factor in any

number of ways such as agricultural plowing, tiiiing, and cultivating, or using

transport vehicies. If the farmer was involved in ranching activities, his/her cattle or

dairy herd couid increase the mass ioading factor by roaming and grazing. An

estimated mass loading factor for agriculture-generated dust is 300 //g/m^

(Oztunali et al., 1981). Mass loading factors as high as 1.3 g/m® (1.3 E(6) ̂ g/m®)

have been measured for instantaneous mass ioading during tilling (Yu et ai.,

December 1992).

Removing soil, such as removal for sampling or cleanup, would be an example of a

way a worker at the site could raise the mass loading factor. Wetting of the soil

prior to removal would reduce resuspension.

6.4.6 Soii Mixing Layer (Figure 6-22)

Seventeen years after deposition, approximately 93 % of the plutonium

contamination at Area 13 was mixed within the top 5 cm of soil (Gilbert et al., 1975).

From this observation, one can approximate the soil mixing iayer as 5 cm. Unless

the surface soil is disturbed, most of the plutonium wili likely stay in the 5 cm iayer.

At Area 13, a realistic scenario for the future would be an increase in the soii mixing

layer. This increase in the soii mixing layer would be because of a disturbance of
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the surface soil, and the subsequent increase in the contaminated zone thickness

to the size of the soil mixing layer could be simultaneous or gradual, if plowing by

a residential-farmer was performed on the surface soil, the soil mixing layer and

contaminated zone thickness would increase simultaneously. If a large vehicle

were to travel over the surface soil, the upper layers of soil could be loosened,

increasing the soil mixing layer, and promoting a gradual change in the

contaminated zone thickness.

An increase in the size of soil mixing layer and thickness would spread the

contamination over a greater depth, reducing concentration and subsequent dose.

In Figure 6-20, when the soil mixing layer is greater by a factor of two, the dose is

less by a factor of two.

6.5 Normalized Dose Results Scaled to Area 13 Stratum Contamination Values

In Section 6.2.3, Table 6-3, Normalized Dose results (committed effective dose

equivalent, mrem/yr per pCi/g of Pu-239,240) as a function of year after initial time

were calculated for the radionuclides Pu-239, Pu-240, Pu-241, and Am-241. The

purpose of Section 6.5 is to scale the normalized dose results to the activity of the

six different strata at Area 13. The results of Table 6-3 are summarized in Table 6-5.

Table 6-6 performs the scaling of the total, normalized doses in Table 6-5. The

initial activity of Pu-239,240 for each stratum is multiplied by the total doses for the

various years after initial time in Table 6-5. The result is a matrix of doses as a
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function of stratum and time. For example, for Year 1 and stratum 1, the dose is

10 mrem/yr ((36 pCi/g of initial Pu-239,240 activity) X (0.278 mrem/yr per pCi/g of

initial Pu-239,240 activity) = 10.0 mrem/yr).

The numbers for initial Pu-239,240 activity in Table 6-6 were actually measured

approximately 17 years after the initial time of 1957 (Gilbert et al., 1977). However,

because the half-life of Pu-239 is 24,100 years, these numbers differ from the

activities at initial time by only a factor of about 0.0005 (0.05%).

The results in Table 6-6 are illustrated graphically in Figure 6-23. The dose

(mrem/yr) for each stratum is plotted as a function of year after initial time.

6.6 Compliance with Department of Energy Standards

6.6.1 DOE Order 5400.5: 100 mrem/yr to Pubiic

The current DOE standards for protection of the public and the environment are

contained in DOE Order 5400.5, issued by DOE in February 1990. The DOE is now

proposing to promulgate the standards to law in 10 Code of Federal Regulations

(CFR) Part 834. The proposed rule was published for comment in March 1993, and

differs from DOE Order 5400.5 in format rather than substance.

The primary dose limit to members of the general public is 100 mrem/yr effective

dose equivalent for a combination of external and internal exposures. This limit

was recommended in ICRP-26 (1977) and is based on the prevention of stochastic
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(probabilistic) radiation effects. The ICRP concluded that risks relating to the limit

of 100 mrem/yr are consistent with the public's general "level of acceptance" for

risks, which is the range of 1 E(-6) to 1 E(-5) per year. DOE did not set limits for

non-stochastic (deterministic) effects because the limit for protection against

stochastic effects is well below the threshold for non-stochastic effects. Non-

stochastic effects occur only after a threshold dose is exceeded. Examples of such

effects are cataracts and skin burns. Radiation-induced cancer is an example of a

stochastic effect. The DOE assumes that stochastic effects can occur without a

threshold (i.e., it is assumed that any exposure, even a low exposure, can cause

adverse health effects): therefore, DOE requires that the As Low As Reasonably

Achievable (ALARA) concept be implemented in addition to the primary dose limit.

In the case of residual radioactive material, such as the plutonium at Area 13,

Argonne National Laboratory, through the support of DOE, developed the RESRAD

computer code for calculating doses and RESiduai RADioactive Material Guidelines.

RESRAD was developed to aid in implementing the limits and applying the ALARA

process required by DOE Order 5400.5.

For analyzing Area 13's compliance with the 100 mrem/yr primary limit of DOE

Order 5400.5, we examine the dose values given in Table 6-6. Up to the year 1000,

doses calculated for strata three through six exceed the limit. At year 10000, values

in strata four through six exceed the limit, (next page)
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At year 30000, values In strata five and six exceed the limit, and at year 1 E(5), only

the value in stratum six exceeds the limit.

DOE Order 5400.5 states that site-specific soil activity concentrations should be

achieved that yield doses below the specified limits and that satisfy ALARA. For

scenarios that have a fairly high probability of occurring within the first 50 years

after release of the property, the activity limits selected should ensure that doses to

individuals on the property are well below the primary dose limit and are ideally on

the order of a few mrem in a year. For scenarios that have a low probability of

occurring immediately after release or over the long term, a large fraction of the

100 mrem/yr dose limit is acceptable.

A future land-use probability investigation for Area 13 was not performed in this

study. The probability of a residential-farmer at Area 13 would have to be

considered along with probabilities of other possible future land-uses to determine

appropriate land-release criteria. In addition, special consideration must be given

to Area 13 due to its location on NAFR. As long as national security is a concern,

NAFR will probably be needed by the Air Force. Therefore, Area 13 probably will

never be released.

6.6.2 DOE Radiological Control Manual: 5 rem/yr to Workers

The DOE Radiological Control Manual was developed to protect occupational

workers from overexposure to radiation. A fundamental principle of the manual
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taken from the Radiation Protection Guidance to the Federai Agencies for

Occupationai Exposure (signed by President Reagan in January 1987) is

There shouid not be any occupationai exposure of workers to ionizing

radiation without the expectation of an overail benefit from the activity

causing the exposure.

The Reynolds Eiectricai & Engineering Company, Inc. (REECo), site contractor for

DOE Nevada Operations, has prepared a site specific manual, the Nevada Field

Office / Yucca Mountain Project (hiV/YMP) Radiological Control Manual (DOE, 1992),

to implement the limits and procedures outlined in the DOE Radiological Control

Manual.

The DOE Radiological Control Manual sets dose limits for the whole body and

individual organs. The whole body dose limit is 5 rem (effective dose equivalent).

This whole body dose is for a combination of internal and external exposures. The

dose limit for any organ or tissue and skin is 50 rem (dose equivalent), except for

the lens of the eye, which has a limit of 15 rem. These limits were suggested in

iCRP-30 (1981). in addition to setting dose limits, the manual states that exposures

should be as low as reasonably achievable (ALARA).
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None of the doses calculated for the Area 13 strata exceed the 5 rem/yr

(5000 mrem/yr) whole body limit.

The next step Is to analyze compliance with the 50 rem organ or tissue limit.

Weighting factors are defined in ICRP-30 (1981) to convert dose equivalents, HtS,

for the various organs and tissues to a whole body effective dose equivalent, He. If

the doses to the organs and tissues and the whole body are calculated for a

50-year period following internal exposure, then the dose is a committed dose. The

committed effective dose equivalent is

^50JE ~ ̂  ^50,T
T

Killough and Eckerman (1983) have calculated committed doses equivalent to

organs and tissues of the body from a unit intake by inhalation or ingestion of

various radionuclides and have summed these doses using the above equation to

yield committed effective doses equivalent (whole body doses). The results of

calculations by Killough and Eckerman (1983) for inhalation of a unit intake of

Pu-239 (1 Bq or 1 disintegration/second) are given in column 2 of Table 6-7;

committed doses equivalent are listed for various organs and tissues. All organs

given weighting factors by the ICRP are listed in the table. The remainder organs

are considered to be the five highest irradiated tissues for which specific weighting

factors were not assigned. In addition to listing the calculations of Killough and

Eckerman, Table 6-7 lists the relative committed doses equivalent that would be

received by the various organs and tissues in order for a worker to receive 5 rem
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committed effective dose equivalent. The committed effective dose equivalent for a

1 Bq intake of Pu-239 is 9.19 E(-3) rem. To receive a committed effective dose

equivalent of 5 rem by inhalation, the relative committed doses equivalent that

would be received by the various organs and tissues are listed in column three.

These numbers were calculated using the numbers in column two. For the lungs,

3.23 E(-2)/9.19 E(-3) = x/5, x = 18.1. The committed doses equivalent in column

three were multiplied by weighting factors in column four to obtain the numbers in

column five, which add up to the 5 rem committed effective dose equivalent.

On the assumption that 100 % of the whole body dose is because of inhalation, if

the whole body dose is 5 rem, only the dose for endosteal bone surfaces of 51.7

rem exceeds the 50 rem organ or tissue limit set in the manual. Generally, it seems

reasonable for Area 13 that if a worker is in compliance with the 5 rem whole body

limit, then the worker is most likely also in compliance with the 50 rem organ or

tissue limit.

Various scenarios are possible for worker exposure. DOE Nevada Operations and

site contractor REECo are planning cleanup for Area 13. In preparation for

cleanup, workers obtain soil samples for laboratory analysis. Exposure to the

contamination during sampling is low. The workers are only on the site a short

period of time to obtain samples, and the soil is wetted to reduce suspension of

soil particles.
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A worker scenario that has much greater potential for exposure is that of the

remediation worker. Contaminated surface soil will be removed from the site and

cleaned at an off-site area. The proposed method for removing the surface soil is a

rotomiii pavement trimmer. The crucial factor to consider in determining exposure

potential is the mass loading factor. The act of removing soil could highly elevate

the mass loading factor above its value for ambient conditions. A precaution to

reduce the greater risk of a higher mass loading factor is the wetting of the soil

prior to removal. Another precaution that will likely be taken during soil removal is

the wearing of special breathing apparatuses by the workers.

For conservatism, the doses in Table 6-6 were calculated for an occupancy factor

of 1. An occupancy factor of 1 means that the receptor is exposed to

contamination 24 hours a day, 7 days a week, for a total of 168 hours a week. A

worker on the site, if working 40 hours a week, would have an occupancy factor of

about 0.24. A worker with an occupancy factor of 0.24 would receive 0.24 of the

dose that a worker with an occupancy factor of 1 would receive.
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7.0 Discussion of Results

The objective of this study is to analyze the potential hazard of plutonium at

Area 13 for current and future human land-use scenarios. The generic dose

assessment produced results in terms of normalized doses (mrem/yr per initial

pCi/g) as a function of year after initial time; these doses were scaled to the

concentrations of the Area 13 strata. The stratum doses were used to analyze

compliance of the land-use scenarios at Area 13 with DOE standards. Each step

taken in the study adds more uncertainty to the study and its results. To

understand the accuracy and appropriateness of this application of RESRAD and its

results, we will briefly analyze the assumptions used to obtain the results, the

subsequent uncertainties in the results from these assumptions, and uncertainties

in applying the results.

To address the assumptions and uncertainties in this study, we attempt to answer

the following questions. What assumptions were made to obtain values for the

RESRAD model parameters? What assumptions were made in using the equations

of the RESRAD model (i.e., how accurate are the equations in modeling natural

phenomena)? What assumptions were made in applying the RESRAD results to the

strata of Area 13? In what ways do these assumptions create uncertainties in the

results? What assumptions were made in applying the dose results to analyze

compliance of land-use scenarios at Area 13 with DOE standards?
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The discussion of assumptions used to obtain the results, subsequent uncertainties

in the results, and uncertainty in applying the results to analyze compliance with

DOE standards will be used to lead into a discussion about the usefulness of this

study, especially in light of DOE plans to clean up the safety shot areas. This

discussion will include mention of efforts by DOE to plan and conduct cleanup at

the TRC, applicability of the study results to administrative and regulatory decision

making, and applicability of RESRAD to modeling environmental transport and

determining dose at Area 13. An outline of the contents of this chapter is given in

Figure 7-1.

7.1 Assumptions and Uncertainties in RESRAD Model Parameters

For the generic dose assessment, values used for the parameters were

approximate values. These approximate values were determined using a literature

search for data and a subsequent analysis of this data. For most of the

parameters, determining these approximate values required judgement and

assumptions. Every approximate value used will create some uncertainty in the

results. The purpose of the sensitivity analysis was to lead us to parameters for

which the variations might have a significant effect on the results (i.e., "sensitive

parameters"). From this sensitivity analysis, six parameters were found to be

potentially sensitive. These values are the contaminated zone thickness,

evapotranspiration coefficient, Pu-239 distribution coefficient, inhalation rate, mass

loading factor, and soil mixing layer. These parameters, therefore, have the

potential to add more uncertainty to the results than the other parameters, (next page)
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Figure 7-1: Outline of discussion sections
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Variations in these parameters that could occur according to activities of human

land-users are discussed in Sections 7.5.1 and 7.5.2.

An analysis of model uncertainty from parameter uncertainty is not within the scope

of this study; however, a brief discussion is appropriate. From Chapter 6, to obtain

the annual intake, E(t) (Ci/yr), of radionuclide by dust inhalation, an environmental

transport factor ETF(t) (g/yr) is multiplied by the concentration, S(t), of the

radionuclide in the soil (Ci/g). The ETF is expressed as

ETF{ t) = ASR X FA X FCD{t) x FO x FI

where

ETF{t) = environmental transport factor at time t for dust

inhalation of radionuclide (g/yr)

ASR = average mass loading of airborne contaminated soil

particles (g soil/m® air)

FA = area factor (dimensionless)

FCD(t) = cover and depth factor (dimensionless)

FO = occupancy factor (dimensionless), and

FI = annual intake of air (m7yr).

Because of the multiplicative nature of RESRAD's inhalation model, uncertainties in

each parameter of the above equation multiply, and hence uncertainties in the

annual intake, E(t), accrue multiplicatively. The leaching model creates uncertainty

in the annual intake because of its effect on uncertainty of the soil concentration,
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S(t). For a detailed description on procedures for conducting uncertainty analysis,

one can refer to Hoffman and Gardner (1983).

7.2 Uncertainties in the RESRAD Model Equations

in addition to uncertainties in the parameters, uncertainties in the accuracy of the

RESRAD model equations can lead to uncertainties in the results. The equations

are approximations of natural phenomena. Under the hypothetical situation that ail

model parameters were highly accurate, how well would the equations model the

actual situations in nature?

The two categories of equations from the RESRAD model used in this study,

atmospheric modeling with the mass loading factor and the leaching model, are

described in the next two sections.

7.2.1 Atmospheric Modeling

The atmospheric model of RESRAD uses the mass loading factor to model

resuspension. Numerous uncertainties can arise in the use of this model. The

model assumes that the specific activity of aerosol (pCi/g) will approximate the

specific activity of soil (pCi/g). Use of Tamura's soil piutonium index and EPA's

enrichment factor in Chapter 3 analyzed the accuracy of this assumption. These

measures accounted for the distribution of piutonium among the particle sizes and

the particle size distribution of the aerosol. Using these parameters, it was found

that, at Area 13, the specific activity of aerosol could be 1.3 to 2.0 times greater
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than the specific activity of soil. These caicuiations did not account for mixing of

the aerosoi with aerosoi from surrounding strata or for dilution of the aerosol by

uncontaminated dust blown in from uncontaminated areas. No adjustment was

made in this study to account for the potential difference between specific activity

of soil and specific activity of aerosol.

The RESRAD model attempts to account for dilution of contaminated aerosoi by

uncontaminated aerosol with the parameter dilution length. The dilution iength

depends on wind speed, mixing height, resuspension rate, and thickness of the

resuspendibie dust layer (Gilbert et al., 1983). Sensitivity of the dilution length with

respect to its possibie effect on results becomes less important for larger areas

such as Area 13.

7.2.2 Leaching Model

For this study of inhaiation dose at Area 13, the leaching modei in RESRAD is used

to modei the decrease in activity of the contaminated zone because of ieaching by

infiltrating rainwater. RESRAD's leaching modei is also designed to model the

movement of contaminants to groundwater; this type of modeling wouid be useful

in a study of possible ingestion dose.

For this study, the results of RESRAD indicate that leaching is not a cruciai issue

(i.e., the decreases in the activity of the contaminated zone because of leaching do

not significantiy affect inhaiation dose). This is because of a combination of severai
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factors. Area 13 has a relatively low amount of precipitation and relatively high

evapotranspiration coefficient, which means that not much water is infiltrating the

soil. Of the water that does enter the soil, not much of this water is able to carry

away contaminants because of the high distribution coefficient of plutonium

(Plutonium is strongly adsorbed to the soil) and the particulate nature of the

element.

Decreases in the doses calculated by RESRAD for Pu-239, Pu-241, and Am-241

(see Figure 6-1 and Figure 6-5) were mainly because of radioactive decay.

Decreases in the activity of the contaminated zone were calculated by RESRAD for

leaching and radioactive decay only. Several other factors that could deplete the

contaminated zone were not accounted for by RESRAD. Depletion by runoff

(rainwater washing contaminated soil off-site) and erosion was not accounted for by

RESRAD. The runoff coefficient used in RESRAD was only used to approximate the

amount of rainwater that penetrates the surface. Resuspended contaminants in

aerosol can be transported off-site by wind (this is a type of erosion). Although

RESRAD does model dilution of contaminated aerosol by uncontaminated aerosol

blown in from off-site, it does not model the amount of contaminated aerosol blown

off-site.
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7.3 Other Assumptions

7.3.1 Plutonium Concentrations in Soil

Variations occur in the concentrations of Pu-239,240 in soii at the safety shot areas.

Vaiues were reported by Giibert et al. (1975, 1977) in terms of a range; mean ±

standard error (SE) (SB = s/(n)^'^ where n is the number of samples). The mean of

the range for each stratum at Area 13 was used to scale the normalized doses.

Variations in the concentrations of Pu-239,240 at Area 13 have a significant effect

on potential doses. The concentration of the source term has a direct effect on

dose; an increase in the concentration of the source term by ICQ % would also

increase dose by ICQ % (assuming ail other factors remained constant).

in addition, uncertainties exist in the relative quantities of the plutonium isotopes

(Pu-239, Pu-240, and Pu-241) assumed for this study. Pu-240 specific activity is

assumed to be Pu-239 specific activity, which appears to be a conservative

assumption because the half-life of Pu-240 is less than that of Pu-239. The initial

ratio of Pu-241 activity to Pu-239 activity is assumed to be 8.3, and ingrowth of

Am-241 from decay of Pu-241 is modeled based on this ratio.

7.3.2 Radionuclide Contribution to Dose

Pu-239,240, Pu-241, and Am-241 at Area 13 were considered in this dose

assessment. Pu-238 was not considered. Eckart et al. (1993) determined doses

for Pu-238, Pu-239,240 and Am-241 for various iand-use scenarios at the safety

shot sites of the TRC. At Area 13, the doses calculated for Pu-238, as a
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percentage of total dose, are 0.176 % for the Inner Zone and 1.35 % for Overall.

The Inner Zone refers to the most contaminated stratum, stratum 6, and Overall

refers to area at Area 13 within the outermost fence.

7.3.3 Modes of Exposure

Inhalation was the only mode of exposure considered in this study. Nevertheless,

exposure can still occur from Ingestion and external radiation. The likelihood of

each exposure mode depends on the land-use scenario. Authors of the NAEG

model concluded that doses received from ingestion are insignificant when

compared to the doses received by inhalation for the residential-farmer, who would

have the largest ingestion dose of any land-use scenario receptor.

External dose was not considered in the NAEG model, nor was it considered in this

study. Eckart et al. (1993) calculated a rough external dose for the Inner Zone of

the Double Track safety shot site. Pu-238, Pu-239,240, and Am-241 combined

activity in nCi/m® yielded a conservative estimate for external dose that is 0.01 % of

the total dose. The total dose combined the doses from the exposure modes of

inhalation, soil ingestion, dermal contact, and external exposure.

7.4 Assumptions in Scaling Results to Area 13 Strata

In Chapter 6, the normalized doses calculated in the generic scenario were scaled

to the soil activity levels at each of the six strata of Area 13. The result of this

scaling is a matrix of doses as a function of strata and year after initial time (see
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Table 6-6). In calculating doses for each individual stratum, a key assumption is

made. The human receptor is breathing aerosol containing contaminated soil from

only one stratum at Area 13. Two assumptions are inherent in the key assumption:

the aerosol from the stratum in question does not contain contaminated aerosol

from the surrounding strata, and the receptor stays in only the stratum in question.

The human receptor, depending on the scenario, could be active at Area 13 over

an area larger that one stratum. The residential-farmer, depending on the scale of

his/her agriculture (i.e., whether for personal or for business purposes), could be

active over more than one stratum of Area 13. In the scenario of soil removal for

cleanup, the industrial-worker could also be active over more than one stratum. In

addition, the aerosol at any point in Area 13 could contain a mix of soil from the

stratum containing that point and other surrounding strata. However, because of

the large size of Area 13, the majority of aerosol at any stratum will likely be from

only that stratum. The largest stratum at Area 13, stratum two, is approximately 629

acres in size, and the smallest stratum, stratum five, is about 4.7 acres.

If a modeler wanted to determine the doses that receptors could receive as a result

of land-use activities occurring over more than one stratum of Area 13, or mixing of

contaminated aerosol from the various strata of Area 13, then the modeler could

perform mathematical weighting of the doses in Table 6-6. To weight the doses in

Table 6-6, additional research would need to be performed. To model the effect on

doses as a result of land-use over more than one stratum, assumptions would have
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to be made regarding activities by potential receptors. To model the effect on

doses as a result of aerosol mixing, wind behavior would have to be analyzed.

7.5 Uncertainty in Applying Results to DOE Standards

To debate the appropriateness of applying the results to an analysis of compliance

of human land-use scenarios with DOE standards, we examine the ways the human

receptor could affect the accuracy of this application.

7.5.1 Compliance of Residential-Farmer Scenario with DOE Order 5400.5

The first application of the doses calculated for Area 13 Is an analysis of

compliance with DOE Order 5400.5 for the residential-farmer scenario. DOE Order

5400.5 states that the effective dose equivalent (whole body dose from internal and

external radiation) to the public cannot exceed 100 mrem/yr (DOE, 1990). At year

73.3, the calculated doses reach a maximum, and doses at four of the six Area 13

strata exceed this limit.

One might ask, "How could the residential-farmer affect the model parameters?"

Many of the parameters in the model could be affected by the farmer. Perhaps

more importantly, how could the residential-farmer affect the sensitive parameters?

Of the sensitive parameters, several seem very likely to be affected by the

residential-farmer: the contaminated zone thickness, the mass loading factor, the

inhalation rate, and the soil mixing layer.
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The contaminated zone thickness and soil mixing layer, depth to which soil

undergoes mixing, are interrelated terms. The soil mixing layer is important in its

effect on the contaminated zone thickness. Over a period of time, the values for

these two parameters should be equal. A realistic change in the values for these

parameters would be an increase from their current values of 0.05 m. Agricultural

activities such as plowing or tilling are examples of activities that could increase

these parameters. An increase in size of the contaminated zone thickness would

reduce the specific activity of the soil and hence decrease dose.

The same activities that increase the contaminated zone thickness could also

increase the mass loading factor. Examples of activities that could increase the

mass loading factor are plowing, tilling, harvesting, cattle roaming and grazing, and

vehicular traffic. Variations in the mass loading factor could also occur because of

weather phenomena, such as an increase because of the high winds of a dust

devil. Most of the events that increase the mass loading factor increase it

temporarily and, in the long run, would increase the average mass loading factor.

The mass loading factor used in the generic scenario is 100 /zg/m®.

Increases in the contaminated zone thickness and mass loading factor would have

offsetting effects on the results, (next page)
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If both of these parameters doubled In magnitude, the model results would still be

the same; doubling the contaminated zone thickness would decrease the dose by

a factor of two (assuming a homogenous activity In the soil), and doubling the

average mass loading factor would Increase the dose by a factor of two.

The activities of the farmer could lead to a faster decrease In the activity of the

contaminated zone than the decrease which Is predicted by the RESRAD model.

The evapotransplratlon coefficient Is Important because It determines how much

water enters the contaminated zone (I.e., how much water Is available to leach out

contaminants). The high evapotransplratlon coefficient at Area 13 ensures that

contaminants will be around for a longer period of time. If Irrigation Is used by the

farmer, the evapotransplratlon coefficient would probably be a less crucial

parameter. Irrigation would mean more water enters the contaminated zone to

potentially leach out contaminants. However, this additional water might be taken

up by plant crops Instead of carrying away contaminants. In addition, because

plant crops draw contaminants out of the soil, each harvest would further decrease

the contaminated zone activity.

It Is possible that agitation of the soil by the farmer's activities, such as tilling and

plowing, could loosen the plutonlum that has adsorbed to the soil, decreasing the

distribution coefficient and Increasing subsequent leaching.

Strenuous activity by the residential-farmer over the course of a year could raise
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his/her yearly inhalation rate. The Inhalation rate recommended by ICRP-23,

8400 m®/yr (ICRP, 1975), accounts for different levels of activity and breathing In

determining Its value; per day, levels of breathing correspond with eight hours of

"light activity" working, eight hours of nonoccupatlonal activity, and eight hours of

resting. It Is very likely that the farmer could be Involved In eight or more hours of

"high activity" working that could raise his/her Inhalation rate over the ICRP-

recommended value.

The residential-farmer's activities on Area 13 could not only change model

parameters, but could possibly also affect the accuracy of the RESRAD model

equations. By significantly changing the surface characteristics of Area 13, the

farmer could especially affect the accuracy of the leaching model.

The activities of the residential-farmer could affect the reliability of the assumptions

used to scale the dose results to the strata of Area 13. The farmer, depending on

the scale of his/her agriculture (I.e., whether for personal or for business purposes),

could be active over more than one stratum of Area 13.

An additional uncertainty Is the time when the residential-farmer Is most likely to

reside on Area 13. At 73.3 years after Initial time, year 2030, the dose results reach

a maximum. However, It Is not likely that the land will be released for public use by

this time, (next page)
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It Is more likely that a farmer could use the land 400 years after initial time, when

the dose is about 11% less than the maximum, or at 1000 years after initial time,

when the dose is about 23% less than the maximum.

7.5.2 Compliance of the Industrial-Worker Scenario with the DOE Radiological

Control Manual

The second application of the doses calculated for Area 13 is an analysis of

compliance with the DOE Radiological Control Manual (DOE, 1992) for the

industrial-worker scenario. The manual states that the effective dose equivalent to

a worker cannot exceed 5 rem/yr. None of the doses calculated for Area 13 strata

exceed this limit.

Similar to the residential-farmer, the worker has the ability to change model

parameters. The worker scenario that has the most potential to change model

parameters is the scenario of soil removal for cleanup (cleanup scenario). Model

parameters would not have as much potential to be affected by the worker in non-

cleanup scenarios.

In non-cleanup scenarios at Area 13, the industrial-worker would probably not have

a significant impact on the contaminated zone thickness or the soil mixing layer. In

addition, effects that an industrial-worker could have on the evapotranspiration

coefficient and distribution coefficient appear to be minimal for non-cleanup

scenarios.
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Both future workers and site residents such as farmers could be affected by

changes in Area 13 that occur because of cleanup. If cleanup of the site Is

conducted, numerous characteristics of the site could change significantly. Soil

that is returned to the site after its removal and cleanup would have a lower activity.

The thickness of the contaminated zone and soil mixing layer would be different

from their current values. The values for these parameters would probably be

equivalent, and be equal to thickness of the layer of soil that is returned to the site.

The distribution coefficient would probably be different, perhaps higher, because

the Plutonium that remains in the soil might be more tightly adsorbed than the

Plutonium that was removed. The evapotranspiration coefficient might be changed

slightly because of the different physical nature of the cleaned soil. Depending on

the stabilization techniques used after the soil is returned to the site and the

physical nature of the cleaned soil, the mass loading factor couid aiso be different.

Any activity by the worker that disturbs the ground surface has the potential to raise

the mass loading factor significantly above its value for ambient conditions. The

magnitude of the increase depends on the activity and precautions taken by the

workers to reduce resuspension. During soil removal, for example, a precaution

would be wetting of the soil. In addition, the worker would likely be wearing

protective respiratory gear while performing an activity that has potential to raise the

mass loading factor.
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As with the farmer, "high activity" working over the course of a year by the

industrial-worker could raise his/her inhalation rate over the ICRP-recommended

value of 8400 m®/yr (ICRP, 1975).

Workers spend less time on the site than the residential-farmer. RESRAD results

were calculated for an occupancy factor of 1. The worker's occupancy factor

would be based on the percentage of a seven-day week that the worker spent on

site, which wouid be about 0.24 for a 40-hour work-week.

Similar to the residential-farmer, the application of singie stratum doses would be

difficult for the industrial-worker. In the scenario of soil removal for cleanup, the

industrial-worker could be active over more than one stratum at Area 13.

It is very possible that workers could be active on Area 13 at the time the calcuiated

doses reach a maximum, 73.3 years after initiai time, or about year 2030. However,

the degree to which NTS soils will be cleaned by DOE at that time is uncertain (i.e.,

which areas will be cleaned and to what level of activity).

Similar to the agricultural activities of the residential-farmer, cleanup operations by

an industrial-worker at Area 13 could not only change model parameters, but could

possibly also affect the accuracy of the RESRAD model equations. By significantly

changing the surface characteristic of Area 13, the worker could affect the accuracy

of the leaching model.
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7.6 Applicability of Results to Decision Making

Because of the previously discussed uncertainties in the results and uncertainties in

applying the results to possible land-use scenarios and DOE standards, caution

should be exercised when attempting to make administrative and/or regulatory

decisions based on this study or other similar studies.

If cleanup is performed as planned by DOE at Area 13 and other areas on the TRC,

this cleanup operation will have an impact on the way this study can be applied.

7.6.1 DOE Plans to Clean Up Plutonium-Contaminated Soil on the TRC

An effort to prepare for cleanup of plutonium-contaminated safety shot areas at the

TRC began several years ago. DOE's Nevada Operations Office, Technology

Development Division, described the three-year Research, Development, and

Demonstration (RD&D) project to cleanup the plutonium at sites on NTS, TTR, and

NAFR (May 2, 1991). Plutonium problems at other DOE sites were also under

study as part of an Integrated demonstration (ID). All aspects of cleanup were to

be investigated in the project. These aspects are "soil and vegetation removal,

volume reduction through separation of plutonium from soil and vegetation,

transportation and disposal options, site restoration including stabilization and

revegetation, and radiation detection systems to characterize sites and to monitor,

guide and certify the cleanup."

The Technology Development Division of Nevada Operations Office describes a
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more current effort at NTS in its June 1, 1993, report. Some of the activities

described in the May 2, 1991 report are still under investigation. Bench-scale

systems are being tested to determine the optimum method for separating

Plutonium from the most contaminated particle sizes, and radiation monitoring

equipment are being developed To guide excavations of contaminated soil, verify

that the area excavated is clean, and measure the activity of processed soil. . ." In

addition, the report describes risk assessment research conducted by the

University of Cincinnati (Eckart et al., 1993).

7.6.2 Key Decisions in Cleanup Operations

In conducting cleanup of the safety shot areas at the TRC, numerous decisions will

have to be made. Perhaps the most important decision is, "What is the target level

of activity for soil at the TRC safety shot areas?" (i.e., "What will be the acceptable

level of activity for soil that is not removed for cleanup, and for the soil that is

removed, to what level of activity will it be cleaned before it can be returned to the

site?"). This study or the risk assessment performed by the University of Cincinnati

(Eckart et al., 1993) could be used to aid in making decisions such as these.

However, before decisions are made, uncertainties in the results of the studies and

uncertainties in applying the results must be considered.

One method in determining acceptable residual levels of activity in soil is to predict

the most likely use of the land, and clean soil to a level of activity that is acceptable

for that land-use. This level of cleanup is performed instead of a more thorough
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cleanup that could be performed in preparation for a worst case land-use scenario

such as the residential-farmer. Cleanup by DOE for the most probable use

scenarios instead of the worst case scenarios would save DOE, and hence the

public, much money in cleanup expenses.

Possibilities for release of the land are unlimited public use, such as being made

available for purchase for private or business purposes, or for limited use such as a

recreational area for the public. To determine the probable and/or desired uses for

the land, public involvement can be solicited through community meetings attended

by government personnel.

7.6.3 Effect of Cleanup on Applicability of Results

This study was performed on the condition that no cleanup of the soils at Area 13

has been conducted. If cleanup is performed, how useful will this study be to

decision making?

If cleanup is performed, model parameters used in this study could change

significantly. The methodology used in this study to analyze potential doses to

workers and residents could still apply to the changed site. An analysis would be

necessary to determine new values for the parameters, especially the sensitive

parameters. Changes in the sensitive parameters that could occur because of

cleanup is briefly discussed in Section 7.5.2.
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This study calculated Individual stratum doses for Area 13. If soli from much of

Area 13 Is removed, cleaned, and returned to the site, the new soil activity levels at

the site could be more uniform with respect to area. This would simplify dose

assessments performed for the changed site.

7.6.4 Standards

Government standards for limiting radiation dose to the public and workers may be

used both as motivator and guide for cleanup actions. This study considered

compliance of Area 13 with DOE standards. The limit of 100 mrem/yr to the public

Is a standard In DOE Order 5400.5; this limit was suggested In ICRP-26 (1977). The

limit of 5 rem/yr to workers Is a standard in the D0£ Radiological Control Manual]

this limit was suggested In ICRP-30 (1981). These standards are currently not

required by law. DOE has proposed to promulgate the standards In DOE Order

5400.5 to law In 10 CFR Part 834. In addition to DOE, the EPA and Nuclear

Regulatory Commission have also adopted ICRP recommendations In creating

standards for radiation dose.

7.7 Applicability of RESRAD to Determining Potential Doses at hfTS

The RESRAD code makes use of general environmental transport models, and its

use Is being encouraged by DOE for all sites that contain residual radioactive

material In the environment. It Is valid to question the usefulness of this application

of RESRAD to modeling the dose at NTS. The purpose of a general model such as

RESRAD should be for use as a screening tool (I.e., to point out Issues that are
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important and require further investigation). The ability of RESRAD to model natural

phenomena is discussed in Section 7.2.

The atmospheric models of both RESRAD and the NAEG model use the mass

loading factor. Studies by Anspaugh (1974) have helped improve the general

understanding of the mass loading factor. In addition, the mass loading factor has

been suggested for use in generic modeling situations by Healy (1980).

Depletion in the activity of the contaminated zone was calculated by RESRAD for

leaching and radioactive decay only. Depletion by rainwater runoff and erosion

was not accounted for by RESRAD. Although the leaching model of RESRAD is a

general and simplified set of equations to model natural phenomena, it is a good

tool that the dose assessor can use to understand the factors that are involved in

stability of contaminants in soil. One must keep in mind the simplified nature of the

leaching model when attempting to analyze or use its results. Leaching of

contaminants by rainwater was not considered in the NAEG model.

RESRAD uses dose conversion factors to calculate dose; it does not model

transport of contaminants within the human body. The dose conversion factors

used in RESRAD were taken from a DOE report (DOE, 1988), and similar values

obtained by K. F. Eckerman can be found in an EPA report (Eckerman et al.,

1988). Very detailed analyses of transport of plutonium within the human body

were performed in the NAEG model, (next page)
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The methods used by Eckerman to calculate dose conversion factors employed

ICRP-recommended models and were similar to the methods used in the NAEG

model to model internal transport of plutonlum.

7.8 Applicability of RESRAD Sensitivity Analysis

Sensitivity of a parameter, as calculated by RESRAD, is a combination of two

factors: the function the parameter has In the RESRAD equations, and the

magnitude of the parameter's range. Therefore, the accuracy of the RESRAD

sensitivity analysis is based on the ability of the RESRAD equations to model

natural phenomena, and the ability of the modeler to gather sufficient information to

obtain parameter ranges. The ability of RESRAD to model natural phenomena is

discussed in Section 7.2.

The parameter ranges used In this study were obtained in the same way parameter

values were obtained; a literature search for data and a subsequent analysis of

available data. The types of parameter ranges varied. For most of the parameters,

the ranges were determined from judgement of data (e.g., to determine the range

for total porosity at Area 13, ranges of total porosity for various soil types were

analyzed). For other parameters, such as the evapotranspiration rate, sufficient

data were not obtained, and a range was chosen arbitrarily.
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8.0 Conclusion

This study used the RESRAD code to calculate values for committed effective dose

equivalent (whole body dose from Internal radiation) because of inhalation of

Plutonium at Area 13. NAEG data were used to guide the study and provide model

information. Normalized doses (mrem/yr per initial pCi/g) were calculated for a

"generic scenario" (i.e., parameters were for normal weather conditions and/or were

not specific to a given land-use scenario). The normalized doses were scaled to

the concentrations of Area 13 strata to form a matrix of doses as a function of

strata and year after initial time. The dose results of the generic scenario were

used to analyze compliance of the residential-farmer and the industrial-worker

scenarios at Area 13 with DOE standards.

The normalized radiation doses calculated in the generic scenario reach a peak at

73.3 years, at which point the dose is 0.334 mrem/yr per pCi/g of initial plutonium

contamination. When this value is multiplied by the initial concentrations of the

strata at Area 13, the results range from a high of 4680 mrem/yr at stratum six to a

low of 12 mrem/yr at stratum one. DOE Order 5400.5 states that the effective dose

equivalent (whole body dose from internal and external radiation) to the public

cannot exceed 100 mrem/yr; this limit would apply to the farmer. At year 73.3, the

doses at four of the six Area 13 strata exceed this limit. The DOE Radiological

Control Manual states that the effective dose equivalent to a worker cannot exceed

5 rem/yr. (next page)
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At year 73.3 (or any other year), none of the doses calculated for Area 13 strata

exceed this limit.

Parameters used In the generic scenario were subjected to sensitivity analysis to

analyze variations in radiation dose that could occur from variations in the

parameters. Parameters indicated to be sensitive are the contaminated zone

thickness, evapotranspiration coefficient, Pu-239 distribution coefficient, inhalation

rate, mass loading factor, and soil mixing layer. Several parameters appear to be

especially Important. The mass loading factor Is important because of its potential

for variation according to land-use activities and weather and its direct

proportionality with dose. The activities of the residential-farmer could significantly

affect the thickness of the contaminated zone; the contaminated zone thickness

has an inverse proportionality with dose. Although not included in the RESRAD

sensitivity analysis, the concentrations of the source term are also very Important;

they have a direct proportionality with dose.

To determine more accurate doses for the residential-farmer and the industrial-

worker land-use scenarios than those calculated in the generic scenario, one would

have to determine model parameters that are specific to the land-use scenario

under consideration instead of a "generic scenario." Perhaps a more important

step would be to analyze the effects that the land-user would have on the sensitive

parameters, and then analyze the subsequent effects that could occur to the doses

calculated in the "generic scenario." In addition, if one wanted to determine the
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doses that a residential-farmer or industrial-worker could receive as a result of land-

use activities occurring over more than one stratum of Area 13, then mathematical

weighting could be performed on the individual stratum doses calculated for the six

Area 13 strata.

This study analyzed the doses that could occur at Area 13 on the condition that no

cleanup of soil has been performed at the site. Any use of the results of this study

would have to consider the plans by DOE to clean up the safety shot areas at the

IRC. Although many of the model parameters may change after cleanup, the

methodology used to determine doses would still be the same.

Future consideration should be given to the model parameters determined to be

sensitive, especially if cleanup is performed. Any changes or differences from the

values used in this study should be noted. Values for other parameters should also

be noted, in case parameter(s) turn out to be more sensitive than indicated in this

study.

Although dose limitations to the public and workers are set by DOE using ICRP-

recommended limits, debates still occur concerning, "what is a safe level of dose?".

Therefore, the ALARA principle should be exercised for any activity that occurs at

the safety shot sites in addition to guiding the cleanup efforts.

It is the author's desire that this study will be of benefit to the scientific and
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regulatory community. This study could benefit those wishing to understand the

factors that are involved in determining possible doses that a human receptor could

receive from plutonium in soils such as those found at Area 13, and could be used

cautiously to aid in making decisions concerning aspects of cleanup, including

decisions regarding an acceptable level of activity in soil. If decisions are made

based on a study such as this, the decision maker should consider the

uncertainties involved, and optimally, determine which uncertainties are most crucial

and act based on those uncertainties. Uncertainties in this study arise from

approximate parameter values and ranges, accuracy of the RESRAD model

equations, accuracy of the RESRAD sensitivity analysis, calculation of individual

stratum doses, human activities occurring in the land-use scenarios, and

application of the doses to analyze compliance with DOE standards.
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