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CFR Code of Federal Regulations

d day

DNSC Defense National Stockpile Center
ft feet

g gram

h hour

LLW low-level waste

m meter

MeV mega-electron volt
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NTS Nevada Test Site

ORNL Oak Ridge National Laboratory
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ABSTRACT

The Defense National Stockpile Center (DNSC), a field level activity of the Defense
Logistics Agency, has stewardship of a stockpile of thorium nitrate that has been in storage for
decades. The thorium nitrate stockpile was produced from 1959 to 1964 for the Atomic Energy
Commission and previously has been under the control of several federal agencies. The stockpile
consists of approximately 7 million pounds of thorium nitrate crystals (hydrate form) stored at
two depot locations in the United States (75% by weight at Curtis Bay, Maryland, and 25% by
weight at Hammond, Indiana). The material is stored in several configurations in over 21,000
drums. The U.S. Congress has declared the entire DNSC thorium nitrate stockpile to be in excess
of the needs of the Department of Defense.

Part of DNSC’s mission is to safely manage the continued storage, future sales, and/or
disposition of the thorium nitrate stockpile. Historically, DNSC has sold surplus thorium nitrate
to domestic and foreign companies, but there is no demand currently for this material. Analyses
conducted by Oak Ridge National Laboratory (ORNL) in 2001 demonstrated that disposition of
the thorium nitrate inventory as a containerized waste, without processing, is the least complex
and lowest-cost option for disposition.

A characterization study was conducted in 2002 by ORNL, and it was determined that
the thorium nitrate stockpile may be disposed of as low-level waste. The Nevada Test Site (NTS)
was used as a case study for the disposal alternative, and special radiological analyses and waste
acceptance requirements were documented. Among the special radiological considerations is the
emission of *Rn and **Rn from buried material. NTS has a performance objective on the
emissions of radon: 20 pCi m ™ sec™' at the surface of the disposal facility. The radon emissions
from the buried thorium nitrate stockpile have been modeled. This paper presents background
information and summarizes the results of modeling radon emissions and compares those results
with the NTS performance objective.
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1. INTRODUCTION

The Defense National Stockpile Center (DNSC), a field level activity of the Defense
Logistics Agency, has stewardship of a stockpile of thorium nitrate that has been in storage for
decades. The thorium nitrate stockpile was produced from 1959 to 1964 for the Atomic Energy
Commission and previously has been under the control of several federal agencies. The stockpile
consists of approximately 7 million pounds of thorium nitrate crystals (hydrate form) stored at
two depot locations in the United States (75% by weight at Curtis Bay, Maryland, and 25% by
weight at Hammond, Indiana). The material is stored in several configurations in over 21,000
drums. The gamma dose at the surface of an isolated drum is 20—-30 mR/h; however, the gamma
dose within the storage facilities is 60—100 mR/h. The stockpile is classified as source material
(10 CFR 20.1003) and is regulated by the U.S. Nuclear Regulatory Commission. The U.S.
Congress has declared the entire DNSC thorium nitrate stockpile to be in excess of the needs of
the Department of Defense.

Part of DNSC’s mission is to safely manage the continued storage, future sales, and/or
disposition of the thorium nitrate stockpile. Historically, DNSC has sold surplus thorium nitrate
to domestic and foreign companies, but there is no demand currently for this material. Analyses
conducted by Oak Ridge National Laboratory (ORNL) in 2001 demonstrated that disposition of
the thorium nitrate inventory as a containerized waste, without processing, is the least complex
and lowest-cost option for disposition. The viability of this disposition pathway required a
determination of which portion, if any, of the inventory exhibits hazardous characteristics (e.g.,
Resource Conservation and Recovery Act D001 ignitability characteristic—equivalent to
Department of Transportation oxidizer and/or D004 toxicity characteristic).

A characterization study was conducted in 2002 by ORNL. One hundred drums were
sampled, and the samples were analyzed for chemical and radiological constituents. Salt block
monoliths comprise the predominant physical form in the stockpile. Special container inspection
and dose management assessments were completed to meet on-site material handling,
transportation, and disposal site requirements. The Nevada Test Site (NTS) was used as a case
study for the disposal alternative, and special radiological analyses and waste acceptance
requirements were documented.

Among the special radiological considerations is the emission of **’Rn and ***Rn from
buried material. NTS has a performance objective on the emissions of radon: 20 pCi m™ sec™ at
the surface of the disposal facility. The radon emissions from the buried thorium nitrate stockpile
have been modeled. This report presents background information and summarizes the results of
modeling radon emissions and compares those results with the NTS performance objective.
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2. BACKGROUND

Thorium-232 occurs naturally and has a half-life of 1.40 x 10'° years. The ***Th decay
series (see Fig. 1) begins with **Th and, after a series of alpha and beta emissions, reaches ***Pb,
a stable end product. In many steps in the series, gamma rays and conversion electrons are
emitted. Thorium-232 is not a fissile isotope; but it can be used as a precursor to generate
fissionable ***U, which can sustain a chain reaction. Uranium-233 generates significantly more
neutrons in the course of thermal fission than either **°U or **°Pu, making it a desirable fuel to
sustain criticality, while having excess neutrons to breed more **’U from thorium.

28Th (1.918 y) 232Th (1.40 x 10'° y)
1'%/
betal
5.423 MgV alpha 28Ac¢ (6.15 h) 4.012 Me)/ alpha
Y
beta
24Ra (3.66 d) 28Ra (5.76 y)

5.686 M¢V alpha

20Rn (55.6 s)

6.288 MgV alpha

#2Po (2.98x107s) 218Pg (0.145 s)
\'gy\
be
8764 Mel/ alpha 9N 212 gj (1,009 h) 6.778 M alpha
beta
208 Pp (stable) 0081 M e 212pp (10.64 h)

.796
\'
beta

28] (3.053 m)

Fig. 1. Thorium-232 decay sequence.
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One of the progeny in the decay chain is *°Rn, a gas, which can escape and spread
contamination. The decay chain continues beyond **’Rn; the highest radiation dose from shielded
material comes from 2®*T1, which emits a highly penetrating 2.6-MeV gamma ray. Thus »*Th
progeny present both contamination and exposure risks to personnel and the environment.

Thorium-bearing ores typically contain substantial quantities of uranium. Uranium-238 is
the most abundant (99.2745%) of the naturally occurring isotopes of uranium. The half-life of
2381, 4.47 x 10° years, is about one-third of the half-life of 2**Th. The ?**U decay series (see
Fig. 2) begins with **U and, after a series of alpha and beta emissions, reaches **°Pb, a stable end
product. As in the >?Th decay sequence, many steps in the series result in the emission of
gamma rays and conversion electrons. Unlike the ***Th decay series, >**U does not have a very
high energy gamma-emitting progeny. Hence, the primary personnel and environmental
radiological concern is contamination spread by **’Rn, a gas.

B4y (246x10 ®y) 28y 4.47x10 °y)
.29
)
beta
4,776 M4V alpha 234mpy (117m ) 4.187 Me\V alpha
198
\ 4 beta
B0Th (7.54x10 *y) 238Th (24.10d )
4,688 M4V alpha
4
226Ra (1599 y)

4.688 MgV alpha

v
22Rn (3.824d )

5.480 MgV alpha

4

20pg (13844d ) 214pg (1.64x10 ®s) 218po (3.10m )
1.162 27
eV
b \'J
beta
~100%\ 210 o 214
5.304 MelV alpha Bi(5.01d ) 7.687 MV alpha Bi (199 m ) 6.002 M4V alpha
.67 .67
4 \'J
beta beta v
26 pp (stable ) 408 e ol 20pp 226y ) 24pp 27 m )
528
beta
200T] (4.20m )

Fig. 2. Uranium-238 decay sequence.
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On the normal, macroscopic scale all isotopes of an element have almost identical
physical and chemical characteristics. There are isotopic effects, but these effects are quite small
for atoms of high atomic mass such as thorium and uranium. Thus, all isotopes of thorium would
behave similarly during the physical and chemical processing required to extract thorium from
the ore body and convert it to thorium nitrate. These physical and chemical processes would not
distinguish between the ***Th and ***Th from the ***Th decay sequence and the **°Th from the
281 decay sequence.

The thorium and uranium have been in the ore body for millions of years. Over this long
time, the **U decay sequence has reached secular equilibrium; about 500,000 years is required
for the ***U decay sequence to establish secular equilibrium. In secular equilibrium, there is one
radioactive decay of each progeny in the decay sequence for every radioactive decay of the
progenitor. Although ***Th has a longer half-life than ***U, secular equilibrium for the **Th
decay sequence is established in slightly over 100 years because none of its progeny have a half-
life greater than 6 years.

3. DATA

The domestically produced thorium nitrate was chemically processed from monazite
sands mined in South Africa; the thorium nitrate produced in France originated from ores mined
in the Malagasy Republic; and the thorium nitrate produced in India originated from ores mined
in India. The thorium nitrate produced domestically and in France is in the pentahydrate form,
and the thorium nitrate produced in India is in the tetrahydrate form. The **°Th content of the
three components of the thorium nitrate stockpile depends upon the amount of >**U in the
respective ore bodies. Preliminary data for the >**U content of the thorium-containing ore bodies
in South African, Malagasy Republic, and India were obtained from a published source
(Benedict, Pigford, and Levi 1981). The published ratios of the average ***U concentrations to
the average thorium concentrations are as follows: 0.022—ore from South Africa, 0.050—ore
from Malagasy Republic, and 0.042—ore from India.

The *°Th activity in the ores is assumed to have been equivalent to the >**U activity
because the uranium was present in the ores for geologic eras, providing more than sufficient
time for secular equilibrium of the **U decay sequence to be established. To perform the
calculations required to determine the **?Rn emissions, an appropriate collection of constants and
general data must be acquired; this information is given in Appendix A. All the thorium in the
ore, including all the #*°Th, is assumed to move into the thorium nitrate; this is equivalent to
assuming a conversion efficiency of 100%. This assumption would produce an overestimate
(conservative estimate) of the amount of **°Th in the stockpile if the ratios ***U:Th are
representative of the ores from which the thorium nitrate stockpile was produced. These
assumptions and detailed calculations are presented in Appendix B. The resulting calculated
29Th activities per gram of thorium nitrate are as follows:
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2.685 x 10° pCi/g — ore mined in South Africa and processed in the United States,
6.187 x 10° pCi/g — ore mined in Malagasy Republic and processed in France, and
5.204 x 10° pCi/g — ore mined and processed in India.

In the spring and summer of 2002, a sampling and analysis program was conducted for
the thorium nitrate stockpile. Representative samples were sent to Southwest Research Institute,
a laboratory accredited by NTS, where they were analyzed for chemical and radiological
constituents. Detailed assumptions and calculations are presented in Appendix C. The resulting
average values of the measured »°Th activities per gram of thorium nitrate are as follows:

3.863 x 10° pCi/g — produced in the United States and stored at Hammond Depot,
4.290 x 10’ pCi/g — produced in the United States and stored at Curtis Bay Depot,
39.59 x 10° pCi/g — produced in France and stored at Curtis Bay Depot, and
7.538 x 10° pCi/g — produced in India and stored at Curtis Bay Depot.

4. MODELING

NTS has developed a deterministic performance assessment model for disposal of low-
level radioactive waste (LLW). The performance assessment included the computation of *?Rn
emissions from buried LLW. This deterministic performance assessment model is being replaced
by a probabilistic model. In the replacement process, a new model for *Rn emissions is being
developed and verified.

The newer Rn emissions model is still under development and is not yet available for
use. Hence, the older model was used for illustrative purposes. During discussions with NTS
personnel, it was suggested that materials determined to have *Rn emissions substantially
below the performance objective of 20 pCi m ™ sec ™' at the surface of the ground using the older
emissions model would likely remain below the performance objective using the newer model.

The NTS radon performance objective applies to any time between the present and 1000
years in the future. Before the NTS model could be applied, the time dependent levels of *?Rn in
the wastes were determined for both the preliminary ore data (see Appendix D) and the recent
measurements (see Appendix E).

Although orders of magnitude more **’Rn than ***Rn will be generated in the thorium
nitrate, the emissions of “°Rn will not be computed. The NTS performance assessment model
for deep burial provides a delay of about '/ year between decay of radium into radon and
emergence of radon from the ground. Only infinitesimal amounts of ?’Rn could emerge because
this delay period is equivalent to roughly 200,000 half-lives for **’Rn.

Radon-222 is a decay product of both *°Th and any ***U contained in the thorium nitrate.
Therefore, the activities of both progenitors were considered in the calculations. For the
calculations performed using the preliminary ore data, it was assumed that ***U occurred in the
thorium nitrate at a concentration of 1 ppm based upon mass spectroscopic data acquired from a
single sample of thorium nitrate from DNSC; at this concentration no appreciable activity levels
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of ??Rn would be generated at any time through 100,000 years in the future. Details of this
calculation are presented in Appendix D. The highest measured ***U activity levels, ~8 pCi/g,
would produce vanishingly small activity levels of *?Rn at any time through 100,000 years in
the future. Details of this calculation are presented in Appendix E.

The *°Th in the thorium nitrate from the original ore would create essentially all the
*Rn at 1000 years in the future and beyond. The maximum generation of *Rn would occur at
slightly less than 10,000 years in the future; details are presented in Appendices D and E. The
calculated ***Rn activity levels at 1000 years in the future are as follows:

Preliminary ore data

0.940 x 10° pCi/g — ore mined in South Africa and processed in the United States,
2.164 x 10° pCi/g — ore mined in Malagasy Republic and processed in France, and
1.821 x 10’ pCi/g — ore mined and processed in India.

Recent measurements

1.564 x 10° pCi/g — produced in the United States and stored at Hammond Depot,
1.744 x 10° pCi/g — produced in the United States and stored at Curtis Bay Depot,
17.47 x 10° pCi/g — produced in France and stored at Curtis Bay Depot, and
2.670 x 10’ pCi/g — produced in India and stored at Curtis Bay Depot.

Emissions of **Rn from the buried thorium nitrate depend upon the physical processes
occurring during the movement of the *?Rn to the ground surface. If the passage of the *’Rn
could be retarded for one or more half-lives (t,, = 3.824 d), much of it would decay into *'*Po and
successive “’Rn progeny which would be trapped because they are not gases. The deeper the
**Rn is buried, the more opportunity there is for its movement to be retarded or stopped.

At NTS, uranium and uranium-contaminated wastes are typically buried 26 ft below the
surface of the ground. Previously, a large quantity of thorium was buried 40 ft below the surface
of the ground to ensure that *’Rn emissions met the performance objective of 20 pCi m™ sec™' at
all times through 1000 years in the future. The deterministic NTS model provides parameters
that may be used to determine Rn emissions from both depths. The *Rn emissions from the
shallower depth were found to be unacceptably high for both the preliminary ore and the recently
measured data. Details are given in Appendices F and G.

The ***Rn emissions from the 40-ft depth were determined to be below the NTS limit
through 1000 years in the future. Details of these calculations are presented in Appendices F and
G. The calculated values are very low initially and grow to the following levels at 1000 years in
the future:
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Preliminary ore data

0.051 pCi m™? sec”' — ore mined in South Africa and processed in the United States,
0.118 pCi m sec ' — ore mined in Malagasy Republic and processed in France,
0.099 pCi m™? sec”' — ore mined and processed in India, and

0.268 pCi m ™ sec ' — total emissions.

Recent measurements

0.098 pCi m? sec”' — produced in the United States and stored at Hammond Depot,
0.109 pCi m* sec' — produced in the United States and stored at Curtis Bay Depot,
1.090 pCi m sec”' — produced in France and stored at Curtis Bay Depot,

0.167 pCi m? sec' — produced in India and stored at Curtis Bay Depot, and

1.464 pCi m™ sec”' — total emissions.

5. CONCLUSIONS

The modeled *?Rn emissions from the thorium nitrate stockpile buried at NTS meet the
NTS emissions limit if the material were buried 40 ft below the surface of the ground. The
published values for the average concentrations of uranium in ore bodies are not representative
of the concentrations of uranium in the ore bodies from which the DNSC stockpile was
produced.

6. REFERENCE

Benedict, M., T.H. Pigford,and H.W. Levi (1981). Nuclear Chemical Engineering, 2nd ed.,
McGraw-Hill, New York.
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Appendix A

APPLICABLE CONSTANTS AND CONVERSION FACTORS

Performing assessments of the potential radon emissions from burial of the thorium
nitrate stockpile at Nevada Test Site requires a significant number of physical constants and
conversion factors. The constants and conversion factors used in these assessments are presented

in this appendix.

d =24-3600 sec

y=365d

Arnazy = decay constant of **Rn

Arazzs = decay constant of *°Ra

Ariaas = decay constant of **Th

Az = decay constant of 2°Th

A3, = decay constant of 2*Th

Ariass = decay constant of 2*Th

Ayys = decay constant of U

Ayys = decay constant of °U

Auyg = decay constant of *U

d=8.64 x 10* sec
y=23.1536 x 107 sec

11’1(2) dfl
3.8235

Rn222

In(2)

Ra226

P )
Th228
1.913

yfl

In(2)
7.54 x 10*

Arhazo =

In(2)

Arhoza =

= Q) 4o

Th234 —

24.10

In(2)
2.46 x 10°

Ainza =

In(2)
7.04 x 10®

Aunzs =

In(2)
4.47 x 10°

Aunzg =

1.600 x 10°

1.40 x 10"

min = 60 sec

Ay = 66.169 !

Mg = 4332 1074 y!

Arpng = 0.362y!

Apzo = 9.193 x 10 y!

Appza = 4951 x 1071 y!

Arpaza = 10.498 y!

Aymss =2.818 x 10 y!

Aymss = 9.846 x 10710y !

Ayms = 1.551x 10710 y!



Appendix A — Applicable Constants and Conversion Factors

N, = Avogadro's number

Mg,y = atomic mass of **°Ra
— : f222
Mg,,,, = atomic mass of ““Rn
— : f228 h
Myyy,g = atomic mass of =T
— : f230 h
M5, = atomic mass of =T
— : f232 h
M3, = atomic mass of =T
— : f234 h
My y34 = atomic mass of =T
— : f235
my,;5 = atomic mass of U
— : f238
my,;5 = atomic mass of ~*U
my; = atomic mass of hydrogen
m,, = atomic mass of oxygen
m,, = atomic mass of nitrogen

My, = mass of thorium nitrate

Ci=3.7 x 10" Bq

SpA ¢ = specific activity of **Th

SpA 30 = specific activity of 2°Th

SpA 3, = specific activity of #*Th

N, =6.02214199 x 10®  gm=1.000 x 10~ kg

Mg, = 226 gm

Mg,y = 222 gm

My, = 228 gm

Myyo30 = 230 gm

My = 232.038051 gm
Myy00s = 234 gm

M5 = 235.043924 gm
Mmy;e = 238.050785 gm
my; = 1.0079 gm

mg = 15.9994 gm

my = 14.0067 gm

Moy = Moy T 4my + 17mg + 10my,

My, = 570.134 gm

pCi=1x10"2Ci

AN Ci
SPApy = TIETA goa —g902 x 10 P
M08 gm

AN Ci
SPAgy = “IEOTA goa —2063 x 100 2=
My30 gm

AN Ci

SPApoy = TI2CA goa 1101 x 10° 2=
M3 gm

A-2
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SpAy, = specific activity of **Th in _ AmppN pCi
. tlll)orium nitratey SPAmy = Tm32 . SpAqy = 4.482 x 10* —
ThN
. . . — ﬂ’Th234NA pCi
SPAqss = specific activity of *Th  SPAmps = ——— SPApse =2.315 x 10" —
M3 gm
. .. = /1U235NA pCi
SpA 35 = specific activity of 27U SPAyys = ——— SPA 35 = 2.162 x 10° ——
Myy,35 gm
. .. = /1U238NA pCi
SpA 35 = specific activity of 2*U SPpAys = ——— SPA o3 = 3.362 x 10° ——
Myy;38 gm
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Appendix B

THORIUM NITRATE CONSTITUENTS FROM ORE DATA

INTRODUCTION

This appendix presents background information, assigns uranium and thorium activities
in the thorium nitrate stockpile based upon published values for the ratios of uranium to thorium
in the original ore body, and lists the calculated **°Th activities per gram of thorium nitrate.

BACKGROUND

Western Australian mineral sands deposits contain up to 10% heavy minerals, of which
1-3% is monazite. This in turn typically contains 5-7% of radioactive thorium and 0.1-0.3% of
uranium, which is barely radioactive (UIC 1998).

Thorium-234 and *Th are members of the ***U decay chain. They are found in natural
thorium when uranium is present in natural ores. Because the half-life of 2**Th is only 24.1 days,
it soon decays in separated thorium, resulting in an inconsequential concentration. Thorium-230,
however, has a 75.4-thousand-year half-life and is a significant constituent of thorium from ores
containing uranium. The *°Th/**Th atom ratio is given by

HTh (0.99273(7.54 = 10M[r(TU, Th)]
= (0.2 = —= =168 x 107 ¢(U,Th) , 1
Ty ri{0,2) 447 % 10° r{1J,Th} [1]
where
0.9927 = the atom fraction of ***U in natural uranium,
r(U,Th) = the atomic ratio of U/Th in the ore, and
447 x10° = the half-life of **U.
The ratio of the activity of *°Th to ***Th is given by
B B % (0,2 140 = 10
=, GET = 7 = = 31 (1T, Th, [2]
A H (754 = 107168 = 107 (1T, Th)

where H is the half-life of the designated isotope.

B-1
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Thorium has been recovered as a by-product of uranium production from ores of the
Blind River district in Ontario in which the U/Th ratio is 6. In such thorium, the **°Th activity is
3.1 % 6 or 18.6 times the activity of the ***Th.

There are about 12 minerals that contain thorium in the principal thorium-containing ore.
Thorium production was a by-product of monazite processing during the period the stockpile was
produced. Most of the world’s thorium had come from beach sands where coproduction of rare
earths, titanium, and zirconium defrayed much ofthe cost of extracting thorium. Because
monazite is usually a minor constituent of the deposits of other minerals (0.5-1.0 wt %), physical
separations are first employed to concentrate the monazite up to 98% purity. The composition of
the monazite concentrate, for ThO, and U,Oq, in weight percent, is as follows:

South African = Malagasay

India Brazil  Florida beach sands monazite rock ~ Republic
ThO, 8.88 6.5 3.1 5.9 8.75
U,0, 0.35 0.17 0.47 0.12 0.41

From the data above,

South African Malagasay

India Brazil  Florida beach sands monazite rock  Republic
Th/U 23.8 13 6.2 46.1 20
r(U/Th) 0.042 0.077 0.161 0.022 0.05

The **°Th/**Th ratio = (0,2) and is calculated from Eq. 1:

South African Malagasay
India Brazil Florida beach sands  monazite rock Republic

7.07 x 1077 1.30 x 10°° 271 x10° 3.70 x 10”7 8.41 x 107

The thorium content in thorium nitrate pentahydrate is 40.7% by weight. In 1 MT of the
ThN, there is 407 kg of Th, of which **°Th (in gm/MT ThN) is approximately

0.29 0.53 1.10 0.15 0.34

WEIGHT PERCENT THORIUM-232

Assume that the ***Th occurs in the concentration given above for South African
monazite ore, Malagasy Republic ore, and Indian ore. Benedict, Pigford, and Levi (1981) give
weight percent ThO,. This must be converted to weight percent ***Th. The mass of ThO, is
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264 amu and the mass of ***Th is 232 amu; thus, the weight percent Th is (232/264) times the
weight percent ThO,.

In the following equations, wt%,;, is the weight percent of **Th in the ore, and ppm,;, is the
concentration of >**Th in the ore.

'm:”fu2320 =59 [%] Wt%mn = 5.185
ppMm 5, = With 5y 107 pptig, = 5.185x% 10*
Wb gy = 875 [%] Wit 539, = 7.689
PPITlyy = WiYapy 10° MMy, = 7.68% x 10°
Wi 43, = 8.88 [%] Wilh g5y, = 7.804
PPTlysy, = Wihags,, 10 PPty = 7.504 x 10t

To establish an upper bound, it is assumed that the partitioning coefficients for >*****Th equal 1.

The Hammond inventory contains 863,685 kg of domestic thorium nitrate, and the Curtis
Bay inventory contains 1,507,339 kg of domestic thorium nitrate that originated from South
African monazite ore.

Mgy = (863,685 + 1,507,339) ke Moy, = 2371 1% kg

The Hammond inventory contains no French thorium nitrate. The Curtis Bay inventory contains
627,256 kg French thorium nitrate that originated from Malagasy Republic ore.

My, = 627,256 ke My, = 6.273%10° kg

The Hammond inventory contains no thorium nitrate from Indian ore, and the Curtis Bay
inventory contains 218,556 kg that originated from Indian ore.

Mg, = 218,556 kg Mg, = 2186 % 10° kg
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WEIGHT PERCENT URANIUM-238

Assume that the ***U occurs in the ore at the concentrations given above for South
African monazite ore, Malagasy Republic ore, and Indian ore. Benedict, Pigford, and Levi (1981)
gives weight percent U,O;. This must be converted to weight percent >**U. The mass of U,0y is
842 amu and the mass of three »**U atoms is 714 amu. Thus, the weight percent U is (714/842)
times the weight percent U,O;.

The weight percent of ***U in the ore is given by wt%,,, and the concentration of ***U in
the ore is given by ppm, ;.

714 B

4

PPfflpg = W g 10 ppm g, = 1.018x% 10°

714
Wil =041 | —= with = 0. 3458
Y azE) [842] 233
PPl = WEYo s 10° PPpiiigg, = 3.477 x 107
714
Wil =035 | — with = 0297
Y azEg [842] 2384
PPy, = Wb 50, 10* PPMMy,, = 2.968 x 10°

RATIO OF THORIUM TO URANIUM

The ratio of thorium to uranium in the ore is given by R,

i=0..2

it 50.953
S | R.. =[22117
Tt M 26093
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0.02
Ryn = Ry R ym. =[ 0.045
0.038

MASS OF URANIUM IN THE ORE

M, is the mass of natural uranium in the ore. It is assumed to be all ***U. The mass of
*2Th in the ore, M,,,,,, would be the mass of the inventory times the mass ratio of >**Th to
thorium nitrate.

111
Mnm = MTnN -
M
965 =10° 1.894 =10
s M']hDrej 4
Moy, = 2.553 X107 [ kg My, = My = 1.154 x10* | kg
8.895 =104 2283 x10°

E ']1'|.Uj

This mass of uranium has an activity, 4,,,,, determined by its specific activity.

6367 = 101
Axaiu = SPAY233Mya A =3.881 X 104 Pl
1,137 = 10

THORIUM-230 ACTIVITY IN THE ORE

The *°Th activity in the ore, 4;;,5,.., is €qual to the >**U activity in the ore, 4,,,,, because
of secular equilibrium.

6,367 x 10
ATh2300re = ANatU -t'lll'l- TaE0ore = 3881 = 1[:'12 pCl
1.137 = 10"
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The mass of **°Th carried over to the thorium nitrate may be computed from the activity of **°Th
in the inventory, 4;,,3...» and the specific activity of **°Th, SpA4,,,;,.

(0.300]
Mo S22 M =1 0188 ke
Tutilom Spﬁ;wu T3 0are .
0,055
(0.209)
M50 = Mimasoore M posone =] 0188 kg
| 0.055)

(6367 x 1012
A 30imy = ATho300re A posope =| 3881 % 10% pCi
[1.137 = 10"

(2685 % 10°
N _-'EI:I"-'I'IGEJ:IiII:rj | Pt
ThB0wg { = m A e =| 6 187 %107 —

! |5.204 % 10°

For an initial *°Th activity of 1.0000 x 10° Bg, the following table displays the activities
in the *Th decay sequence at 42 years:

Activities (in Bq) after 42 years assuming an | Total activity (in Bq) after 42 years assuming an
initial activity of 1.0000 x 10° Bq: initial activity of 1.0000 x 10° Bq:

>'Th 999.6 x 10° >%Th series 1.131 x 10°

*Ra 18.02 x 10°

*Rn 18.02 x 10°

2%po 18.02 x 10°

“Pb 18.01 x 10°

214Bj 18.01 x 10°

S 18.01 x 10°

*1%pp 7.982 x 10°

*19Bi 7.976 x 10°

) 7.806 x 10°

Source: Data obtained from the World Information Service on Energy, universal decay calculator, URL:
http:/www.antenna.nl/wise/uranium/rcc.html, accessed April 10, 2002.
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From the data in the table, the activity of **Rn, Ay, 7. after 42 years of 2°Th decay, is
18.02 x 10 times the original activity of 2°Th, A, ,3,,.-

1.147 =10
Agmtane = 18.02 % 10°° Arpo3oiny A pomran = | 0995 % 10" P
2.05 x 10"

CONCLUSIONS
The calculated *°Th activities per gram of thorium nitrate are as follows:
« 2.685 x 10’ pCi/gm for ore mined in South Africaand processed in the United States,

s 6.187 x 10° pCi/gm for ore mined in the Malagasy Republic and processed in France, and
s 5.204 x 10° pCi/gm for ore mined and processed in India.
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Appendix C

THORIUM SAMPLE ANALYSIS INFORMATION

INTRODUCTION

In the spring and summer of 2002, a sampling and analysis program was conducted for
the thorium nitrate stockpile. Representative samples were sent to Southwest Research Institute
(SWRI), a laboratory accredited by Nevada Test Site (NTS), where the samples were analyzed
for chemical and radiological constituents. This appendix presents background information,
measured radiological characteristics assigned to variables for detailed computations, and the
resulting average values for selected characteristics.
BACKGROUND

The Hammond inventory contains 863,685 kg of domestic thorium nitrate, and the Curtis

Bay inventory contains 1,507,339 kg of domestic thorium nitrate. Both inventories originated
from South African monazite ore.

Mo, = 863,685 kg W, = 8637 % 107 kg
Mpg, = 1,507,339 kg Moy, = 1.507 % 10° kg

The Hammond inventory contains no French thorium nitrate. The Curtis Bay inventory contains
627,256 kg of French thorium nitrate that originated from ore mined in the Malagasy Republic.

WMy, = 527,256 kg Moy, = 6.273 % 10% kg

The Hammond inventory contains no thorium nitrate from Indian ore, and the Curtis Bay
inventory contains 218,556 kg that originated from ore mined in India.

Mo, = 218,556 kg W, = 2.186 x 107 kg

HAMMOND DEPOT DOMESTIC—ICP/AES AND ICP/MS ANALYSES

Among the radiological analyses completed by SWRI, the thorium nitrate from the
Hammond Depot domestic (HD) inventory was first. The ratios of thorium and uranium mass to
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Appendix C — Thorium Sample Analysis Information

the mass of thorium nitrate, expressed in parts per million, were obtained using inductively
coupled plasma/atomic emission spectroscopy (ICP/AES) and inductively coupled plasma/mass
spectroscopy (ICP/MS) analyses, respectively, and are as follows.

(395,000 (0.42)

387,000 0.42

394,000 0.44

391,000 0.42

PPl ez =) 401,000 PPfluzzem = | 43

391,000 0.43

397,000 0.41

V394,000 v 045/
PPMtpr350Dpave — mean(ppMyyysomp) PPMp)350Dpave — 3.938 x 10°
PPMy381pave — mean(ppmy,sgpp) PPMy381pave — 4275 % 10"

HAMMOND DEPOT DOMESTIC—ALPHA SPECTROSCOPY

The activity per gram of domestic thorium nitrate from Hammond Depot is given below
for 2*Th, #°Th, **Th, U, *°U, *°U, ***U, and total U. This information was obtained by SWRI

using alpha spectroscopy.

54 600 _
A oo = 49,200 I;—
46,800
186 )
P
"&"UEE-%HD = 132 g_m
0,505,
191 )
pCi
‘SLUEEBI-D} = 0835 g?
| 0.568,

4 470 _ 45000 .
pC1 i
A g | 3570 A g = |44.500(
3.550 44,200
0.0769) 0.133 |
A Jloooo | B 4 _|.0.064] B&
T35 5HD . gm TT336HD T gm
0.311 0.000
3.98 108.070)
i
A g = | 208 22 A tumin [ 97.270 |
1.38 94 550
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The ratio of thorium and uranium mass to mass of thorium nitrate from alpha
spectroscopy analyses, in parts per million, are as follows:

446,000

PRI mugapmy = | 405,000
403 000

PPMyp350D1ave — mean(ppMyy,y3opp;)
PPMryuHD1 ave — mean(ppMyy,uup)

. 4
percentyymupiave — PPMrnosomnpiave 10

Aqpomave = mean(Arymp)

AU238HDan = mean(Ay,;gup)

Atio3onpave = mean(A-yzup)

572
PPM ponpmn = | 2-48
1.83

PPM 351110y = 4180 X 10°

pmeotalUHDl avg = 3343

percentyy,nupiave — 41.8

1
Aqsoipavg = 459 X 104 ===/
g

10° p_C'1

AU238HDan = 1104 X ot

1

ATh23OHDavg =3.863 x 10° om

CURTIS BAY DEPOT DOMESTIC—ICP/AES AND ICP/MS

The radiological analysis of the Curtis Bay Depot domestic (CD) inventory was
completed by SWRI. The ratios of thorium and uranium mass to the mass of thorium nitrate,
expressed in parts per million, were obtained using ICP/AES and ICP/MS analyses, respectively,

and are as follows:
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[ 429,000) f1.00}
427 000 092
426,000 050
434 000 087
453 000 0.90
437 000 0.92
436,000 1.01
437 000 0.80
428 000 020
431,000 078
431,000 089
PPMpgmen = 432,000 PPMuzsen = | o
431,000 020
424 000 077
426, 000 1.00
431,000 083
432 000 0.90
403 000 0.95
434 000 088
4717 000 088
432 000 0.91
\WA50, 000y L0092,
PPMy320pave = MeEAN (PPMiyyo35cp) PPMy3cpaye = 4-31 % 10°
PPMy35cpave = MEAN (PPMyy35¢p) PPMy35cpaye = 8-859 % 10"

CURTIS BAY DEPOT DOMESTIC—ALPHA SPECTROSCOPY

Using alpha spectroscopy, SWRI obtained the activity per gram of domestic thorium
nitrate from Curtis Bay Depot for ***Th, **°Th, ***Th, ***U, *°U, *°U, ***U, and total U:
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A opogep =

Ampaep =

Apmaep =

(44 040) (4.058)
46,150 4,436
46,500 4,579
sogto| 4,984
45,500 I;% Ao =| 3,652
45,910 4,524
45,910 4,099
45,740 4,156
45,640 4,121
(0.30] 122]
131 (.40
0.71 0.00
07| 0.11
121 z—: A sen =| 0,28
0.86 0.37
0.82 0.04
(.78 (.28
| 0.78) 0,00
(0.22] (2 57)
0.32 1.5
(.33 1.27
cool 0.71
0.53 z—: Ao =|2.58
0.20 1.53
0.22 1.15
0.45 212
| 0.33) 1.37)
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P
=m A pgaaep =
i
1
z_ﬂl Amzsen =
v
1
z; A o men =

f

\

43.510]
44290
46,670
49,810
45,690
45,600
46,460
46,150
44,180)

1

2m

1.22)
0.00
0.11
0.30
0.45
0.25
0.12
0.62
0.25,

pCi

21Tl

(91,608 )
94.916
97,743
105 604
95,242
96,304
95,963
96,045
93,761

pCi

2




Appendix C — Thorium Sample Analysis Information

The ratio of thorium and uranium mass to the mass of thorium nitrate as determined by
alpha spectroscopy analyses is as follows, in parts per million:

(296,000) (1.24)
403,000 1.14
425 000 1.00
454 000 0.06
PP ey = | 416,000 PRI reaurepy =| 172
415,000 077
423 000 067
420,000 1.46
402,000, L 1.00)
PPMyp35cD1ave — mean(ppMyyyscp;) PPMyyo3acpavg = 4171 % 10°
PPMrotaucp tavg = mean(ppMiygycp1) PPMrotaucp tavg = 1.007

— -4 —
percentyyyscnyag = PPMrisacoiave 10 percenty,yep; a = 41.71

1

ATh232CDavg = mean(Aqyscp) ATh232CDavg =4.582 x 10* g_m
P

Assepae = MeAN(Ay,s5cp) Aygsgcpag = 2-889 X 10 ! g_m
1

Anosocpave = MeAN(Ay30cp) Amisocave = 4290 % 10° g_m

CURTIS BAY DEPOT FRENCH—ICP/AES AND ICP/MS

The radiological analysis of the Curtis Bay Depot French (CF) inventory was completed
by SWRI. The ratios of thorium and uranium mass to the mass of thorium nitrate, expressed in
parts per million, were obtained using ICP/AES and ICP/MS analyses, respectively, and are as
follows:
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(411,000) (12.8]
430,000 197
417,000 153
425,000 28.9
426,000 o5
434 000 4371
PP qozaer = | 426,000 PRI gza0p = | 29.0
426,000 16.2
453,000 321
418,000 207
431,000 6.5
434 000 26.5
410,000, V2170
PPMy3ckaye = MEAN(PPMpyyr35cr) PPMyy3ckaye = 4-264 X 10°
PPMy35ckave = MEAN(PPMyy35c) PPMy35craye = 2-185 % 10'

The activity per gram of French thorium nitrate from Curtis Bay Depot is given below for ***Th,
#9Th, #2Th, **U, #°U, U, ***U, and total U. This information was obtained by Southwest
Research Institute using alpha spectroscopy.

46,530 _ 20,070 _ 41,220 _
P pCi pCi
A ponaer = [ 43,080 — A pegep = [ 49,950 — A e = [ 43,530 —
£m gm 2m
44 530 28,740 45 440
f b
783 _ 0.73 ) 0.33 )
pC1 pCi pCi
Apmaer = | 407 N Apgser = |0 1] — Apger = | V.22 —
Em gm gm
| 14.45) 1.4%2 0.44
f265) 1754 _ 114,370 _
pC1 P pCh
A opraer = 245 | — A s =| 718 | — A ey = 138,060 —
&m gm £m
| 14.23] 206 130,710
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The ratio of thorium and uranium mass to the mass of thorium nitrate from alpha spectroscopy
analyses, in parts per million, are as follows:

275,000 26.09
PP myaep,. = | 396,000 PP onmicre = | 730
414 000 43102
PPMt)35¢Faavg = mean(ppMiy,ys ocry ) PPMp3ckeave = 3-95 % 10°
PPMa1UCFaavg — mean(pPpPMiy, ) PPMa1UCFaave — 25.487

_ 4 _
percentyyyscryavg = PPMrisockiave 10 Percentyyssscryavg = 39-9

1
Aosacrave = MeAN(Ary35cr) Aqzacrae = 4-340 X 10* g_m

Pt
Apnscrave = MeAN(Ay;35cF) Aysgcrag = 8.443 X 10° g_m

1
Atio30ckave = MeAN(Argy30cr) Amozocrae = 3-959 % 10 g_m

CURTIS BAY DEPOT INDIAN—ICP/AES AND ICP/MS

The radiological analysis of the Curtis Bay Depot Indian (CI) inventory was completed by
SWRI. The ratios of thorium and uranium mass to the mass of thorium nitrate, in parts per
million, were obtained using ICP/AES and ICP/MS analyses, respectively, and are as follows:

(447,000 (0,94
469,000 0.79
465,000 0.85
445000 0.93
422000 0.94
PP mazer = | 445 000 PPlumza = | gq
451,000 0.91
444 000 0.93
444 000 0.94
L4477 000, 0,93
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PPMip35c10e = MEAN(PPMyys35cy) PPMyy3crag = 4.476 X 10°

PPM 3501y = MEAN(PPMyy35¢y) PPMy35craye = 9-05 % 10"

CURTIS BAY DEPOT INDIAN—ALPHA SPECTROSCOPY

The activity per gram of Indian thorium nitrate from Curtis Bay Depot is given below for
28Th, 2°Th, »**Th, #*U, #*°U, #°U, ***U, and total U. This information was obtained by SWRI

using alpha spectroscopy:

47,330 _ 7,532 _ 44 770 _
P £
A pggeer =[ 48,180 — & pgzeer = 70032 — A poapr = 44,580 —
gm Zm
4% 880 7,450 48,530
r y
0. &6 _ 0.00 0=y
pCh
Az =035 g_m A s =003 — Az =010 —
0.51) 0.13 0.03
0.22 _ 1.25 _ 99 632 _
P pC pCi
Apzger = [ 0.02) — Ao =051 — Ao =|100392] =
m m
0.10) # 0.77) © 105,360

The ratio of thorium and uranium mass to mass of thorium nitrate from alpha spectroscopy
analyses, in parts per million, is as follows:

408,000 0.66
PP pamer = 406,000 PP g = | 003

442 000 0.36
PPMryr35c10avg — mean(ppMyyysocy ) PPMryr35c10avg — 4.187 x 10°
PPMyaiuciuave — mean(pPpMeyyen ) PPMya1uciuave — 0.37

_ 4 _
percentyyysciuave = PPMriosaciiave 10 PErCentyyysyciyave = 41.87
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Pt

ATh232CIavg = mean(Aqyscr) ATh232CIavg =4.596 x 10* g_m
L P&

Avrsscrave = MeAN(Ags5c1) Apsscrae = 1.133 X 10 : g_m
Pt

Aqysociave = MEAN(Agysszocr) Arpzociavg = 7-538 X 10° g_m

ACTIVITY CONCENTRATION

The activity concentration—activity per unit volume—is obtained by multiplying the activity
per unit mass by the density. The density measured by SWRI is 1.89 gm/cm’. The activity
concentration is given by the symbol C with the appropriate identifying subscripts.

o1
Prn = 1.89 I
Pt By
Arposonpave = 3-863 X 10° =— Casonp = AmsoibavepThn Cysonp = 2.702 % 10° —
gin 1
pCi B
ATh23OCDavg =4.290 x 10° — Cazoep = ATh230CDavnghN Cysocp = 3.00 X 10° —':31
gt tr
Pt By
ATh23OCFavg =3.959 x 10* — Cozocr = ATh23OCFavnghN Cosocr = 2.768 X 10° —
gin 1
pC1 Bq
AThZSOCIan =7.538 x 10° g_m Coioc1 = ATh230CIavnghN Cpocr = 5.271 10° F

CONCLUSIONS
The average *°Th activities per gram are as follows:

« 3.863 x 10’ pCi/gm for ThN produced in the United States and stored at Hammond Depot,
« 4290 x 10’ pCi/gm for ThN produced in the United States and stored at Curtis Bay Depot,
¢ 39.59 x 10’ pCi/gm for ThN produced in France and stored at Curtis Bay Depot, and

« 7.538 x 10° pCi/gm for ThN produced in India and stored at Curtis Bay Depot.
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The average *°Th activity concentrations are as follows:

2.70 x 10* Bg/m’ for ThN produced in the United States and stored at Hammond Depot,
3.00 x 10* Bg/m’ for ThN produced in the United States and stored at Curtis Bay Depot,
27.7 x 10* Bg/m® for ThN produced in France and stored at Curtis Bay Depot, and

5.27 x 10* Bq/m’® for ThN produced in India and stored at Curtis Bay Depot.
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Appendix D

DECAY CALCULATIONS USING ORE DATA

INTRODUCTION

The Nevada Test Site (NTS) radon performance objective, 20 pCi- m * - sec ', applies to
any time between the present and 1000 years in the future. Before the NTS model can be applied,
the time-dependent levels of *?Rn must be determined from potential “?Rn sources: **°Th and
28U. The *Th activities are computed from preliminary ore data, and the **U activities are
computed from previously measured mass spectroscopic data.

This appendix presents background information; evaluates the potential sources of **Rn;
determines the time-dependent activities of **°Th, ***Ra, and **’Rn; and compares the computed
22Th, #°Th and ***Ra activities to NTS action levels.

The density, p;;y, of the thorium nitrate is 1.65 gm/cm’. Py = 1.65 ‘323
1.437 » 10°
M 2 3
Vol = Volpgg =] 3802 ®x10° | m
Py
1325 % 10

Vol 1s the volume of the thorium nitrate only. It does not include the volume of the drums.

POSSIBLE SOURCES OF RADON-222

There are two possible sources of **’Rn in the thorium nitrate inventory: *°Th and ***U
carried over into the thorium nitrate during chemical processing. All the available **°Th is
assumed to have been processed into the thorium nitrate. The ***U is an impurity and is assumed
to occur at 1 ppm, the level measured earlier by Oak Ridge National Laboratory.

2371 = 10°
PP 130 = mo% Mgy =| 6273 % 10°| kg
2186 x 107
My = ZMijszstmc M, =3.217 kg
il
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The total ***U activity is given by A,;5 = SpA ;M 35. A, =1.081 x 10° pCi
The **Rn activity may be obtained from readily available decay calculators.

For an initial ***U activity of 1.000 x 10° Bq, the following table displays the activities in
the 2*U decay sequence at 1000 years:

Activities (in Bq) after 1000 years assuming | Total activity (in Bq) after 1000 years assuming
an initial activity of 1.000 x 10° Bq: an initial activity of 1.000 x 10° Bq:

23U 1.000 x 10° U series 3.003 x 10°

ZTh 1.000 x 10°

2¥4mpg 1.000 x 10°

U 2.826 x 10°

Th 12.86

°Ra 1.651

*’Rn 1.651

*¥po 1.651

*“Pb 1.650

214Bi 1.650

1pPo 1.650

*19pp 1.505

*19Bi 1.505

*1%po 1.503

Source: Data obtained from the World Information Service on Energy, universal decay calculator, URL:
http:/www.antenna.nl/wise/uranium/rcc.html, accessed April 10, 2002.

From the decay information presented above, the decay of >**U in the thorium nitrate inventory
would produce a **Rn activity at 1000 years that is 1.651 x 10 ° the activity of the **U.

Apomuazs = Aazgl 651 10° Agomuazg = 1.786 % 10° pCi

CURRENT THORIUM-230 ACTIVITIES

The original number of **°Th atoms in the thorium nitrate inventory is given by Ny, ,3,,.-

N 2082 x 10%
Nnasew = S M ogsose = | 4.926 % 107
e 1444 x 10%

] S
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The mass of *°Th in the thorium nitrate inventory is given by My,,,;,,.-

. 3.087 = 107!
M rygoen = ’;:?Tw Ml Tya30 M opazose = | 1.881 % 107 | kg
5513 x 107

My Thaz e — E :Mmmimj

]

PPM iy = 10 % 10°

M oz j
PP nozogw —
THH j

THORIUM-230 AS A FUNCTION OF TIME

mtotalThZSOinv = 5519 X 1071 kg

0.130
0.300
0.252

The *°Th content of the inventory, which varies with time, is given by Ay;,3,(2),

Aoz (.10 = ﬁmnmje-lmm .

Changes in *°Th activity are evaluated for 100, 1,000, 10,000, and 100,000 years after separation
from the ore. The **°Th produced by each ore type is computed separately.

100
1,000
10,000
100,000

Aoz 84,10 =

¥ i=0...3 R )
3.877 = 104

2845 % 104 .

354 % 10 pCi A o t5.2)
1548 = 101

D-3

6.361 x 10
6,309 x 10"
5808 x 10
2539 x 10"

i

1.136 = 104
1.127 = 10" o
" 1037 x102| P

4536 » 101
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The *°Th contained in a gram of the thorium nitrate inventory is given by SpA,;mn(tj);
(7 =0,1,2) refers to South African monazite ore, Malagasy Republic ore, and Indian ore,
respectively,

A g (1 1)

SPA e (8, 1) = M
THH §

The variation with time of the **°Th activity per gram in the thorium nitrate inventory is given by
SpA ;o The times are 100, 1,000, 10,000, and 100,000 years after separation.

2683 % 107 6181 = 10°
- 0 2661 % 10°| pci - - 6.13 x 10 | pci
t,, 0= — t,, 1= —
P zsomar Vs 245 % 10° | gm P mom 5643 % 10°| gm
1071 = 10° 2467 = 107
5199 x 10°

con . 5156 % 10° | pCy
PRaom -2 ) 247 % 107] gm

2075 % 10°

RADIUM-226 ACTIVITY AS A FUNCTION OF TIME
The activity of **°Ra as a function of time is given by A,,,,s(?). A Bateman equation for

two isotopes is used to compute the activity of *°Ra assuming an original quantity of *°Th and
specified decay times.

}"'Rﬂﬂﬁ"!ll" Thd30xer j

Aot 1) = [ p~* Mzt — ot Razaet |

}‘*Rm:s - }‘*nﬂzu

The times for evaluation of the ***Ra activity are 100, 1,000, 10,000, and 100,000 years after
separation. The subscriptj (j = 0,1,2) refers to South African monazite ore, Malagasy Republic
ore, and Indian ore, respectively.
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2.698 = 10% 1.664 = 10U
2.228 x 10% 1.358 = 101
Branslte 07 5 00 g | P Branlte D=l 500 o qgu] P

2,594 x 10M 1581 = 10"

4.82 = 10"

2,979 x 101

Branlte2)= [ 05 qu | P
4634 = 101

The variation with time of the ***Ra activity per gram in the thorium nitrate inventory is

given by SpA,spn(t), Sph pyena (4, 1) = % The times are 100, 1,000, 10,000, and

Thid j
100,000 years after separation.

1.138 x 10° 2622 % 102
con . 9.395 % 10*| pCi con 1 2.164 % 10%| pCi
t-, = e ti’ = -
P azemar (1.0) 2467 % 10%| egm P& memar (1. 1) 5683 x 10°| zm

1094 = 10° 2521 % 10°

2.205 x 102

1821 % 10% | pCy
478 x10° | gm
212 = 10°

PP gy (1 .20 =

D-5



Appendix D — Decay Calculations Using Ore Data

RADON-222 ACTIVITY AS A FUNCTION OF TIME

The activity of *’Rn as a function of time is given by 4,,,,,(¢). A Bateman equation for
three isotopes is used to compute the activity of *Rn assuming an original quantity of °Th and
specified decay times. The coefficients of the Bateman equation are C,, C,, and C;.

C = ()“Ra226 - )“Th230)71 ()“anzz - ] C,=3.564 x10'y*

Th230

! C;=2284x 10y’

Rn222

Mernrso)
G = ()“Th230 - )“Ra226)71 ()“an - )\‘Ra226)7l C,=-3.564 % 10" y?
Do)

C3 = (}"Th230 - )‘anzz)i1 (}"Ra226 -

o= - Th230t -1Ra226t -3 Rr222t
A g & 1) = }‘mzﬁ}“mmﬁ*mzumj'cle + Cye + Cye /

For each ore type [South African monazite (j = 0), Malagasy Republic (j = 1), and Indian
(j = 2)], the activities of ***Rn at 100, 1,000, 10,000, and 100,000 years after separation from the
ore are as follows.

2,698 x 10U 1.664 = 101
2228 x 108 1.258 = 10%
Branlte 0= 5000 ou | P9 Bl PPPYRNETEY e
2594 x 10 1581 = 10%
4819 = 100
3979 x 104 _
Aoman 027 045 s qgu | P
4634 = 101

The time-dependent amount of **Rn contained in a gram of the thorium nitrate inventory is given
by Ao pn(tj)s

. A g (8 1)
Agmmr (L 1) = ﬁL
T §
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The evaluation times are 100, 1,000, 10,000, and 100,000 years after separation. The
computations are performed, respectively, for South African monazite ore (j = 0), Malagasy

Republic ore (j = 1), and Indian ore (j = 2).

1.138 = 10°

0= 9395 xmi pCi
2467 x 10%| gm
1094 x 10°

B gnamar (1.2

A rom) = ZA aaamea L1 000, 1)
i

2621 %107
N 1 2.164 % 10°| pCi
t-, e -
sz (t:1) 5682 % 10° | zm
2521 = 10°
2205 = 10°
1.821 % 10° | pCi
478 =10* | zm
212 % 10°
pCi
A = 4924 x 10% —
222 Total gm

The ***Rn generated by decay of »*°Th, which was processed into the thorium nitrate directly from

the ore, is given by 4,753

A ypemmann = £ nzTuleM THH §
J

Bgpee o mene = 1584 x 10 pCi

The ratio of ***Rn activity resulting from decay of 2°Th to ***Rn activity resulting from

decay of **Uis given by R,;,,2:5-

Foamezss =

e

THORIUM-232 ACTION LEVEL

"&"Hﬁfmm'l'lﬂm

22Mrom TR38

R, 5000235 = 8.872 % 107

The **Th action level cited in Rev. 4 to the NTS Waste Acceptance Criteria (DOE 2002)

is 8.1 x 10°* Bg/m?’.
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Appendix D — Decay Calculations Using Ore Data

The ***Th concentration in the thorium nitrate inventory is given by Cp,,;, = SpAynP -

B B
Copazy = 2736 % 10° m—? Coonnazz = 8.1 % 10° m—?

The ratio of the volume activity of the thorium nitrate inventory to the NTS action level is
given by

Z
Repa = 50— Reop =3.378

THORIUM-230 ACTION LEVEL

The *°Th action level cited in Rev. 4 to the NTS Waste Acceptance Criteria (DOE 2002)
is 9.6 x 10’ Bg/m’. The concentration of *Th in the thorium nitrate inventory varies with time,

. A gz (L 100
Cazg (L, 1) = M;:,I =
ThH §

where (j = 0,1,2) refers to South African monazite ore, Malagasy Republic ore, and Indian ore,
respectively.

1.638 » 10° 3773 % 10%
1624 x10°| Bg 3742 x 10°| By
CanltiD T s w10t | me CanltieD =5 a5 w107 W
6.538 = 107 1.506 = 107
2.174 x 10°
3148 x 10°| Bq
Canltid = o oog w108 m®
1.267 = 10°

— ; Bd
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The variation with time of the ratio of the 2*°Th concentration in the thorium nitrate
inventory to the NTS action level for ***Ra is given by

W Cuplt 1
Eemgza (t.1) = CQL

Atiorid30

The times are 100, 1,000, 10,000, and 100,000 years after separation. The subscript;j (j = 0,1,2)
refers to South African monazite ore, Malagasy Republic ore, and Indian ore, respectively.

17706 3931 3,306

1.6%92 3.898 3279
E omazo (t5.0) = 1552 E gz (.10 = 3,584 E omgzg (t5.2) = 20109

0681 1.56% 1.32

RADIUM-226 ACTION LEVEL

The **°Ra action level cited in Rev. 4 to the NTS Waste Acceptance Criteria (DOE 2002)
is 3.6 x 10’ Bg/m’.

B
Corigzs = 36 % 107 m—?

The concentration of ***Ra in the thorium nitrate inventory varies with time,

W Bpaslt o
Caze (. 1) = MIESI o ,
M §

where t = 100, 1,000, 10,000, and 100,000 years after separation from the ore.

6.9 % 10° 16 =107

57 x10"| Bq 1.3 x10°| Bq
Coge (15,00 = 15 % 10° F Coagelt;.1) = 35 %107 E

6.7 =107 15 =108
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1.3 %107

Cog (t,2) = e 1':'88 B_Ci
2.9 x10%| m
1.3 = 10°

The variation with time of the ratio of the 2**Ra concentration in the thorium nitrate
inventory to the NTS action level is given by

v Caelt 1)
Foaelt.) = CEL

Artionid 6

The times are 100, 1,000, 10,000, and 100,000 years after separation. For each ore (South
African monazite, Malagasy Republic, and Indian), between 100 and 1000 years, the increasing
ratio reaches and exceeds 1; when this occurs, the *°Ra concentration is no longer compliant
with the NTS action level.

0.193 0.445 0.374
1.553 3.67 3.087
Boags (t5.0) = 4183 B (i, 1) = 0 527 Rz (45,2 = 8.106
1.855 4.275 3.596

1.012

: 8.351

F aa6om1 = ZRzzﬁ (t. 1) =
J- Ramma = 51 925

8.726

The activity concentration of ***Ra in the thorium nitrate will be slightly in excess of the
NTS action level at 100 years. The activity of ***Ra increases with time until roughly 10,000
years; the current activity concentration of ***Ra is less than the NTS action level.

CONCLUSIONS
The constituents of the thorium nitrate determined from ore data are near or well above

the applicable NTS action levels. The current activity concentration of **Th in the thorium
nitrate inventory is about 4.2 times the NTS action level. The current activity concentration of

D-10



ORNL/TM-2003/52

#%Th in the thorium nitrate inventory is about 10.1 times the NTS action level. The current
activity concentration of **°Ra is less than the NTS action level.

The decay of ***U is an insignificant source of **’Rn in the thorium nitrate inventory. At
1000 years, over 8.9 billion times more **’Rn results from the decay of **°Th that was present in
the original ore body than from the decay of ***U.

REFERENCES
DOE (U.S. Department of Energy) 2002. Nevada Test Site Waste Acceptance Criteria,

DOE/NV-325-Rev. 4, Nevada Operations Office, Waste Management Division, Feb.
URL: http://www.nv.doe.gov/programs/envmgmt/RWAP/pdfs/DOENV325 REV4.pdf
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Appendix E

DECAY CALCULATIONS USING RECENT DATA

INTRODUCTION

The Nevada Test Site (NTS) radon performance objective, 20 pCi- m * - sec ', applies to
any time between the present and 1000 years in the future. Before the NTS model can be applied,
the time-dependent levels of ***Rn must be determined. These calculations use recent
measurements of **°Th and **U, potential ***Rn sources, made by Southwest Research Institute
(SWRI). This appendix presents background information; evaluates the potential sources of
*’Rn; determines the time-dependent activities of **°Th, ***Ra, and ***Rn; and compares the
computed »**Th, **°Th, and ***Ra activities to NTS action levels.

BACKGROUND
The measured density, p,,,, of the thorium nitrate is 1.89 gm/cm’. Py = 1.89 gm3
CiTl
457 = 107
M g 7.975 = 10°
Volpy = Vol gy = m? j=0...3
T g B L2319 % 107 !
1156 % 107
Vol = 2 Volpy, Vol= 1702 x 107 m”
i

Vol 1s the volume of the thorium nitrate only. It does not include the volume of the drums.

POSSIBLE SOURCES OF RADON-222

There are two possible sources of **’Rn in the thorium nitrate inventory: >*°Th and **U
carried over into the thorium nitrate during chemical processing. All the available *°Th is
assumed to have been processed into the thorium nitrate. The ***U is an impurity and is assumed
to occur at the highest concentration measured by SWRI for each portion of the inventory.
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045 8637 = 10°
1.01| mg y 1.507 = 10° .
PP asenter 7| 09 o[ g W o073 x 105 |
0.54 2.186 x 10°
M,;5 = MpnPPMysgp1ay M, =20.307 kg
The total 2*U activity is given by 4,5, = SpA ;M. ;5. A, =6.827 x 10° pCi

The **Rn activity may be obtained from readily available decay calculators.

For an initial **U activity of 1 x 10° Bq, the following table displays the activities in the
U decay sequence at 1000 years:

Activities (in Bq) after 1000 years assuming | Total activity (in Bq) after 1000 years assuming
an initial activity of 1 x 10° Bq: an initial activity of 1 x 10° Bq:

U 1.000 x 10° %0 series  3.003 x 10°

»4Th 1.000 x 10°

24mpg 1.000 x 10°

24U 2.826 x 10°

*'Th 12.86

°Ra 1.651

*Rn 1.651

. 1.651

*19Ph 1.650

214Bi 1.650

*1Po 1.650

219pp 1.505

210 1.505

*1%pgo 1.503

Source: Data obtained from the World Information Service on Energy, universal decay calculator, URL:
http:/www.antenna.nl/wise/uranium/rcc.html, accessed Dec. 6, 2002.

From the decay information presented above, the decay of ***U in the thorium nitrate inventory
would produce a **’Rn activity at 1000 years that is 1.651 x 10 °® the activity of the ***U.

Ayomuzzg = 1.651 % 10° Ay Aomuazg = 1.127 X 10* pCi
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CURRENT THORIUM-230 ACTIVITIES

The *°Th activities are computed for each distinct portion of the thorium nitrate
inventory. The average °Th activity per gram of thorium nitrate measured by SWRI is
multiplied by the total mass of thorium nitrate for the relevant portion of the inventory.

1
Ati30imin = MaX(Agy0ip) Asoinen = 447 X 10° —
gtn
A ozt , = A mazoian M mr A sy, = 3861 % 107 pCi
pCi
Atnosoimven = MaX(Aqy30cp) Aiosoimven = 4.984 X 10° —
2
A noz0zm; = P mesozecn M A astggy = 1013 % 10" pCy
pCi
Atnosoimver = MAX(Aqysocr) Arpsoimer = 4.995 x 100 —
2
Aoy = Smazoen cr M myg By = 3-133 % 10 pCi
pCi
Atnosoimver = MaX(Aqyasocr) Atposoimer = 7632 x 10° —
2
ﬁm3um3 = Hmzu:‘mcle3 B msngmy = 1008 % 108 pci

The *°Th activities are computed for the Hommond Depot domestic inventory, Curtis
Bay Depot domestic inventory, Curtis Bay Depot French inventory, and Curtis Bay Depot Indian
inventory, respectively. These computations are based on measurements made by SWRIL

2861 % 101
7513 =108

Bmaw =\ 5 y0n o | PO
1668 x 107
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THORIUM-230 AS A FUNCTION OF TIME

The *°Th content of the inventory, which varies with time, is given by Ay,,3,(%,j),
j=0...3), where the subscriptsj = 0,1,2,3 refer to Hammond Depot domestic, Curtis Bay Depot
domestic, Curtis Bay Depot French, and Curtis Bay Depot Indian inventories, respectively,

A pom (.1 = *&annimje-lmm
100
1,000 oA
= 110000 | ¥ RO
100,000

The change in **°Th activity with time is given by 4;,,;,(2). The times are 100, 1,000,
10,000, and 100,000 years after analysis by SWRI. The ***Th generated by each component of the
inventory is computed separately.

2,857 x 104 7.506 » 10%
2,825 = 10 7444 = 10 _

B 000 75 oo o g [P A G0l = oo o ou | P9
1.540 = 10% 2.996 x 104
3.130 x 1Y 1.666 x 10
3.104 = 10" 1.653 x 10"

A opgap (£4.2) = 5858 x 100 pC1 A opgap (£.3) = 1555 x 101 pCi
1.250 = 107 6.652 =10H

The *°Th contained in a gram of the thorium nitrate inventory is given by 4,;,.x(%./)s
where (j = 0,1,2,3) refers to Hammond Depot domestic, Curtis Bay Depot domestic, Curtis Bay
Depot French, and Curtis Bay Depot Indian inventories, respectively,

. A s (L 1)
Aopr (t 1) = ifu — .
T §
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The times for evaluation of the **°Th activity in the inventory are 100, 1,000, 10,000, and
100,000 years after analysis by SWRI.

(4 466 % 107) (4 979 % 10%)
4.429 x10°] ey 4.938 % 10°| pCy
A o (15,00 = 3 b A ganmar (15.1) = 3 =
4077 =10 =511} 4 546 =10 g
[1.783 = 10%) [1.988 % 10°)
(499 % 10* ) (7625 % 107)
4949 x 10| Loy 7562 % 10° '
A pgmar (£5.2) = 4 B A gmar (15.3) = 3 =
4556 x 10| em 6.962 % 10°| gm
(1.992 = 10*) [ 3.044 > 10°)

RADIUM-226 ACTIVITY AS A FUNCTION OF TIME

The activity of *°Ra as a function of time is given by A4,,,,(%,/). A Bateman equation for
two isotopes is used to compute the activity of *°Ra assuming an original quantity of *°Th and
specified decay times. The times are 100, 1,000, 10,000, and 100,000 years after analysis by
SWRI. The subscript j (j = 0,1,2,3) refers to Hammond Depot domestic, Curtis Bay Depot
domestic, Curtis Bay Depot French, and Curtis Bay Depot Indian inventories, respectively.

}"'Rﬂﬂﬁ"!ll" Thd30xer j

A pans(1.1) = (et Tzt — o—hRa2aet |
}“Rm:s - }‘*nﬂzu
1.636 = 101 3184 » 104
1.351 = 108 . 2628 % 101 |
Aops (8,00 = 3 546 x 100 pCi B (8,10 = c o x 108 pCi
1.573 = 108 2.061 x 108
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1.328 = 10" 7.069 x 10V

1.096 = 10" 5.836 x 101
e P Rl ] R Aranlt) =1 oo oy gu [P

1.277 = 10" 6. 796 = 10H

The **Ra contained in a gram of the thorium nitrate inventory is given by A,,smn(?).

A pg (1. 1)

A emar (1, 1) = M
T §

The variation of *°Ra activity per gram is evaluated at 100, 1,000, 10,000, and 100,000 years
after analysis by SWRIL

(1,894 = 10%) f2 112 % 10%)
1.564 = 10°| pCi 1.744 = 10° | pCi
A gngmr (55,00 = 3 = Aogpemar (25,10 = 3 L
4106 % 10 gm 4578 x10°| gm
(1.821 = 107 (2,031 = 10°)
(2117 x 10%) (3034 % 10%)
1748 = 10* o 267 % 10° O
Hogmay (1.2 = s = A gy (5.3 = . L
4588 % 10 gm 7.01 =10 g
[2.035 % 10*) (3.11 % 10° |

VARIATION OF RADON-222 ACTIVITY WITH TIME

The activity of ***Rn as a function of time is given by 4,,,,,(2). A Bateman equation for
three isotopes is used to compute the activity of *’Rn assuming an original quantity of *°Th and
specified decay times. The coefficients of the Bateman equation are C,, C,, and C;.

C = ()“Ra226 - )‘Th230)71 ()‘anzz - )‘Th230)71 C,=3.564 x 10' yz

C,= ()“Th230 - )‘Ra226)71 ()‘anzz - }"Ra226)71 C,=-3.564 x 10' y2
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C= ()“Th230 - )“anzz)il ()“Ra226 - }“anzz)il C;=2.284 x 107 YZ

o= - Th230t -1Ra226t -3 Rr222t
A g & 1) = }‘mzﬁ}“mmﬁ*mzumj'cle + Cye + Cye /

For each portion of the thorium nitrate inventory (Hammond Depot domestic, Curtis Bay
domestic, Curtis Bay French, and Curtis Bay Indian), the activities of **?Rn are computed at 100,
1,000, 10,000, and 100,000 years after analysis by SWRI.

(1636 % 101) (2183 x 10M)
N . 1.351 = 10" o N 1 2628 x 10M o
t.. = 1 ( = 1
reazs (1.0) 3546 x 102 F oz (5. 1) 6.000 x 102 F
(1,573 = 104 (3.061 x 104
(1328 % 101) (7068 % 10™)
N ) 1.096 x 10V o N ; 5836 x 101 o
t.. = 1 [ = 1
oz (F4:2) 2878 % 102 | F s (F4:) 1532 x 102 F
[1.277 = 107, (6,796 %10

The variation with time of the ***Rn activity per gram is given by

. A pan (t 1)
At 1) = ﬁn — .
ThH

The times are 100, 1,000, 10,000, and 100,000 years after analysis by SWRI. The computations
are performed for the following inventories, respectively, Hammond Depot domestic, Curtis Bay
Depot domestic, Curtis Bay Depot French, and Curtis Bay Depot Indian.

1.894 = 102 2112 = 10°

1.564 % 10° | pCi 1744 x 10° | pCi
B PR T A PETE ST IS

1.821 = 10° 2.031 % 10°
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2116 = 10° 3.234 = 10°

1747 = 10* pci 2670 x10°| pci
B (2 = soo ot am Bt T 0 0| em

2.035 = 10* 3110 = 10°

The total ***Rn activity at 1000 years is given by 4,7,

1

A rom) = Z*‘ﬁ'*nmm (1000, 1 B gy = 2345 % 10*
i Etn

The ***Rn generated by decay of >*°Th, which was processed into the thorium nitrate directly from
the ore, is given by 4,753

A g Thaze = ‘E"EEETMIZMMJ' B o = 7544 w 107 pCi
i

The ratio of **’Rn activity resulting from decay of *°Th to **’Rn activity resulting from
decay of **U is given by 7,;),,,3s-

A
22 Hom T Iy3ponss = 6.693 % 10°

Tozitoass = n
QAT om T3S

THORIUM-232 ACTION LEVEL

The ***Th action level cited in Rev. 4 to the NTS Waste Acceptance Criteria (DOE 2002)
is 8.1 x 10* Bg/m’. The ***Th activity concentration (activity per unit volume) in the thorium
nitrate inventory is calculated from the maximum concentrations measured by SWRI.

401,000 8637 % 10°

453,000| mg y 1.507 = 10° .
ppm232bﬁax_ 453,(:”:”:' E ThT — 62?3 - 105 g

465,000 2186 % 107
M,3, = ppMysp My M,;, = 1.415 % 10° kg
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Sph s, M By Bq
Coa = % Cppy = 3387 % 10° 5 Coamn = 81 10° —
C
foon = G Teun = 4.182

THORIUM-230 ACTION LEVEL

The **°Th action level cited in Rev. 4 to the NTS Waste Acceptance Criteria (DOE 2002)
is 9.6 x 107 Bg/m’. The concentration (activity per unit volume) of **°Th in the thorium nitrate
inventory varies with time,

. A gz (L 100
Cazg (L, 1) = M;:,I =
ThH §

where (j = 0,1,2,3) refers to Hammond Depot domestic inventory, Curtis Bay Depot domestic
inventory, Curtis Bay Depot French inventory, and Curtis Bay Depot Indian inventory,
respectively.

3123 % 10° 3482 % 10°
. ) 3.097 % 10°| Bg . 1 3453 x 10°| By
t-, = —_— ti’ = —_
20 1:.0) 2851 % 10¢| m’ 0 (t:1) 3179 x 10%| m’

1.247 = 10° 1.39 = 10°

349 % 10° 5.332 % 10°
o - 3461 % 10° | Bq 3 - 5288 % 10°| By
B 2186 % 10°| m’ e 4268 % 10°| m’

1.393 = 10° 2128 = 10°

B
Conazy = 9.6 % 107 m—§
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For ¢t = 0, the date of measurement,
Agriso(t,0) = 3.862 x 10" pCi Ayposo(t,1) =7.515 x 10" pCi
Ayroso(t,2) =3.134 x 10" pCi Ayroso(t,3) = 1.669 x 10" pCi

The total current *Th activity is given by 4070

A mastom = Z*ﬂ'*umzzn (t. 1) Aot = 4439 x 10" pCi
i

The current activity concentration of 2°Th is given by C,250701ar

A a0 Toa 10 Ty

C = e Ba
0 T30 Total ZMMJ CI:ITI'L'EEDTULal = QK9 103 F
i

The current activity concentration of 2Th in the thorium nitrate exceeds the **°Th action limit by
the factor ;.

-
OTH230Total ry=10.1

Tymp =
Cﬁ.rLiJmHEEI

RADIUM-226 ACTION LEVEL

The ***Ra action level cited in Rev. 4 to the NTS Waste Acceptance Criteria (DOE 2002)
is 3.6 x 10’ Bg/m’.
Bq

3
m

C yimgzs = 36 % 107

The concentration of ***Ra in the thorium nitrate inventory varies with time,

A paas (b 101y

Crame (£, 1) = M
ThH §
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f1225 % 107)
0 = 1034 = 10°| Bq
Fadid M1 2871 x 10%| m”

(1.274 = 10°)

(148 % 10% )
. . 1.222 x 10° | Bq
t-, = -
razs (14:2) 2208 % 10°| m’

(1423 = 10° )

Copame (£5.1) =

cRaEQIS (ti=3:| =

(1477 % 107)
1219 x 10°| Bq
3.201 x 10° | m
(142 x 10°

!

(2262 % 107)
1867 = 10°| Bq
4902 = 10%

(2,175 x 107

The variation with time of the ratio of the **’Ra concentration in the thorium nitrate

inventory to the NTS action level is given by

o Cpazas (8 1)
Fopazas (£, 1) = o .
Aetiona26

The times are 100, 1,000, 10,000, and 100,000 years after measurement by SWRI.

(0,368
2038
rl:Rhnlﬂ l:tl’l:]:l = ?9?6

3,533

(4112

33946
rcmﬂlﬂ (tl’z) = 89122

39,534

Iopanadtotal — Zrcmzﬁ (t. 1)
i
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Tppanas (i, 1) =

Tppanag (bi.0) =

(0.41
3.387
2.893

3,945

(0,628
5187
13.617

| 6.04

5518
45557
Terasgenl = | 119 608
53057
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The activity concentration of ***Ra in the thorium nitrate will be slightly in excess of the
NTS action level at 100 years. The activity of *°Ra increases with time until roughly 10,000
years; hence, the current activity concentration of *°Ra is near the NTS action level.

CONCLUSIONS

The constituents of the thorium nitrate are near or well above the applicable NTS action
levels. The present activity concentration of 2**Th in the thorium nitrate inventory is about 4.2
times the NTS action level. The current activity concentration of 2°Th in the thorium nitrate
inventory is about 10.1 times the NTS action level. The current activity concentration of ***Ra is
near the NTS action level.

The decay of ***U is an insignificant source of **Rn in the thorium nitrate inventory. At
1000 years, over 6.6 billion times more **’Rn results from the decay of **°Th than from the decay
of #*U.

REFERENCE

DOE (U.S. Department of Energy) 2002. Nevada Test Site Waste Acceptance Criteria,
DOE/NV-325-Rev. 4, Nevada Operations Office, Waste Management Division, Feb.
URL: http://www.nv.doe.gov/programs/envmgmt/RWAP/pdfs/DOENV325 REV4.pdf
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Appendix F

RADON-222 EMISSION CALCULATIONS
USING PRELIMINARY ORE DATA

INTRODUCTION

The Nevada Test Site (NTS) is required to limit the emissions of radon from buried
materials. Radon emissions from uranium and thorium decay sequences increase with time. The
performance objective for NTS burial sites is 20 pCi- m® - sec ' at 1000 years in the future.

The calculation of radon emissions has been performed for two cells at NTS: an upper
cell, 26-ft depth, and a lower cell, 40-ft depth. The upper cell depth is typically used for burial of
uranium and uranium-containing materials. The lower cell depth has been used for burial of
thorium and thorium-containing materials. The data used for these calculations are derived from
published estimates of the uranium content of thorium-containing ores.

This appendix presents the model used to perform the calculations, the computation of
radon emissions from an upper cell, and the computation of radon emissions from a lower cell.

BACKGROUND

The February 1995 draft performance assessment (DOE 1995) provides the following
information that may be used to determine the emission of *?Rn from a burial cell. The
parameters are specific to the geometry of Pit 6 (the one used for thorium from Fernald).

J = 1 x 1012[I<upc (t) + Klowclow(t)] (pCI ' miz ’ Secil) ’

up

surface **Rn flux from burial pit, pCi- m * - sec ',

ratio of surface flux to **Ra activity concentration in the lower cell, m/sec,
K, = ratio of surface flux to *°Ra activity concentration in the upper cell, m/sec,
activity concentration for ***Ra in the lower cell, Ci/m’, and

= activity concentration for ***Ra in the upper cell, Ci/m’.

7~
I

Koo =33x10" 2 Kup:5,3><10’8£

low
ZEC ZEC
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Appendix F — Radon-222 Emission Calculations Using Preliminary Ore Data

100
1437 = 10°
Vol 2.802 % 10° 3 1,000 i=0...3
= . ) t= 1=0..
© it ) m 10000 | 7
1325 =10 100,000

EMISSIONS FROM THE UPPER CELL

The first evaluation of emissions is done assuming that the thorium nitrate inventory is
placed in the upper cell.

The activity concentration equals the **°Ra activity divided by

Ot ) = Hpae b 1) the volume of the thorium nitrate inventory produced from a
¥ Vol gy j specific ore: South African monazite, Malagasy Republic, or
Indian.
C. (tj)=0 Calculations are performed below to determine the emissions from thorium
low\"J/) ™

nitrate buried in the lower cell.

The conversion to picoCuries given in DOE (1995) has
J(t) = (Klow'cmw(t) + Kup'Cup(t)) been ignor§d b.ecause. the activity of *°Ra is already
computed in picoCuries.

The values of C,,(7) are computed at 100, 1,000, 10,000, and 100,000 years after
separation from the ores: South African monazite, Malagasy Republic, and Indian. There is a
peak in the ***Ra concentration near 10,000 years.

1.878 = 10° 4326 % 10°
155%10° | pcy 3571 % 10° | pi
Col 0= 7100 | we Colel =6 10| b
1.805 x 10° 4159 % 10°
3639 % 10°
3.004 x 10° | pCi
Coli) = o0y w100 | mt
3499 = 107
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0 0 0
0 0 0
Cur (800 = 1 Cuar (1.1 = | Com (1:2) = |,
0 0 0

The ***Rn emissions from the ground above the disposal cell, J(z,j), are computed at 100,
1,000, 10,000, and 100,000 years after separation from each ofthe ores: South African monazite,
Malagasy Republic, and Indian. The subscriptj (j = 0,1,2) refers to the ores in the sequence given
in the previous sentence.

The NTS performance objective for radon is an emission of I o0 pCi
. _ _ .
less than 20 pCi-m* - sec . ot m sec
For the case of the upper cell only, J(z,j) = K,,C, (1)) .
9.952 = 10" 2.293 % 101
o 8.216 x 100 | pCi T 1893 x 10% | pCi
t-, = ti’ =
(5:.0) 2157 x 10*| m® " sec (t:. 1) 4969 x 10*| m® sec
9.568 x 10! 2.204 % 10°
1.929 x 10!
e 1.592 = 10° pCi
t.,8) =
(t:,2) 418 x 10° | m® sec
1.854 = 10°
52
_ - 431 e 8]
NNOEDIUCEY - b T, (1000 y) =431 —L
i T (8 1131 m? sec w1 ) m* " sec
502

If the thorium nitrate inventory were buried in the upper cell, the ***Rn emissions would
exceed the performance objective for all times examined.
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Appendix F — Radon-222 Emission Calculations Using Preliminary Ore Data

EMISSIONS FROM THE LOWER CELL

The activity concentration equals the ***Ra activity divided by the volume of the thorium
nitrate inventory produced from a specific ore: South African monazite, Malagasy Republic, or
Indian.

A g (8 1)

Coom (1.1 = =57 . C,,y(tj) =0
]

Calculations are performed in the previous section to determine the impact if thorium nitrate
were stored in the upper cell.

The conversion to picoCuries given in DOE (1995) has been ignored because the activity
of *°Ra is already computed in picoCuries.

3®) = (Kipy Cron(®) + Ky Coo(0)

= D D

Cq;. (t;,0) = Cq;. (t;, 1) = Cq;. (t.2) =

L s T
L s T

0

The values of C,(1) are all zero because there is no upper disposal cell.

The values of C,,,(t) are computed at 100, 1,000, 10,000, and 100,000 years after
separation from the ores: South African monazite, Malagasy Republic, and Indian. There is a
peak in the ***Ra concentration near 10,000 years.

1.878 = 10° 4326 = 10°
1550 % 10°| pcy 3571=10°| pcy
Con 0O = 070 x 107 m® Cor (D=0 206 0100 m?
1805 % 10° 4159 = 10°
3,639 % 10°
C 2= 2.004 x m: p_c:
7887 x10°| m
3499 = 107

For the case of a lower cell only, the upper cell term is dropped, giving J(t,j) = K, C,,..(%))-
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The **Rn emissions from the ground above the disposal cell, J(%,j), are computed at 100,
1,000, 10,000, and 100,000 years after separation from each of the ores: South African monazite,
Malagasy Republic, and Indian. The subscriptj (j = 0,1,2) refers to the ores in the sequence given
in the previous sentence.

The NTS performance objective for radon is an emission of pCi
less than 20 pCi-m* - sec . Tay = 20 m sec
0.0062 0.0143 001z

. 00512 pCi T 1 01175 pCi Tt o 0.0%%1 pCi
0= 101343] @2 eee Y T 03004 mTowme DU T 02603 mF e
0.0596 0.1373 0.1155

0.032
- - 0.268 ' i
T () = 278 3) _ ptt Ty (1,000%) = 0268 —5
i Tia (1) 0704 m? sec war (1. ) ' m?  sec
0.312

The ratio of the calculated **Rn emissions from the 40-ft-deep trench to the performance
objective is given by 7.,,..po- The ratios are calculated at 100, 1,000, 10,000, and 100,000 years
after analysis of the thorium nitrate by Southwest Research Institute.

0.16
Ty (E) 1.34
Faxzpo (B = t;m foupeapg (B = 359 Yo Teaeaonj (1000 y) =1.34%
ohj .
1.56

The total computed ***Rn emissions from the thorium nitrate inventory, when buried in a
40-ft-deep trench, would be well below the NTS performance objective, 20 pCi- m * - sec”', for
all times considered.
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Appendix F — Radon-222 Emission Calculations Using Preliminary Ore Data

CONCLUSIONS

The thorium nitrate inventory must be buried below the standard 26-ft depth for uranium.
If the thorium nitrate were buried at the 40-ft depth used for the Fernald thorium, the modeled
radon emissions from the thorium nitrate would be substantially below the NTS performance
objective.

REFERENCE

DOE (U.S. Department of Energy) 1995. Performance Assessment for the Area 5 Radioactive
Waste Management Site at the Nevada Test Site, Draft, PE-NTS-18, prepared by
Reynolds Electrical and Engineering Co., Inc., Las Vegas, Nev., for the Waste
Management Division, DOE Nevada Operations Office.
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Appendix G

RADON-222 EMISSION CALCULATIONS
USING MAXIMUM VALUES

INTRODUCTION

The Nevada Test Site (NTS) is required to limit the emissions of radon from buried
materials. Radon emissions from uranium and thorium decay sequences increase with time. The
performance objective for NTS burial sites is 20 pCi- m? - sec ' at 1000 years in the future.

The calculation of radon emissions has been performed for two cells at NTS: an upper
cell, 26-ft depth, and a lower cell, 40-ft depth. The upper cell depth is typically used for burial of
uranium and uranium-containing materials. The lower cell depth has been used for burial of
thorium and thorium-containing materials. The data used for these calculations are derived from
measurements made by the Southwest Research Institute (SWRI) on samples from the thorium
nitrate stockpile.

This appendix presents the model used to perform the calculations, the computation of
radon emissions from an upper cell, and the computation of radon emissions from a lower cell.

BACKGROUND

The February 1995 draft performance assessment (DOE 1995) provides the following
information that may be used to determine the emission of *Rn from a burial cell. The
parameters are specific to the geometry of Pit 6 (the one used for thorium from Fernald).

J = 1 X lolz[KupC (t) + Klowclow(t)] (pCl ' m*2 ' sec l) H

up

where

J surface **’Rn flux from burial pit, pCi- m* - sec ',

K,, = ratio of surface flux to ***Ra activity concentration in the lower cell, m/sec,
K, = ratio of surface flux to **°Ra activity concentration in the upper cell, m/sec,
C.., = activity concentration for ***Ra in the lower cell, Ci/m’, and

Cyp activity concentration for ***Ra in the upper cell, Ci/m’.

Ky =33x 101" 2 K,=53x10% 2

low
ZEC ZEC
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Appendix G — Radon-222 Emission Calculations Using Maximum Values

457 % 107 100
7975 < 10% | | 1,000

Vol = 3319 x 107 | 10,000 | 7
1156 x 10° 100,000

EMISSIONS FROM THE UPPER CELL

The first evaluation of emissions is done assuming that the thorium nitrate inventory is
placed in the upper cell.

_ The activity concentration equals the ***Ra activity divided by
Colt ) = £ g (11 the volume of a specific portion of the thorium nitrate:
¥ Wol gy j Hammond Depot domestic, Curtis Bay Depot domestic, Curtis
Bay Depot French, and Curtis Bay Depot Indian inventories.

Calculations are performed below to determine the emissions from thorium

Cionlt:) =0 nitrate buried in the lower cell.

The conversion to picoCuries given in DOE (1995) has
J(t) = (Klow'clow(t) 4 Kup'cup(t)) been ignorgd b'ecause' the activity of *°Ra is already
computed in picoCuries.

The values of C (#) are computed at 100, 1,000, 10,000, and 100,000 years after analysis

up

by SWRI from the Hammond Depot domestic, Curtis Bay Depot domestic, Curtis Bay Depot
French, and Curtis Bay Depot Indian inventories.

3.58 % 10° 2.992 % 10°

2.956 % 10°| pcy 3.296 x 10° | pCi
Co 0= 0060100 | mt Colil= o 5ok 10o| m®

3442 % 10° 3838 x 107
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4001 = 10° 6113 x 10°
oo 3303 % 10% | pcy ¢ s 5.046 % 10° [ pi
t-, - —_— ti’ = -
w (£1:2) 2671%10% | m’ w2 (t1.3) 1225 x 10| m*
3847 = 10 5877 = 10°
0 0 0 0
0 0 0 0
C o (1,00 = 9 C o (1,10 = 9 C o (1,23 = 9 C o (1,30 = 0
0 0 0 0

The ***Rn emissions from the ground above the disposal cell, J(z,j), are computed at 100,
1,000, 10,000, and 100,000 years after analysis by SWRI from the Hammond Depot domestic,
Curtis Bay Depot domestic, Curtis Bay Depot French, and Curtis Bay Depot Indian inventories.
The subscriptj (j = 0,1,2,3) refers to the analyzed materials in the sequence given in the previous

sentence.

The NTS performance objective for radon is an emission of

less than 20 pCi-m* - sec .

1

For the case of the upper cell only, J(z,j) = K,,C, (1)) .

1

<20 —

m ' 5ec

1,897 x 10" 2116 % 101
o 1567 x 10° | pCi T 1747 = 10* | pCi
t-, = ti’ =
G714 113 ¢ 102 | 2 sec G D=y 586 x 107 | m? sec
| 1.824 = 10%) (2,034 x 107
(212 x 10? ] (324 % 10" )
I o 1.75 % 107 pCi T3 2675x 10%  pQy
t,2) = t,.30 =
G020 =1 4 596 % 107 | m s G2 =002 % 107 | s
[2.039 % 10%) (3115 % 10
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Appendix G — Radon-222 Emission Calculations Using Maximum Values

285
_ - 5349 i i
T (8 =ST( ) B p _ p
sl 2 i = | oy ga| s T (10003) = 2349 ——
9736

The ratio of the calculated *?Rn emissions from the 40-ft-deep trench to the performance
objective is given by 7.,,..po- The ratios are calculated at 100, 1,000, 10,000, and 100,000 years
after analysis of the thorium nitrate by SWRI.

1423
T o (B 11,746

Faaxzp (1) T Fearzpo (B = 30,839 Y Iaero (1000 y) = 11,746%
13 680

If the thorium nitrate inventory were buried in the upper cell, the *?Rn emissions would exceed
the performance objective for all times examined.

EMISSIONS FROM THE LOWER CELL

The second evaluation of emissions is done assuming that the thorium nitrate inventory is
placed in the lower cell.

_ The activity concentration equals the **°Ra activity divided by
Clon (8, ) = H paags (1 1) the volume of a specific portion of the thorium nitrate:
Vol gy j Hammond Depot domestic, Curtis Bay Depot domestic, Curtis
Bay Depot French, and Curtis Bay Depot Indian inventories.

C,(tj)=0  Itis assumed that there is no material in the upper cell.

The conversion to picoCuries given in DOE (1995) has
J(t) = (Klow'clow(t) + Kup'Cup(t)) been ignored because the activity of *?6Ra is already
computed in picoCuries.
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Cp (5,00 =

L s T

Cop .13 =

L s T

Cpp (.20 =

L s T

Chp .30 =

L s T

The values of C,,(7) are all zero because there is nothing in the upper disposal cell.

The values of C

low

(t) are computed at 100, 1,000, 10,000, and 100,000 years after analysis

by SWRI from the Hammond Depot domestic, Curtis Bay Depot domestic, Curtis Bay Depot
French, and Curtis Bay Depot Indian inventories. There is a peak in the ***Ra concentration near

10,000 years.

Cor (15,00 =

Cong (15,20 =

For the case of material in the lower cell only, J(,j)

3,580 % 10°
2956 x 10° | pCi
7760 x 10° | m>
3442 % 10°
(4001 % 10°
3303x 10| 4

2671x10° | m®

(3847 = 10"

Cor (1. 10 =

Cor (15,50 =

3992 x 10°)
3.296 % 10°
8652 % 10°
(3838 x 107

f5.113 % 10%)
5046 x 10°
1325 = 10

(5877 % 107

= Klow.clow(t’])‘

The **Rn emissions from the ground above the disposal cell, J(7,j), are computed at 100,
1,000, 10,000, and 100,000 years analysis by SWRI from the Hammond Depot domestic, Curtis
Bay Depot domestic, Curtis Bay Depot French, and Curtis Bay Depot Indian inventories. The
subscript; (j = 0,1,2,3) refers to the analyzed materials in the sequence given in the previous

sentence.

The NTS performance objective for **Rn is an emission of

less than 20 pCi-m* - sec .

1
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Appendix G — Radon-222 Emission Calculations Using Maximum Values

f0.0118) (00132
0.0875]  pCi 0.1088]  pCi
Iit;, 0 = 02561 2. er T 1= 02855 m?®: sec
L 0.1136, L 0.1267
f0.132 ) f0.020
10898 pCi 0167 pCi
T2 = {5 9615] 2 ae 1803 = 0437 @2 e
| 1.2694) L0194
0.177
_ . 1.463 e i
T (B = D T(, 1) _ pit T, (1.000v) =1463 —
i Tl =13 000 [ 07 e w(1L0009) =463
1.704

The ratio of the calculated **Rn emissions from the 40-ft-deep trench to the performance
objective is given by 7.,,..po- The ratios are calculated at 100, 1,000, 10,000, and 100,000 years
after analysis of the thorium nitrate by SWRI.

0.9

T o (£ 7.3

Itb_‘i rta.kﬂpl:l(t:l = 19 2 o

Farmall) = Ioueapo (1000 y) =7.3%

8.5

The total computed ***Rn emissions from the thorium nitrate inventory, when buried in a
40-ft-deep trench, would be well below the NTS performance objective, 20 pCi- m * - sec ', at
the surface of the ground, for all times considered. These computations were performed using the
maximum **°Th values reported by SWRI.

CONCLUSIONS

The thorium nitrate inventory must be buried below the 26-ft depth that is standard for
uranium. If the thorium nitrate were buried at the 40-ft depth used for the Femald thorium, the
modeled radon emissions from the thorium nitrate would be substantially below the NTS
performance objective.
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