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ABSTRACT

The internal dosimetry model developed in this study is intended for use
in estimating the urinary natural uranium concentration at various times after
inhalation of yellowcake or ore dust. New experimental data that illustrate
the dependence of lung solubility on the thermal history of the inhaled yellow-
cake are incorporated into the model. The dosimetric model adopted is primarily
that published by the International Commission for Radiological Protection (ICRP)
in Publication 30.

This study employs the model of the ICRP Task Group on Lung Dynamics to
represent the deposition of uranium in the respiratory tract and its clearance
into the blood. According to the model developed in this report, 67 percent
of the uranium entering the blood is excreted in urine the first day without
appreciable uptake by body tissues. The uptake by kidney tissues is 11 percent,
which is subsequently excreted. The systemic uptake by all other organs is 22
percent; this uranium is subsequently released to the blood from which 67
percent is excreted each day, 11 percent is absorbed by the kidney and excreted,
and 22 percent is reabsorbed by the system. The availability and use of a
computer program of this model is described in Appendix B.

Based on this internal dosimetry model, the time interval for the collec-
tion of bioassay specimens following inhalation exposure to airborne yellowcake
(dried at high or low temperature) or to ore dust should not exceed 40 days.

In vivo thorax scanning techniques are shown to be sufficiently sensitive to
confirm excessive exposures to natural uranium inhaled in yellowcake dried at
high temperature, but, for yellowcake dried at low temperature and ore dust,

the usefulness of in vivo measurement is 1imited.






TABLE OF CONTENTS

S T 0 P

SUMMARY Lt i i i i i i e i e i e

REFERENCES FOR SUMMARY ..ottt ittt ittt i ieiaannanns

1.

MODELS USED IN THIS STUDY ...ttt iiennn

1.1 Respiratory Tract Dynamics Model ...............ccciuvn...
1.2 Metabolic Model ... ... i i i,

ORGAN AND SYSTEM BURDENS PER UNIT INTAKE FOLLOWING
EXPOSURE TO YELLOWCAKE OR ORE DUST ....ccuiiuiiiiiiiiiiinnnn.,

2.1 Results of Calculations for Kidney Burden ................
2.2 Results of Calculations for Systemic Burden ..............
2.3 Results of Calculations for Lung Burden ..................

INTAKE CRITERIA FOR INHALATION EXPOSURES .........c.ciienivunnnnn

3.1 Intake Criteria Based on Chemical Toxicity ...............
3.2 Intake Criteria Based on Radiological Toxicity ...........
3.3 Limiting Intake Criteria ....... .. i,

FINAL RESULTS--CALCULATION OF URINARY URANIUM
CONCENTRATION L.ttt ittt ittt ie ittt taiaesnaneanannns

4.1 Yellowcake Dried at High Temperature .....................
Yellowcake Dried at Low Temperature ................vvv.n..
Ore Dust .. ittt it e e
Implications for Bioassay Programs................ccivinnen
Urinary Uranium Concentration for Unit Intake of

Yellowcake or Ore Dust ...... ..t ninnnnn

P I S
W

FINAL RESULTS--CALCULATIONS FOR LUNG BURDEN ...................

Yellowcake Dried at High Temperature ...............cc0utn
Yellowcake Dried at Low Temperature ......................
Ore Dust (10-um AMAD) ... .. ittt it iiiaaannans
Implications of In Vivo Measurements for Bioassay

oY - .

T oron
2w N =

COMPARISON OF ACTION LEVELS AND BIOASSAY FREQUENCIES IN
REGULATORY GUIDE 8.22 TO THOSE IN NUREG-0874...................



REFERENCES .\ o i it ittt st et et R-1
APPENDIX A, EQUATIONS FOR ORGAN AND SYSTEMIC BURDEN CALCULATIONS.... A-1

A.1 General Solutions for Differential Equations ............. A-1
A.2 Specific Equations, Equation Symbols, and Constant
L Z: W 1= A-16
A.3 Example Calculation ....... ..ot iiiiiniiinnnnnnn.. A-30
REFERENCES FOR APPENDIX A ..ottt ittt et e eeeaann, A-53
APPENDIX B, COMPUTER PROGRAM UMIBIO DEVELOPED FOR NUREG-0874 ....... B-1
REFERENCES FOR APPENDIX B. ..ottt it ettt B-6
APPENDIX C, STANDARDS FOR OCCUPATIONAL EXPOSURE............c.euu.... Cc-1
C.1 Calculation of Intake Values According to ICRP-30......... C-1
C.2 Calculation of Intake Values for This Study............... C-7
REFERENCES FOR APPENDIX C. .ot ittt ettt e eeenenns C-14

vi



Figure
S-1

1-1

2-1

2-3

2-4

4-1

4-2

4-3

LIST OF FIGURES

Composite Frequency Distribution of Single
Urine Sample Concentrations from Uranium
Mil]l BiOASSAYS «vvverevrnnenernennennsnanaenasnneesas

Composite Frequency Distribution of Single
In Vivo Lung Counts from Uranium Mill Workers .......

Metabolic Model for Inhaled Uranium
TN UPINe . oiii it i e e i e e

Kidney Burden per Unit Intake of Uranium Following
Single Exposure to Yellowcake or Ore Dust ...........

Kidney Burden per Unit Intake Rate of Uranium
During Continuous Exposure to Yellowcake or
0re DUST oottt it it ie e iie it tssaencnnnannennss

Systemic Burden per Unit Intake Rate of Uranium
During Continuous Exposure to Yellowcake or
Ore DUSE v ivii ittt i ittt ittt enannenns e

Lung Burden per Unit Intake of Uranium Following
Single Exposure to Yellowcake or Ore Dust ...........

Lung Burden per Unit Intake Rate of Uranium During
Continuous Exposure to Yellowcake or Ore Dust .......

Urinary Uranium Concentration Following
Single Exposure to Uranium Contained in
Yellowcake Dried at High Temperature ................

Urinary Uranium Concentration During Continuous
Exposure to Uranium Contained in Yellowcake
Dried at High Temperature - One Exponential Term

.....................................................

Urinary Uranium Concentration During Continuous
Exposure to Uranium Contained in Yellowcake
Dried at High Temperature - Two Exponential Terms

.....................................................

Urinary Uranium Concentration Following Single
Exposure to Uranium Contained in Yellowcake
Dried at Low Temperature ...........cciiiiiiiiinnnns

vii



Figure
4-5

4-9

4-10

4-11

4-12

4-13

4-14

5-2

LIST OF FIGURES (Continued)

Urinary Uranium Concentration During Continuous
Exposure to Uranium Contained in Yellowcake
Dried at Low Temperature - One Exponential Term

Urinary Uranium Concentration During Continuous
Exposure to Uranium Contained in Yellowcake
Dried at Low Temperature - Two Exponential Terms

Urinary Uranium Concentration Following Single
Exposure to Uranium Contained in 1-um-AMAD
Particles of Ore Dust ......... ..o iiuiiiinnnnenn... 4-23

Urinary Uranium Concentration Following
Single Exposure to Uranium Contained in
10-um-AMAD Particles of Ore Dust .................... 4-24

Urinary Uranium Concentration During Continuous
Exposure to Uranium Contained in 1-um-AMAD
Particles of Ore Dust - One Exponential Term ........ 4-25

Urinary Uranium Concentration During Continuous
Exposure to Uranijum Contained in 10-um-AMAD
Particles of Ore Dust - One Exponential Term ........ 4-26

Urinary Uranium Concentration During Continuous
Exposure to Uranium Contained in 1-um-AMAD
Particles of Ore Dust - Two Exponential Terms ....... 4-27

Urinary Uranium Concentration During Continuous
Exposure to Uranijum Contained in 10-um-AMAD
Particles of Ore Dust - Two Exponential Terms ....... 4-28

Urinary Uranium Concentration per Unit Intake of
Uranium Following Single Exposure to Yellowcake
or Ore DUSt ..ot i i i e e 4-29

Urinary Uranium Concentration per Unit Intake Rate
of Uranium During Continuous Exposure to Airborne
Yellowcake or Ore Dust ....... ... iiiiiiiiinnnnnnn. 4-30

Lung Burden After Single Exposure to Uranium
Contained in Yellowcake or in Ore Dust .............. 5-15

Lung Burden During Continuous Exposure to
Uranium Contained in Yellowcake or in Ore Dust....... 5-16

viii



Table

A-1

A-2

A-4

A-5

A-7

A-8

LIST OF TABLES

Limiting Intakes and Intake Rates ...................

TGLD-ICRP Classification Nomenclature ...............

Constants for Use with TGLD Clearance Model .........

Fractional Composition and Lung Half-1ife Values
for Yellowcake and Ore Dust ........ ..o,

Calculation of & for Single Exposure to High-
Temperature-Dried Yellowcake ............coooiivnn,

Action Points and Maximum Time Intervals for Specimen
(0o I =T A 2 PP

Comparison of Action Levels and Frequencies for
Urinalysis ..ueiiininiiiiiii it iiiiinaeeaaaannens

Comparison of Action Levels Leading to In Vivo
Lung Count . . i e

Rationale for Numerical Action Levels and Frequencies
Given in Regulatory Guide 8.22 ..................co..

Equation Symbols ........niiiiiiieiiiiieiiinn,

Equations: Single or Continuous Exposure, High-
Temperature Drying, Kidney Burden ...................

Equations: Single or Continuous Exposure, Low-
Temperature Drying, Kidney Burden ...................

Equations: Single or Continuous Exposure to
Ore Dust, Kidney Burden ......... ... ittt

Equations: Continuous Exposure, High-Temperature
Drying, Systemic Burden ............ ...t

Equations: Continuous Exposure, Low-Temperature
Drying, Systemic Burden .............. .o,

Equations: Continuous Exposure to Ore Dust,
Systemic Burden ........ ... il

Equations: Single or Continuous Exposure, Lung
21T Lo 1= o T PP

iX

4-4

4-15

6-2

6-2

A-32

A-33

A-36

A-39

A-41

A-43

A-44

A-45



Table

A-10

B-1

C-1

C-2

LIST OF TABLES (Continued)

Page
Constants and Parameters ..................ccoouuu... A-47
Comparison of Model Parameters in This Study to
ICRP-30 Parameters ............ovviunnnnnnannni.. A-52
UMIBIO Input Description ............oouinnuuononin. B-4
Sample of Printed Qutput .......................0.... B-5
He o 1 per Unit Intake (rem/uCi) of Uranium Inhaled
(Body Organs Other Than Lung) ............oouvuunnn.. C-3
H per Unit Intake (rem/pCi) of Natural Uranium
agg’ﬁadionuc1ides in Secular Equilibrium with Uranium
inOre Dust. ... .o i i, C-4
Committed Dose Equivalent to Lung per Unit Intake
of Natural Uranium (rem/pCi U Inhaled) .............. C-5



PREFACE

In developing the Nuclear Regulatory Commission's Regulatory Guide 8.22,
"Bioassay at Uranium Mills," it became apparent that the technical basis for
the recommendations should be available to Commission licensees. It also
became evident that inclusion of such information would make the guide exces-
sively complex and difficult to follow. Therefore, a decision was made to
issue a guide that would omit technical justifications and to issue that infor-

mation in a separate report.

The purpose of the regulatory guide is to establish the NRC staff position
regarding bioassay for uranium at uranium mills, thus defining a comprehensive
uranium bioassay program. The purpose of this report is to provide additional
explanatory information as technical background for the guide. This report is
programmatic in nature and does not deal with laboratory techniques and proce-
dures. The topics that are treated include (1) graphs of organ burdens and
urinary uranium concentrations at various times after initiation of a single
(or continuous) inhalation exposure to yellowcake or ore dust and (2) recom-
mended 1imiting values for the concentration of selected compounds of natural
uranium in air during occupational exposure. Also included is guidance on the
difficult problem of estimating, after an exposure, the quantity of uranium
present in the body organs. This document considers mixtures of U-234, U-235,
and U-238 as found in yellowcake and also mixtures of the radioisotopes of
uranium with those of Th-230, Ra-226, and Po-210 as found in ore dust. The
work is based on the most up-to-date scientific information available to the
authors.

Uranium may enter the body through inhalation, through ingestion, by
absorption through normal skin, and through lesions in the skin. However,
inhalation is by far the most prevalent mode of entry for occupational exposure.
The internal dosimetry model described in this document is applicable to the
inhalation of yellowcake (dried at high and at low temperatures) and of ore
dust.

0fficial guidance on the subject of biocassay for uranium is given in
Regulatory Guide 8.22.

Xi






SUMMARY

This report describes a model that permits analytical estimates regarding
the behavior of uranium following inhalation by uranium mill workers. From the
estimates performed, conclusions are drawn for the development of a standardized,
routine bioassay program at the mills. The report also contains limiting values
for the intake, intake rate, and concentration of uranium in air derived from
recommendations presented in the International Commission on Radiological Protec-
tion (ICRP) Publication 26 (Ref. S-1) and ICRP Publication 30 (Ref. S$-2) using
the model developed in this report. A computer program for this model is de-
scribed in Appendix B.

The Model

The metabolic model is diagrammed in Figure 1-1. As shown in this diagram,
uranium is assumed to reach the blood in accordance with the model developed
by the ICRP Task Group on Lung Dynamics. It is further assumed that 11 percent
of the uranium reaching the blood is deposited in kidney tissues and is subse-
quently excreted with a 15-day half-life. It is also assumed that 67 percent
of the uranium reaching the blood is excreted within 24 hours without being
deposited in any organ. It is assumed that the remaining 22 percent is
deposited in organs other than the kidney and that this uranium is released
back to the blood in accordance with a power function (which may be represented
for analytical convenience by the sum of two exponential functions as recom-
mended in ICRP-30). This uranium then follows the model as described above.
Subsequent excretion of the uranium redeposited in organs other than the
kidney is about 4 percent of that initially reaching the blood and is ignored.

This model is subsequently used in the report for calculations with
uranium as contained in ore dust, yellowcake dried at high temperature, and
yellowcake dried at low temperature. Dissolution half-lives for each type of
material were taken from recent experiment results that were obtained using
simulated lung fluids.



Analytical Procedure

The analytical procedure followed in the preparation of this report
includes four elements. The first element (Chapter 2) is the calculation of
kidney, lung, and system (other than kidney) burdens per unit intake. These
calculations are performed for all three types of material and for both single
and continuous exposure conditions. The second element (Chapter 3) is the
determination of intake criteria for each type of material and exposure condi-
tion. Criteria are given for chemical toxicity and radiological toxicity (the
latter using recommendations from ICRP-26 and ICRP-30). The third element
(Chapter 4) is the use of the burden data with the limiting intake criteria to
calculate burdens of interest with respect to a urinalysis program, which in
turn permits the calculation of the urinary uranium concentration as a function
of time following or during exposure to each type of material. The fourth
element (Chapter 5) is the calculation of the lung burden as a function of
time to facilitate decisions regarding in vivo counting. Calculational details
are given as necessary to permit reproduction of results by the interested

reader.

Limiting Uranjum Intakes and Intake Rates

The 1imiting uranium intakes and intake rates, as derived and used in
this study, are shown in Table S-1.

TABLE S-1

Limiting Intakes and Intake Rates

Continuous
Single Exposure
Exposure Intake
Intake Rate
Type of Airborne Material (ug U) (ng U/d)
Ore dust (10-um AMAD) 0.8 x 105 320
Yellowcake, dried at
low temperature 2.6 x 105 1094
Yellowcake, dried at
high temperature 1.6 x 105 626

S-2



Bioassay Program Recommendations

In Section 4.4, the analytical results obtained in this analysis are used
to formulate recommendations for a urinalysis program, including the maximum
specimen collection frequency and action points. Recommendations regarding in
vivo measurements are provided in Section 5.4. These recommendations and
several points of interest that may prove helpful to the reader may be sum-
marized as follows: '

1. The primary method for determining worker inhalation of airborne uranium
is air sampling. Urinalysis is considered a secondary method needed to
ensure that the air sampling program is effective. In vivo counting is
considered a tertiary method to be used when urinalysis results are
unusually high and it is necessary to ensure that the model has not

greatly underestimated the radiological risk for the affected worker.

2. Each set of bioassay results should be reviewed by a qualified person
and should be displayed in a manner permitting the reviewer to readily

examine previous results for each worker.

3. For exposures to airborne uranium in any form at a uranium mill, urinalysis
is an effective monitoring method that can be used as the basis for

corrective action.

4. The action points selected for urinalysis are approximately the equilibrium
urinary uranium concentration values under continuous exposure conditions.
The same values are also assigned to single exposure conditions for
simplicity and conservatism and because exposure conditions are not
always known. The action points for 40-day sampling intervals, as derived
in this report, are 10 pg/1 for ore dust; 20 ug/1 for high-temperature-
dried yellowcake; and 60 pg/1 for low-temperature-dried yellowcake.
Chapter 6 describes how these action levels were adjusted for a monthly
sampling interval, as used in Regulatory Guide 8.22, "Bioassay at Uranium
Mills."

5. For workers exposed to both ore dust and high-temperature-dried yellowcake,

an action point between 10 and 20 pg/1 should be derived as shown in

S-3



Section 4.4.2. For workers exposed to both ore dust and low-temperature-
dried yellowcake, an action point between 10 and 60 ug/1 should be
derived as shown in Section 4.4.2.

The total time period between specimen collections should not exceed

40 days. This 1imit was derived from curves of urinary uranium concen-
tration versus time after a single exposure, assuming an intake equal to
the limiting intake criterion. For each type of material, the action
point was used as the ordinate value, and the number of days following
exposure was then determined by the curve. In each case, the number of
days was very near 40. The same maximum time interval, of course, is
applicable for continuous exposure conditions.

The 40-day maximum time interval between specimen collections is
considered to be an outer bound that should not be exceeded; specimens
should be obtained more frequently if it is practical to do so. For

ease of program management, Regulatory Guide 8.22 action levels are

based on a monthly sampling interval. In a report of animal studies pre-
pared for the NRC at the University of Rochester (Ref. S$-3), the investi-
gators conclude that 3 ug U/g of kidney tissue (the nephrotoxic limit) may
be too high, and that the biological half-1ife for uranium in the kidney
may considerably exceed 15 days. Both of these values are used in this
model. Lowering the nephrotoxic 1imit and increasing the half-1ife for the
kidney would cause the maximum time interval to be reduced.

The 1imiting consideration for ore dust is the nonstochastic radiological
risk (50-year dose commitment of 50 rems to the bone). The limiting con-
sideration for high-temperature-dried yellowcake is the stochastic radio-
Togical risk (summed risk to all affected organs is equivalent to risk
from 5 rems external dose in 1 year). The limiting consideration for
Tow-temperature-dried yellowcake is chemical toxicity to the kidney.

The Timiting intake criterion used for urinalysis for both single and

continuous exposure conditions (ore dust and high-temperature-dried
yellowcake) is one Annual Limit on Intake (ALI). For continuous exposure

S-4



10.

11.

12.

conditions, the criterion for urinalysis in the case of low-temperature-
dried yellowcake is 3 pug U/g kidney maintained continuously; for single
exposure conditions, the criterion is 3 pg U/g kidney at 56 days following

exposure.

The criterion selected for making a decision as to whether a urinalysis
result following a single exposure is high enough to justify an in vive
measurement is an intake of 1 ALI, i.e., a urinary uranium concentration
associated with a 1-ALI exposure occurring 40 days prior to specimen
collection. If a 1-ALI intake cannot be detected 40 days following
exposure using in vivo techniques, the decision criterion is the intake
associated with the 3-nCi in vivo detection 1limit (Ref. S-4).

The model's results suggest that an in vivo measurement should be made if
the following urinary uranium concentration values are exceeded following a

single exposure:

Ore Dust 22 ug/1 40 days following exposure
(based on 3-nCi detection limit)

High-Temperature-Dried 20 ug/1 40 days following exposure
Yellaowcake (based on 1-ALI intake, radiological)

Low-Temperature-Dried 621 pug/1 40 days following exposure
Yellowcake (based on 1-ALI intake, radiological)

For workers exposed to both ore dust and high-temperature-dried yellowcake
or to both ore dust and low-temperature-dried yellowcake, investigate to
determine where the intake occurred and use the appropriate concentration

value.

The criterion selected for making a decision as to whether a urinalysis
result during continuous exposure conditions is high enough to justify an
in vivo measurement is 1 ALI inhaled during a period of 1 year, i.e., a
urinary uranium concentration associated with continuous exposure condi-
tions under which an intake of 1 ALI occurs during 1 year. If such an
intake cannot be detected using in vivo techniques, the decision

$-5



criterion is the intake associated with the 3-nCi in vivo detection
Timit. The 1-ALI values are equivalent to the action points presented

in item 4 above.

An in vivo measurement should be made if the following urinary uranium
values are exceeded under continuous exposure conditions (i.e., where a

large single exposure has not occurred):

Ore Dust 33 pg/1
(based on 3-nCi detection limit)

High-Temperature-Dried 20 pg/1
Yellowcake (based on 1-ALI intake in 1 year)
Low-Temperature-Dried See item 14 below.

Yellowcake

Under continuous exposure conditions, in vivo counting is assumed never

to be necessary for a worker exposed only to Tow-temperature-dried yellow-
cake, i.e., that it would never be necessary to ensure that such a worker's
radiological risk is not considerably greater than indicated by the

model. The reason for this position is that it does not seem 1ikely that
chronic conditions could ever exist under which a worker's urinary concen-
tration would be allowed to gradually climb to a value of 600 pg/1, the
radiological action point.

For workers exposed to both ore dust and high-temperature-dried yellowcake
under continuous exposure conditions, in vivo counting is indicated if

the urinary uranium concentration rises above 33 pg/1. If the concentra-
tion is between 20 and 33 pug/1, an in vivo criterion should be derived as

shown in Section 5.4.4.2.

For workers exposed to both ore dust and low-temperature-dried yellowcake
under continuous exposure conditions, in vivo counting is indicated if,
according to air sampling records, the ore dust intake for the 40-day
bioassay period in question exceeded 7.8 x 10% ug U. The reason for

S-6



17.

18.

19.

resorting to the air sampling intake estimate is that for a given urinary
uranium concentration above 33 ug/1 there is no other known way of esti-
mating the concentration fraction contributed by ore dust. According to
the model, 7.8 x 10% pg is the quantity of uranium in ore dust that would
be inhaled in a 40-day period under equilibrium conditions if the urinary
uranium concentration is 33 ug/1. It is, of course, extremely unlikely
that the concentration could get this high with an action point of 10 ug/1.
However, 33 ug/1 is the concentration, and 7.8 x 10% pg U is the intake,
associated with the 3-nCi detection limit.

With regard to particle size for the ore dust, measurements performed for
the NRC by the Environmental Measurements Laboratory (Ref. $-5) indicate
that 10-um AMAD (Activity Median Aerodynamic Diameter) is an acceptable
choice for the model. 1-pm AMAD is used for yellowcake. In the report,
ore dust results are shown for both 1- and 10-pm AMAD for purposes of

comparison.

In the instances of combined exposure to both ore dust and yellowcake,
the harmonic mean equation is recommended in the text to derive the

needed criteria and action points.

Bioassay data for the period 1977-1980 that were received by the NRC from
11 uranium mills (Ref. S-4) are shown in Figures S-1 and S-2. Figure S-1

is based on 17,039 specimens, and Figure S-2 is based on 1,677 measurements.

Information received with the data does not permit segregation of the
results according to the type of material to which the workers were
exposed.
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1. MODELS USED IN THIS STUDY

The models and the required data bases are not intended to represent
reality beyond what is necessary for decisionmaking. However, Reference 1 has
shown how the "catenary" type of modeling approach as used in this report may
be used as an adequate approximation to systems (Ref. 2) incorporating recycling
of radionuclides from organs back to blood provided the proper rate constants
are used and compartments that recycle radionuclides are appropriately dupli-
cated. The following sections explain how the rate constants and compartments
were selected for the purposes of this report in order to obtain results con-

sistent with recent research results on uranium mill workers.
1.1 RESPIRATORY TRACT DYNAMICS MODEL

The model developed by the Task Group on Lung Dynamics (TGLD) of the Inter-
national Commission on Radiological Protection (ICRP) Committee II to describe
the deposition and retention of inhaled radioactive material in the human
respiratory tract is used in this study (Refs. 3 and 4). Information on Tung
deposition and clearance is provided in Tables 1-1 and 1-2.

TABLE 1-1

TGLD-ICRP Classification Nomenclature

TGLD ICRP-10

Class Y - Avid retention, slow
clearance, biological half- Nontransportable
1ife more than 100 days

Class W - Moderate retention,
intermediate clearance, Moderate Transportability
biological half-1ife from
10 to 100 days

Class D - Minimal retention, rapid
clearance, biological half-1ife Transportable
less than 10 days




Constants for Use with TGLD Clearance Model

TABLE 1-2

Clearance

Region Pathway Class D Class W Class Y

NP (a) 0.01 d/0.5 0.01 d/0.10 0.01 d/0.01
(b) 0.01 d/0.5 0.4 d/0.90 0.4 d/0.99

B (c) 0.01 d/0.95 0.01 d/0.50 0.01 d/0.01
(d) 0.20 d/0.05 0.20 d/0.50 0.20 d/0.99

P (e) 0.5 d/0.80 50 d/0.15 500 d/0.05
() n.a. 1 d/0.40 1 d/0.40
(@) n.a. 50 d/0.40 500 d/0.40
(h) 0.50 d/0.20 50 d/0.05 500 d/0.15

Lymph (1) 0.5 d/1.00 50 d/1.00 1000 d/0.9

Note: The first value is the biological half-1ife; the second is the regional
fraction. The lymphatic clearance for Class Y compounds indicates that
a 90 percent regional fraction follows a 1000-day biological half-1ife.
The remaining 10 percent is presumed to be permanently retained in the
nodes and is reduced only by radioactive decay. The regions of the
respiratory tract and pathways (a), (b), ..., (i) may be described as
follows:

NP Nasopharyngeal Region
TB  Tracheobronchial Region
P Pulmonary Region
(a) NP to Blood Pathway
(b) NP to GI Tract to Blood Pathway
(c) TB to Blood Pathway
(d) TB to GI Tract to Blood Pathway
(e) P to Blood Pathway
(f) P to GI Tract (rapid) to Blood Pathway
(g) P to GI Tract (delayed) to Blood Pathway
(h) P to Lymph Pathway
(i) Lymph Node to Blood Pathway



1.2 METABOLIC MODEL

The metabolic model used in this study is presented in Figure 1-1. The
letters (a) through (i) in Figure 1-1 refer to respiratory tract clearance
pathways. The fraction of the uranium that is not exhaled is deposited in the
nasopharyngeal, tracheobronchial, and pulmonary regions of the respiratory
tract. From the point of deposition, the uranium is divided into two parts--
one part that is taken up by the blood directly and another part that is
transferred to the GI tract prior to absorption and uptake into the blood. A
fraction of the uranium deposited in the pulmonary lung is transferred to the
lymph nodes from which it enters the blood.

In accordance with this model, 67 percent of the uranium entering the
blood* is excreted in urine the first day without appreciable uptake by body
tissues (Refs. 5 and 6). The uptake by kidney tissues is 11 percent, which is
subsequently excreted (Refs. 6 and 7). The systemic uptake by all other organs
is 22 percent; this uranium is subsequently released to the blood from which
67 percent is excreted each day, 11 percent is absorbed by the kidney and
excreted, and 22 percent is reabsorbed by the system. This latter fraction,
which is a little more than 4 percent of the original uptake in blood, is
neglected in this analysis.

1.2.1 Retention Functions for Respiratory Tract

The complete 1ist of constants and parameters used in this study may be
found in Tables A-9 and A-10 of Appendix A. In Table A-11, these constants
and parameters are compared to those used in ICRP-30 (Ref. 8). Although this
study uses many of the parameters given by ICRP-30 and the TGLD, in this study
the retention functions of uranium compounds in the pulmonary lung are based
on new experimental data (Refs. 9, 10, 11, and 12) not available to the ICRP at

*The urinary excretion in the first 24 hours of that dose injected into blood is
given in Reference 6 as from one-half to three-fourths of that injected. The
fraction 0.8 is used in the section on uranium in Reference 6 to represent
that amount excreted on the first day to that excreted over all time, i.e.,

80 percent of the total excretion.



the time of the publication of ICRP-30. The retention times in the lung esti-
mated for yellowcake and ore dust in these new studies are smaller than those
assumed for uranium compounds in ICRP-30. As a consequence of this difference,
for a given deposition of uranium in the Tung, the metabolic model of ICRP-30
predicts a somewhat Targer lung dose than is calculated from this model. Con-
versely, ALI values calculated from the ICRP-30 model are smaller than those
given in this study since the lung dose per unit intake of uranium is larger
for the ICRP-30 model.

1.2.1.1 Yellowcake

From in vitro solubility studies for yellowcake in simulated lung fluid,
it may be concluded that yellowcake subjected to high-temperature drying has,
with respect to retention in the lung, three components. The fractions having
the indicated dissolution half-1ives in the lung, as used in this analysis,

are shown in Table 1-3.

TABLE 1-3

Fractional Composition and Lung Half-Life Values
for Yellowcake and Ore Dust (in vitro studies)

Dissolution
Fractional Half-Life
Composition (days)
Yellowcake, High-Temperature
Drying (Ref. 11)
Short-Lived 0.17 0.125
Medium-Lived 0.19 5
Long-Lived 0.64 200
Yellowcake, Low-Temperature
Drying (Refs. 9 and 12)
Short-Lived 0.61 0.8
Medium-Lived 0.39 39
Ore Dust* (Ref. 9) ‘ 1.0 50

*As shown in Table A-10, ore dust is assumed to be composed of only one
component with a medium elimination half-1life (Class W).



1.2.1.2 Ore Dust

In vitro studies of the solubility in simulated lung fluid of the uranium
compounds contained within ore dust are reported in Reference 9. The value of
50 days for the half-life of ore dust in the pulmonary Tung used in this study

was adopted from this reference.

1.2.2 Retention Functions for Kidney and System

The elimination constant for the kidney used in this study, which is based
on a retention halftime of 15 days in kidney tissue, appears to be better sup-
ported by the data (Refs. 5 and 13) than the values selected in 1CRP-30 based
on Reference 14. The 15-day constant is based on data obtained from several
studies of occupationally exposed adults and also from animal studies. 1In
addition, a recent analysis of urinalysis data for 12 uranium mill workers
indicated a mean observed half-life for uranium of 14.6 + 4.3 days (Ref. 13).
On the other hand, the elimination constant for the kidney adopted by ICRP-30
is supported only by data taken from one man who had been occupationally
exposed and from data on adults who ingested (not inhaled) uranium in the

course of a normal diet.

The elimination constant used for the body system in this study was taken
from the first term of a two-term equation published in ICRP-30. The second
term was rejected in this study since its use produced calculated results not

in accord with the empirical bicassay data for uranium mill workers.
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2. ORGAN AND SYSTEM BURDENS PER UNIT INTAKE FOLLOWING
EXPOSURE TO YELLOWCAKE OR ORE DUST

The discussion in this chapter concerns the uranium content of the kidney,
lung, and the balance of the system following exposure to yellowcake or ore
dust. Calculational results per unit intake, using the metabolic and respira-
tory models described in Chapter 1, are presented. The results were obtained
by using the calculational methods described in Appendix A. A computer program
devised for this study is briefly described in Appendix B. The organ burdens
are calculated for periods of time ranging from 1 day to that time corresponding
to the establishment of a steady-state concentration of uranium in the organ
under consideration. They are illustrated as functions of time in a series of
graphs. Organ burdens for both single and continuous exposures were calculated
for both yellowcake and ore dust.

2.1 RESULTS OF CALCULATIONS FOR KIDNEY BURDEN

As shown in Appendix A, the kidney burden calculations involve the sum of
two contributions: (1) the blood-to-kidney contribution and (2) the blood-to-
system-to-blood-to-kidney contribution. The latter contribution was calculated
using an exponential term approximation of the power function reported in
Reference 14.

2.1.1 Single Exposure

The kidney burden per unit intake as a function of time after a single
exposure is shown in Figure 2-1 for (1) 1-um-AMAD (Activity Median Aerodynamic
Diameter) particles of yellowcake that have been subjected either to high- or
low-temperature drying and (2) uranium ore dust that has size distributions
of 1-um AMAD and 10-pm AMAD.

2.1.2 Continuous Exposure

The kidney burden per unit rate of intake as a function of time during
continuous exposure to yellowcake (dried at high and low temperature) or to
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uranium ore dust (1-pm AMAD and 10-pm AMAD) is shown in Figure 2-2. The
calculated equilibrium values, in micrograms of uranium per microgram of

uranium inhaled daily, are:

Yellowcake, Dried at High Temperature 0.52

Yellowcake, Dried at Low Temperature 0.85
Ore Dust, 1-pm AMAD 0.39
Ore Dust, 10-pym AMAD 0.45

These numbers provide the estimated quantity in micrograms of uranium

maintained in the kidney tissues per microgram of uranium inhaled daily.

The detailed mathematical analysis undertaken in this study considers the
sum of the individual contributions of uranium to kidney along each TGLD path-
way. A complete discussion of the method is given in Appendix A. The results
indicate that, of all the many possible metabolic pathways along which inhaled
yellowcake or ore dust can be translocated from the respiratory tract to the
system or to the kidney, only three to five pathways are usually of major sig-
nificance. These always include the three pathways (a), (c¢), and (e), which
detour no uranium through the system but translocate it directly via the blood
to the kidney (see Figure 1-1).

The values for the kidney burden per unit intake calculated in this study
are larger than those that can be calculated from the data given in Supplement 1
to ICRP-30 for several reasons. First, the model used in ICRP-30 (Ref. 8) has
no metabolic transfer pathway from the system to the kidneys as is used in this
study. Second, and of greater importance, the approximations to retention half-
time for uranium in the kidneys used by ICRP-30 (see Section A.2.4 and Table A-10
of Appendix A), the sum of two exponential functions with half-lives of 6 and
1500 days, are different from those used in this study.

2.2 RESULTS OF CALCULATIONS FOR SYSTEMIC BURDEN

As will be seen in Chapter 4, the systemic burden (excluding the kidney
burden) following a single exposure is not used in the calculations of the uri-
nary uranium concentration. Therefore, this section considers only continuous

exposure conditions.
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The calculated values of systemic burden, in micrograms of uranium per

microgram of uranium inhaled daily, after equilibrium has been attained are:

Yellowcake, Dried at High Temperature 0.93

Yellowcake, Dried at Low Temperature 1.85
Ore Dust, 1-pm AMAD 0.67
Ore Dust, 10-um AMAD 0.81

These numbers provide the estimated quantity in micrograms of uranium
maintained in the systemic organs (other than the kidney) per microgram of
uranium inhaled daily. These values are illustrated in Figure 2-3.

2.3 RESULTS OF CALCULATIONS FOR LUNG BURDEN

2.3.1 Single Exposure

Figure 2-4 illustrates the burden of uranium retained in the pulmonary
lung (P) per unit intake of uranium to the respiratory tract, P/I. The frac-
tion of the intake, I, that deposits in the pulmonary lung will be identical
for either type of yellowcake since the particle sizes of both low- and high-
fired yellowcake are assumed to be the same (1-pm AMAD). However, as shown in
Table 1-3, the rates of elimination for each compound are considerably
different. Table 1-3 indicates that about two-thirds of the inhaled yellowcake
dried at high temperature and deposited in the pulmonary lung is eliminated
with a half-life of 200 days. However, about one-third of the deposited yellow-
cake dried at low temperature is eliminated from the lung with a half-life of
39 days. Because of the longer retention time in the lung of the insoluble
(Class Y) uranium compound contained in yellowcake dried at high temperature,

the resulting lung burden persists much longer.

2.3.2 Continuous Exposure

The lung burden per unit intake rate, P/I', during continuous exposure to
yellowcake (dried at high or low temperature) or to ore dust is given in
Figure 2-5. The calculated equilibrium values, in micrograms of uranium per

microgram of uranium inhaled daily, are:
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Yellowcake, Dried at High Temperature 22.3

Yellowcake, Dried at Low Temperature 2.8
Ore Dust, 1-um AMAD 8.7
Ore Dust, 10-pm AMAD 3.5
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3. INTAKE CRITERIA FOR INHALATION EXPOSURES

Health risks from inhaled uranium may result from either radiological or
chemical toxicity mechanisms, operating either separately or jointly. In this
chapter, intake criteria are derived for the control of these two types of
risk. These intake criteria are subsequently used with the organ and system
burden data per unit intake (or intake rate) given in Chapter 2 to derive
urinary uranium concentration information. The information collected in this

chapter is intended to answer the following questions:

1. Which is most 1ikely to produce biological damage to a worker after
an inhalation exposure to yellowcake or to ore dust, radiological or
chemical toxicity?

2. What is the maximum quantity of uranium that can be inhaled under
either single or chronic exposure conditions without exceeding the
Timiting criteria for chemical toxicity?

3. What is the maximum quantity of uranium that can be inhaled under
either single or chronic exposure conditions without exceeding the
limiting dose criteria for radiological toxicity?

3.1 INTAKE CRITERIA BASED ON CHEMICAL TOXICITY

After a single inhalation exposure to uranium, the respiratory and GI
tracts receive the initial radiation dose. But translocation of soluble
uranium compounds from these tracts can also produce chemical toxicity damage
to the kidney or radiological toxicity damage to the bone and other organs.

If a concentration exceeding about 3 pg U/g of kidney tissue (the nephro-
toxic limit, see Refs. 15 and 16) is maintained for a sufficiently long period,
kidney damage may occur. This 1imit for uranium corresponds to a constant organ
burden of 930 ug U for a 310-gram kidney tissue mass (Ref. 17). In practice,
inhalation exposures are not constant, and equilibrium conditions in kidney
tissue are not likely to be achieved. However, it is evident that if workers
are exposed to large enough concentrations of soluble uranium in air for a
sufficiently long period of time, the kidney burden will rise above 930 pg U.
The length of time that such conditions may be allowed to exist must be chosen

arbitrarily because there is an insufficient data base for this decision. It
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is known that on a cellular level in the kidney the presence of a sufficient
quantity of uranium results in cell death (Ref. 5). Prolonged conditions of
this nature could have serious consequences. However, there is evidence that
recovery is complete if the kidney burden is allowed to fall below the apparent
threshold concentration of 3 pg U/g of kidney tissue soon enough. The time
above 930 pg that could be allowed before serious damage occurs is not known
but is Tikely to depend on how far above 930 ug the burden rises. Despite this
lack of knowledge, a decision must be made for purposes of control. Therefore,
a period of 8 weeks is arbitrarily selected as that maximum period of time during
which the concentration of uranium in the kidneys could be allowed to equal

(or exceed) 3 pg U/g of kidney tissue.

3.1.1 Intake from Single Exposure

The single intake (I) of yellowcake or ore dust that will just produce
the nephrotoxic 1imit 56 days after a single exposure can be calculated from
the following expression:

_ 930 ug U

I = X56)/T

where K(56)/1 is the kidney burden in ug U on the 56th day (8th week) following
an acute exposure per pg of U inhaled . For example: K(56)/I, taken from
Figure 2-1, is 1.7 x 10-3 for yellowcake dried at high temperature; the value
for I is 5.5 x 105. Explicitly, if an intake of 5.5 x 105 ug U (0.37 uCi U)
contained in high-temperature-dried (HTD) yellowcake is inhaled in a very short
period of time, the kidney burden will diminish to 930 Mg U 56 days later (to
the extent that the single exposure model in this study is correct for the
affected worker). In Tike manner, the single intakes of uranium in ore dust
and low-temperature-dried (LTD) yellowcake that will produce the nephrotoxic
limit 56 days after exposure are tabulated below.
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Uranium Compound K(56)/1 Uranium Intake*

Inhaled (Fig. 2-1) (ug U)
Yellowcake (HTD) 1.7 x 10-3 5.5 x 10%
Yellowcake (LTD) 3.5 x 10-3 2.6 x 105
Ore Dust (1-pm AMAD) 1.5 x 10-3 6.2 x 10°
Ore Dust (10-um AMAD) 1.5 x 10-3. 6.2 x 10°

These intake values, and others that follow, are used subsequently in
this report in the development of bioassay program recommendations.

3.1.2 Intake from Continuous Exposure

The continuous intake rate (I') of yellowcake or ore dust that will main-
tain the nephrotoxic 1imit of 930 yg U in kidney tissue, i.e., at equilibrium
when the intake rate of natural uranium to the kidney is equal to the rate of
loss of natural uranium from the kidney, is given by the following equation:

v~ 930 pg U

I' = REquin/T

The values of K(Equil)/I', obtained from Figure 2-2, are listed below with
the corresponding calculated value of uranium intake rate (in pug U/d) for
the compounds in this study.

Uranium Compound K(Equil)/1' Uranium Intake Rate**
Inhaled (Fig. 2-2) (ug U/d)

Yellowcake (HTD) 0.52 1788

Yellowcake (LTD) 0.85 1094

Ore Dust (1-pm AMAD) 0.39 2385

Ore Dust (10-pm AMAD) 0.45 2067

*XAn intake resulting in 930 pg U kidney burden at 8 weeks.
*X%An intake rate resulting in 930 ug U kidney burden at equilibrium.
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3.2 INTAKE CRITERIA BASED ON RADIOLOGICAL TOXICITY

The intake values developed in this section are based on the methodology of
the ICRP in Part 1, Section 2.1, of ICRP-30. The ICRP states that these limits
are "intended to prevent non-stochastic effects and to 1imit the occurrence

of stochastic effects to an acceptable level."

3.2.1 Intake from Single Exposure

The single intake values listed below for uranium contained in yellowcake
or in ore dust are the corresponding Annual Limit on Intake (ALI) values calcu-
lated in Appendix C of this report. For single intakes of these magnitudes,
the expected lifetime risk to a uranium mill worker is assumed to be no greater
than the risk normally experienced in any single workyear as a result of contin-
uous exposure at the derived air concentration (DAC) level.

The numerical values for a single intake of uranium based on radiological
toxicity are listed below along with the corresponding values of the ALI from
which they were derived. The ALI values, in pCi U/yr, were converted to gravi-
metric units using the specific activity for natural uranium of 6.77 x 10-7 Ci/g.

Uranium Compound Annual Limits on Intake (ALI)
Inhaled wci v (ug U)
Yellowcake (HTD) 0.106 1.6 x 10° s
Yellowcake (LTD) 1.85 2.7 x 108 s
Ore Dust (1-um AMAD) 0.031* 4.6 x 10% ns
Ore Dust (10-um AMAD) 0.054% 8.0 x 10% ns

ns - based on nonstochastic 1imit to the bone surfaces
s - based on stochastic limit

3.2.2 Intake from Continuous Exposure

For each uranium compound discussed below, an ALI of natural uranium was
calculated according to the methods of ICRP-30 as described in Appendix C of

*These ALI values pertain only to the uranium inhaled, not to the intake of
the daughters.
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this report. The values below were calculated from the ALI assuming 250 workdays
in the workyear as recommended in ICRP-30.

Limits on Continuous Intake

Uranium Compound Rates of Natural Uranium
Inhaled pCi U/yr pg/d

Yellowcake (HTD) 0.106 626 s
Yellowcake (LTD) 1.85 10,931 s
Ore Dust (1-pm AMAD) 0.031* 182 ns
Ore Dust (10-pm AMAD) 0.054% 320 ns
ns - based on nonstochastic 1imit to the bone surfaces
s - based on stochastic limit

3.3 LIMITING INTAKE CRITERIA

3.3.1 Intakes from Single Exposure

In order to establish intake criteria for single exposure to yellowcake or
ore dust, intake values reported in Sections 3.1 and 3.2 are compared below.

The 1imiting intake is the smaller of these two values.

Limits of
Intake of Uranium

Uranium Compound Chem. Toxic Radio. Toxic Intake Limited
Inhaled (pg U) (g V) by
Yellowcake (HTD) 5.5 x 10° 1.6 x 10° Radiotoxicity
Yellowcake (LTD) 2.6 x 105 2.7 x 108 Chem. toxicity
Ore Dust (1-um AMAD) 6.2 x 10° 4.6 x 104 Radiotoxicity
Ore Dust (10-pm AMAD) 6.2 x 10° 8.0 x 10% Radiotoxicity

The intake values underlined above are considered to be an acceptable basis

for the bioassay program recommendations developed in this study.

*These ALI values pertain only to the uranium inhaled, not to the intake of
the daughters.



3.3.2 Intake from Continuous Exposure

Values of continuous intake reported in Sections 3.1 and 3.2 are compared
below. The 1imiting intake rate is the smaller of these two values.

Intake Rate of Uranium

Uranium Compound Chem. Toxic Radio. Toxic Intake Rate Limited
Inhaled (ug U/d) - (pg U/d) by

Yellowcake (HTD) 1788 626 Radiotoxicity

Yellowcake (LTD) 1094 10,931 Chem. toxicity

Ore Dust (1-pm AMAD) 2385 182 Radiotoxicity

Ore Dust (10-um AMAD) 2067 320 Radiotoxicity

The intake rate values underlined above are considered to be a sujtable

basis for the bioassay program recommendations developed in this study.
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4. FINAL RESULTS--CALCULATION OF URINARY URANIUM CONCENTRATION

4.1 YELLOWCAKE DRIED AT HIGH TEMPERATURE

4.1.1 Following Single Exposure

After the first day, to obtain the urinary uranium concentration as a
function of time following a single exposure, it is necessary to take the sum
of the following two components: (1) the contribution from uranium stored in
kidney tissues, which is assumed to be transferred to urine in accordance with
an exponential retention function (15-day half-life) and (2) the contribution
from uranium stored in the system other than the kidney, which is assumed to be
released to the blood in accordance with a power function (t-2:3°), (Ref. 14),
from which 67 percent is excreted directly in urine. ’

In this section, the kidney burden per unit intake data given for single
exposure conditions in Chapter 2 are used to derive the first component
described above. The second component is then derived from the intake using a
mathematical procedure described subsequently in this section. The two com-

ponents are then added as shown in Figure 4-1.
4,1.1.1 Uranium Released from Kidney Tissues

The equation for the urinary uranium concentration, XK(t), due to the
kidney burden, K(t),* is:

XK(t) = AK[K(t)/I]I/1.4 (4-1)
= 3.3 x 10-2 I[K(t)/1]
where
-1
AK = kidney elimination constant = Q;%%§d

XK(t) includes contributions from two sources: (1) blood to kidney and
(2) blood to system to blood to kidney (see Fig. 1-1).
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I = intake of interest, ug U
K(t)/I = kidney burden per unit intake (Fig. 2-1),
Mg U per pg U inhaled
1.4 = the urinary excretion rate for reference man, 1/d

The single exposure criterion developed in Section 3.3.1 is an intake of
1.6 x 105 pug U. With this value of I, Equation 4-1 reduces to

XK(t) = 5.3 x 10% [K(t)/1] (4-2)

Values of XK(t) calculated for yellowcake dried at high temperature appear
in Figure 4-1 under the designation "Kidney Pathways."

4.1.1.2 Uranium Released from Systemic Tissues (Other Than Kidney) and

Excreted Directly in Urine

The calculation of this component involves the use of a power function.
(Here it was not necessary to use the exponential term approximation.) The
equation employed (Eq. 4-3 below) includes a term for the quantity of uranium
to which the power function is to be applied. This quantity is designated ¢I
where ¢ is the fraction of I (the quantity inhaled) that is deposited in the
system soon after the single exposure. The calculational method is given
immediately below rather than in Appendix A because it is not included as a
method requiring the use of a computer. The systemic burden qs(t), after the

first day following exposure, is given by the following retention function:
a (t) = oIt” (4-3)

where x has the value of -0.39 as given in Reference 14, and t is the time
after exposure. The first derivative of Equation 4-3 gives the uranium excre-

tion rate

dqs(t)
dt

-1.39
= 0.39It t>1




According to the metabolic model used in this study (Fig. 1-1), uranium
is released from the system into the blood each day, and 67 percent is trans-
ferred directly from the blood into the urine without being incorporated in
tissue. Assuming an excretion rate of 1.4 1/d, the urinary uranium concentra-

tion due to the systemic burden (excluding the kidney), XS’ is given by

0.67(0.39)

= Y2 07 pTt~1.89
XS 1.3 It t>1
or ' :
XS = 0.19¢It-1-3° t>1 (4-8)

I is known from Chapter 3 to have a value of 1.6 x 10°% ug U. The calcu-

lation of & was performed as described below.

The fraction ¢ was calculated separately for the TGLD pathways (a), (b),
(c), (d), (e), and (h) for that fraction of I considered to be Class D and for
(a), (b), (c), and (d) for that fraction of I considered to be Class Y (see
Table 1-3). These values were then summed to obtain ¢ for Equation 4-4. The
pathways included are those contributing significantly to the early systemic

burden.

For a given pathway, ¢ is the product of the following factors: the overall
"deposition fraction" in the appropriate region (NP, TB, P) of the respiratory
tract; the "regional fraction" for the individual pathway (the regional fraction
dfstributes the deposition fraction between all pathways assigned to the region);
the "composition fraction," i.e., the fraction of I that is Class D or Class Y;
for pathways (b) and (d) only, the fractional uptake from the GI tract to blood
for Class D, W, or Y; and the fractional uptake from the blood to the system.

The symbols and values used in this report for these fractions are given in
Table A-9 of Appendix A. In Table 4-1, ¢ is shown, in calculational detail, to
have a value of 0.035.

Substituting I = 1.6 x 10° pug and ¢ = 0.035 in Equation 4-4,

Xs(t) = 1.05 x 10% t-1.8° t>1 (4-5)



TABLE 4-1

Calculation of ¢ for Single Exposure to
High-Temperature-Dried Yellowcake*

Class/Pathway, Region fRegion RC]ass, Pathway F f1, Class fs Product
D/(a), NP 0.3 0.5 0.36 - 0.22 0.012
D/(b), NP 0.3 0.5 0.36 0.05 0.22 0.0006
D/(c), TB 0.08 0.95 0.36 - 0.22 0.006
D/(d), TB 0.08 0.05 0.36 0.05 0.22 0.00002
D/(e), P 0.2 0.8 0.36 - 0.22 0.013
D/(h), P 0. 0.2 0.36 - 0.22 0.003
Y/(a), NP 0.3 0.01 0.64 - 0.22 0.0004
Y/(b), NP 0.3 0.99 0.64 0.002 0.22 0.0001
Y/(c), TB 0.08 0.01 0.64 - 0.22 0.0001
Y/(d), TB 0.08 0.99 0.64 0.002 0.22 0.00002

Sum (#) 0.035

*¢ is the fraction of mass inhaled that is deposited in the system soon after
exposure.

Values of XS(t) calculated for yellowcake dried at high temperature appear
in Figure 4-1 under the designation "Systemic Pathways."

The sum of the contributions of both pathways to the total urinary uranium
concentration, XT’ is shown as a solid line in Figure 4-1. This curve provides
the urinary uranium concentration as a function of time following a single
exposure equal to 1 ALI.

4.1.2 During Continuous Exposure

During continuous exposure to airborne high-temperature-dried yellowcake,
the magnitude of the urinary uranium concentration is the sum of two principal
contributions: (1) uranium stored in kidney tissues, which is assumed to be
transferred directly to urine in accordance with an exponential retention
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function (15-day half-1ife) and (2) the contribution from uranium stored in the
system other than the kidney, which is assumed to be released to the blood in
accordance with a power function (t-1-3°), from which 67 percent is excreted
directly into urine.* In this section, the kidney burdens calculated for con-
tinuous exposure conditions in Chapter 2 are used to derive the first contri-
bution to the urinary concentration described above. The second contribution
‘is then derived using an approximation of the power function model as origin-
ally proposed by Adams and Spoor (Ref. 14) and subsequently used in ICRP-30
(Ref. 8). The approximation (exponential) was used because of analytical
difficulties associated with the power function at times preceding equilibrium.
Values of K(t)/I', the kidney burden per unit intake rate, appear in Figure 2-2
for the first contributor; values of S(t)/I', the systemic burden per unit
intake rate, appear in Figure 2-3 for the second contributor.

4.1.2.1 Uranium Released from Kidney Tissues

In the first case, the urinary uranium concentration is given by

XK(t) = AKK(t)/1.4
= 3.3 x 10-2 K(t) (4-6)
or
X (1) = 3.3 x 10-2 I'[K(t)/1'] (4-7)

The constant 1.4 1/d is the daily urinary volume excretion of the refer-

ence man. K(t) is the kidney burden as a function of time. AK is the kidney

elimination constant, 0'?23 d-1. I' is the intake rate of interest. The value

of interest for the intake, I', is the continuous exposure criterion developed
in Section 3.3.2, 626 ug U/d. Substituting into the equation above gives

XK(t) = 20.7K(t)/1' (4-8)

*In making this statement, it is assumed that specimens are obtained more than
24 hours after the exposure to airborne uranium is temporarily terminated, thus
avoiding the uranium that is excreted the first day without deposition in the
organs.



Values of XK(t) calculated for yellowcake dried at high temperature appear
in Figures 4-2 and 4-3 under the designation "Kidney Pathways."

4.1.2.2 Uranium Released from Systemic Tissues and Excreted Directly

in Urine

In the second case, the urinary uranium concentration due to the systemic

burden (excluding the kidney) is given by
XS(t) = 0.67ASS(t)/1.4 = 0.48ASS(t) (4-9)
where S(t) is the systemic burden.

The exponential equation given in Equation 4-10 is used in ICRP-30 (Ref. 8)
to approximate the power function term used in the retention equation for uranium
in bone that was developed by Adams and Spoor (Ref. 14).

-0.693t -0.693t i
—5g— * 0.092 exp—g555- (4-10)

t-0.39 = 0.8 exp
In this study, only the first term of Equation 4-10 is used as the major
component for estimating excretion from the system. The second term was omitted
because its use would produce calculated results not in accord with empirical
data for uranium mill workers, which do not show any evidence of long-term

excretion of uranium (Ref. 13).

Thus,

Xs(t) 0.48[0.8A15]S(t)

Substitution of 0.693/20 for Ayg gives

Xs(t) 1.33 x 10-2 S(t) = 1.33 x 10-2 I'[S(t)/I'] (4-11)
Values of S(t)/I' appear in Figure 2-3. Using the value of 626 ug/d for
I' gives

- S(t) -
Xs(t) = 8.3 =7+ (4-12)



Note that Figures 4-2 and 4-3 each contain a curve entitled "Systemic
Pathways." The curve in Figure 4-2 labeled "XS - Systemic Pathways (One
Exponent Term)" was calculated using only the first exponent term of the Adams
and Spoor approximation to the systemic burden retention curve. The curve in
Figure 4-3 labeled "XS - Systemic Pathways (Two Exponent Terms)" was calculated
using both of the exponent terms given by Adams and Spoor (Ref. 14).

The shape of the XT curve in Figure 4-3 is primarily determined by the
contributions of uranium by the system. Because of the 5000-day half-life for
uranium in the Adams-Spoor approximation (second exponent term in Eq. 4-10),
more uranium accumulates in the system than when only the first exponential
term is used to approximate the retention (Eq. 4-11). According to Equation
4-9, this larger systemic accumulation will therefore result in significantly
greater values of XS than are shown in Figure 4-2. To be conservative, the
urinary uranium concentration expected from continuous occupational exposure
to uranium contained in airborne yellowcake dried at high temperature at the
limiting intake should therefore be estimated from Figure 4-2 rather than
Figure 4-3.

4.2 YELLOWCAKE DRIED AT LOW TEMPERATURE

The procedures described in Section 4.1 are repeated here with a few
differences in the values of the parameters as noted below.

4.2.1 Following Single Exposure

4.2.1.1 Uranium Released from Kidney Tissues

The contribution of the total urinary uranium concentration contributed

by the kidneys, XK(t), is described by Equation 4-1 as
XK(t) = 3.3 x 10-2 I[K(t)/I]

Values of K(t)/I are obtained from the curve in Figure 2-1 for yellowcake
dried at low temperature. The value of I that is of interest, 2.6 x 105 ug U,



is obtained from Section 3.3.1. When this value of I is substituted in the

equation above,
XK(t) = 8.6 x 10% [K(t)/I]

4.2.1.2 Uranium Released from Systemic Tissues and Excreted Directly in

Urine

That fractional part of the total urinary uranium concentration contributed
by the systemic tissues, XS(t), is described by Equation 4-4 as

Xs(t) = 0.19¢It-1.39
Using the procedure shown in Table 4-1, it can be shown that the value
for & is 0.057. From Section 3.3.1, I is 2.6 x 105 pg U. Substituting these
values,

Xs(t) = 2.81 x 10% t-1.39

The urinary uranium concentration due to contributions from both kidney

and systemic pathways is shown in Figure 4-4.

4.2.2 During Continuous Exposure

4.2.2.1 Uranium Released from Kidney Tissues

The fractional part of the total urinary uranium concentration contributed
by the kidneys, XK(t), is described by Equation 4-7,

XK(t) = 3.3 x 10-2 I'[K(t)/I']
Values of K(t)/I' are obtained from the appropriate curve in Figure 2-2.
The value of interest for the intake, I', is the continuous exposure criterion

developed in Section 3.3.2, 1094 pg U/d. Substituting this value into the

equation above gives
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XK(t) = 36.1[K(t)/I']

4.2.2.2 Uranium Released from Systemic Tissues and Excreted Directly in

Urine

The fractional part of the total urinary uranium concentration contributed

by the systemic tissues, Xs(t), is described by Equation 4-11,
Xs(t) = 1.33 x 10-2 I'[S(t)/I']
Substituting the value given above for I', 1094 pg U/d, gives
Xs(t) = 14.6[S(t)/1']

Values of S(t)/I' are obtained from Figure 2-3.

The total urinary uranium concentration is the sum of the contributions
of uranium from both kidney and systemic pathways as illustrated in Figures
4-5 and 4-6.

XT(t) = XK(t) + Xs(t)
4.3 ORE DUST

The procedures described in Section 4.1 are repeated here with a few

differences in the values of the parameters as noted below.

4.3.1 Following Single Exposure

4.3.1.1 Uranium Released from Kidney Tissues

The fractional part of the total urinary uranium concentration contributed
by the kidneys, XK(t), is described by Equation 4-1 as

XK(t) = 3.3 x 10-2 I[K(t)/I]
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The values of K(t)/I for ore dust are obtained from the curves in Figure
2-1. The values of I given in Section 3.3.1 are 4.6 x 10% and 8.0 x 10% pg U
for size distributions 1-uym and 10-pym AMAD, respectively. When these values

of I are substituted into the equation above,

XK(t) = 1.5 x 103 [K(t)/I] for 1-pum AMAD
XK(t) = 2.6 x 103 [K(t)/I] for 10-um AMAD

4.3.1.2 Uranium Released from Systemic Tissues and Excreted Directly in

Urine

The fractional part of the total urinary uranium concentration contributed

directly by the systemic tissues, Xs(t), is described by Equation 4-4 as
XS(t) = 0.196It-1.3° t>1
Using the procedure shown in Table 4-1, it can be shown that the value
for & is 0.0165 for 1-pum-AMAD particles and 0.021 for 10-pum-AMAD particles.
Using these values and the values of I given above, Xs(t) can be expressed as
Xs(t) = 144t-1-39% for 1-pum-AMAD particles
Xs(t) = 320t-1-39% for 10-um-AMAD particles
The total urinary uranium concentrations, summing the kidney and systemic
pathways, are shown in Figure 4-7 for 1-um~AMAD and in Figure 4-8 for 10-um-AMAD

particle sizes.

4.3.2 During Continuous Exposure

4.3.2.1 Urahium Released from Kidney Tissues

The fractional part of the urinary uranium concentration that is contri-
buted by the kidneys, XK(t), is described by Equation 4-7 as

XK(t) = 3.3 x 10-2 I'[K(t)/I']
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Values of K(t)/I' are obtained from the appropriate curve in Figure 2-2.
The appropriate values for the intake, I', are the continuous exposure criteria
developed in Section 3.3.2: 182 ug U/d for 1-um-AMAD particles of ore dust
and 320 pg U/d for 10-um-AMAD particles. Substituting these values into the
equation above gives

6.0[K(t)/I'] at 1-um AMAD and
10.6[K(t)/I'] at 10-pm AMAD

X (1)
X ()

i

4.3.2.2 Uranium Released from Systemic Tissues and Excreted Directly

in Urine

The fractional part of the urinary uranium concentration that is contri-
buted by the systemic tissues, Xs(t), is described by Equation 4-11 as

XS(t) = 1.33 x 10-2 I'[S(t)/1']

Substituting the values given above for I'; 182 ug U/d and 320 ug U/d,

gives

X (1)
Xs(t)

2.4[S(t)/1'] at 1-um AMAD and
4.3[S(t)/1'] at 10-um AMAD

]

Values of S(t)/I' are obtained from Figure 2-3.

The total urinary uranium concentrations illustrated in Figures 4-9 through
4-12 are determined by the sum of the contributions of uranium along both the
kidney and systemic pathways, i.e.,

Xp(t) = X (2) + X (1)

4.3.3 Particle Size Distributions

From measurements of particle size distribution using a cascade impactor,
the Environmental Measurements Laboratory concluded that a 10-um-AMAD parameter
for ore dust much more closely approximates the actual size of airborne dust

during processing at uranium mills than the 1-pm-AMAD parameter (Ref. 18).
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4.4 IMPLICATIONS FOR BIOASSAY PROGRAMS

The recommendations for a urinalysis program that are provided in this
section are based on the important assumption that the air sampling program
conducted at the affected mill normally provides sufficient and sufficiently
representative data for the monitoring and control of airborne uranium. Under
these conditions, routine urinalysis is a secondary check on the effectiveness
of the primary method of monitering, i.e., air sampling. If for any reason
the air sampling program is inadequate and reliance for the monitoring function
must be placed on urinalysis instead, the bioassay program recommended here

would not be acceptable.

The principal value of this internal dosimetry model as it is to be used
in the development of a standardized bioassay program for uranium mills is the
guidance it provides for two difficult decisions regarding urinalysis:

(1) action points and (2) frequency. In this section, recommendations on these

subjects are made, based on analytical results previously presented.

4.4.1 Action Points

Bioassay results should be used to detect either of two undesirable
situations: (1) significantly large single exposures or (2) gradual unfavorable
trends. In either event, corrective action in the workplace may be indicated.
Thus, it is essential that each set of bioassay results be carefully examined
by a qualified individual. In looking for single exposures and trends, it is
also essential to compare present results for each worker with resuits obtained
previously for that person. The data should be displayed in a manner that
permits this type of examination.

For example, assume that the urinalysis result for a worker is 40 pg/1.
It is unlikely that the significance of this result will be understood apart
from an examination of previous results. If the last three results are 15,
20, and 30 ug/1, it is clear that an unfavorable trend is developing and that

corrective action may be necessary to reverse it.* If the last three results

*For this example, it is assumed that the bioassay method for uranium has a
zero standard deviation and no bias.
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are 5, 10, and 7 pg/1, it is evident that an unusual exposure has occurred and
that the conditions surrounding it may still exist. Again, corrective action
may be indicated. If the last three results are 40, 35, and 45 Mg/1, a quasi-
equilibrium condition that may have already been investigated and accepted is

indicated.

Not every increase in urinary uranium is sufficiently large to require
corrective action or even an investigation. Thus, in the establishment of a
standardized bioassay program, it is necessary>to select criteria or action
points above which corrective action is required. The action points selected
for the purposes of this study are the equilibrium values under continuous
exposure conditions, obtained from the model, which may be rounded to 60 pg/1
for yellowcake dried at Tow temperature, 20 ug/1 for yellowcake dried at high
temperature, 10 pg/1 for 10-pm-AMAD ore dust, and 5 pg/1 for 1-pm-AMAD ore
dust. These action points are applicable to both continuous and single

exposure conditions.

4.4.2 Action Points for Combined Exposures

Although some mill workers may be exposed only to yellowcake or only to
ore dust during a bioassay period, many may be exposed to both. In such cases,
the urinary uranium concentration is likely to be attributable to both types of
material, and the appropriate action point lies somewhere between the action
point for ore dust and the action point for yellowcake. The most straight-
forward procedure for estimating the appropriate action point involves the use
of intake estimates that are required by NRC regulations (§ 20.103 of 10 CFR
Part 20) and are therefore already available to the mill health physicist. The
following equation may be used for this purpose:

. . _ 1
Action Point = 7 3

yc , _od

APyc APod

where

—h
I;

ye fraction of total uranium intake contributed by yellowcake

AP appropriate action point for type of yellowcake inhaled
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fod = fraction of total uranium intake contributed by ore dust

APOd

appropriate action point for type of ore dust inhaled

Note that the sum of f__ and f_, is unity.
yC od

4.4.3 Frequency

The maximum time interval for specimen collection is dependent on the
magnitude of the action point and the rate at which uranium is excreted
following a single exposure. After the action point is determined on the basis
of continuous exposure conditions, it is desirable to use the same action point
for single exposures. Use.of the same action point for both types of exposure
conditions is very convenient and is necessary because the exposure conditions
are not always known. Application of the action point to the single exposure
case essentially dictates the maximum time interval. First, it is assumed that
the single exposure occurs immediately fb]]owing collection of the previous
specimen. Second, it is assumed that the exposure involves an intake equal to
the Timiting intake derived in Chapter 3 (so that smaller intakes do not neces-
sarily trigger corrective action). Third, the elapsed time needed for this
intake to produce a urinary uranium concentration equal to the action point is
determined. This time establishes the maximum time interval. (Of course a
longer or shorter time could be selected, but then the action point would have
to be changed to a value different from the continuous exposure action point.)
The maximum time intervals determined using this procedure are shown along with

their respective action points in Table 4-2.

The maximum time intervals shown in Table 4-2 are subject to simplifica-
tion. Workers at a given mill are most likely to be exposed either to a
combination of low-temperature-dried yellowcake and 10-um-AMAD ore dust or to
a combination of high-temperature-dried yellowcake and 10-um-AMAD ore dust.
In either case, a maximum time interval of 40 days is acceptable. If practi-

cable, the interval between specimen collections should be less than 40 days.

4-14



TABLE 4-2

Action Points and Maximum Time Intervals
for Specimen Collection

(Based on Constant, Continuous Intake Rate)

Limiting : Maximum Time
Intake Rate Action Point Interval
Form (ug U/d) (ug U/T) (days)
Yellowcake, LTD 1094 60 40
Yellowcake, HTD 626 20 40
Ore Dust, 10-um AMAD 320 10 37
Ore Dust, 1-uym AMAD 182 5 36

4.5 URINARY URANIUM CONCENTRATION FOR UNIT INTAKE OF YELLOWCAKE OR ORE DUST

The discussion that precedes this section is concerned with the deriva-
tion and significance of the urinary uranium concentrations that result from
either single or continuous inhalation exposures when the intake of uranium is
Timited so as not to exceed the nephrotoxic limit for kidney or the radiologi-
cal risk criteria established by the ICRP. In most cases encountered in rou-
tine occupational exposure at uranium mills, the uranium intake will not be as
large as these limiting intakes, and therefore the expected urinary uranium
concentrations will be correspondingly smaller. Occasionally, as a result of
an acute exposure, the single intake values will be larger than those given in
this study, and it may be informative to estimate the uranium intake using these

values.

4.5.1 Following Single Exposure

The urinary uranium concentration per unit intake of uranium following a
single exposure to yellowcake or ore dust is given in Figure 4-13. The follow-
ing example may be used to illustrate the use of this figure. Assume a worker
who is exposed exclusively to high-temperature-dried yellowcake submits bio-

assay specimens every 40 days. Assume the following results appear in this
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worker's bioassay records: 13, 10, 5, 12, 10, 130 pg/1. These results
indicate that a significant single exposure has occurred, raising questions
as to why the exposure occurred and whether the intake 1imits were exceeded.
Addressing the latter question, assume that it is not possible to establish
the time of the exposure. Under these conditions, it is necessary to assume
that the exposure took place immediately after collection of the last 10-pg/1
specimen. Figure 4-13 indicates that at 40 days after exposure the urinpary
uranium concentration per unit intake is 1.3 x 10-* pg/1 per pg inhaled. An
estimate of the intake is obtained (1) by subtracting the "background”
concentration of about 10 pg/1 (average), leaving 120 ug/1 to be associated
with the single exposure and (2) dividing this value by 1.3 X 10-4 ug/1 per
pug inhaled. The result is 9.2 x 105 pg, which would be the intake if all of
the many assumptions made in the development of the model were in fact appli-
cable to this worker. From Chapter 3, the intake associated with 1 ALI is
1.6 x 105 ug, and this analysis therefore indicates that the exposure exceeded
the ICRP-recommended 1imit. (The limiting value for chemical damage to the
kidney, Chapter 3, is 5.5 x 10° pg; this value was also exceeded. )

4.5.2 Following Continuous Exposure

The urinary uranium concentration per unit intake rate of uranium during
continuous exposure to yellowcake or to ore dust is given in Figure 4-14. For
a worker whose urinalysis results are relatively constant, an estimate of the
average daily rate of intake can be made by dividing the average urinary uranium
concentfation by the equilibrium value from the appropriate curve. These curves
may also be useful for new workers. For example, assume that a specimen is
collected 40 days after beginning exposure to low-temperature-dried yellowcake
and that the result is 48 pg/1 (below the action point for equilibrium condi-
tions). At 40 days the curve indicates 3.5 x 10-2 pg/1 per ug/d. The intake
rate estimate is obtained by dividing this number into 48 pg/1, yielding
1371 pg/d. According to Section 3.3.2, this rate of intake is too large for

adequate kidney protection, and corrective action is indicated.
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5. FINAL RESULTS--CALCULATIONS FOR LUNG BURDEN

The calculational procedures used for determining the lung burden upon
which the lung dose estimates in this study are based are given in Section
A.1.2 of Appendix A. The results of the calculations, the pulmonary (P) lung
burden per unit intake (or intake rate) of uranium, P(t)/I or P(t)/I', are
given in Figures 2-4 and 2-5, respectively. In this chapter, the limiting intakes
of yellowcake or ore dust (I or I') given in Section 3.3 are combined with the
ratios P(t)/I and P(t)/I' to give the time-varying values of the lung burden
resulting from such single or continuous inhalation exposures (see Figs. 5-1
and 5-2).

If the lung burden of uranium after an inhalation exposure is sufficiently
large, in vivo counting techniques may be necessary. For in vivo counting mea-
surements, the photon emissions from Th-234 (gamma rays at 63 and 93 keV) or
U~-235 (gamma rays at 186 keV) are used to determine the presence and quantity
of U-238 or U-235 from which the quantity of natural uranium can be calculated.
For these measurements, it is frequently assumed that Th-234 is in secular
equilibrium with the parent U-238 and that these two nuclides are released
from the lung at the same rate. Any uranium present on the surface of the
subject can be detected by its 16-17 keV x-ray. ' These x-ray photons are almost
completely absorbed by the oVerlying tissue when the uranium is deposited in
the lung. For a dual-crystal Phoswich detector system, which is commonly
employed for in vivo Tung scans, lung burdens less than 3-8 milligrams (2-5 nCi)
of natural uranium are considered undetectable (Refs. 19 and 20). Because of
background radiation, some portable onsite in vivo counting facilities may not
be able to attain measurement sensitivities as Tow as do laboratory facilities.

A detection 1imit of 3 nCi has been adopted for purposes of this analysis.

In the discussions that follow, the residual lung burden of uranium in
those individuals subjected to lung scans is considered as resulting only from
inhalation. If a residual 1uhg burden of uranium is present prior to an in-
halation exposure as discussed below, this "background" should be subtracted
from the measured values before using Figures 5-1 and 5-2 to evaluate recent

exposures.
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5.1 YELLOWCAKE DRIED AT HIGH TEMPERATURE

5.1.1 Following Single Exposure

Following a single exposure of 1.6 x 10° ug U (108 nCi) contained in
airborne yellowcake dried at high temperature (the 1imiting intake given in
Chapter 3), the uranium Tung burden can, according to the model, be detected
from the time of exposure up to about 300 days after exposure (Fig. 5-1) using
in vivo lung scan techniques. This indicates the usefulness of in vivo
counting for workers exposed to this material.

5.1.2 During Continuous Exposure

The lung burden of uranium in yellowcake dried at high temperature during
continuous exposure to the Timiting intake rate of 626 ug U/d is barely detec-
table about 1 quarter-year after the beginning of exposure, but after about
1 year is readily detected using current in vivo techniques (Fig. 5-2). Again,
the usefulness of in vivo measurements is indicated.

5.2 YELLOWCAKE DRIED AT LOW TEMPERATURE

5.2.1 Following Single Exposure

Although chemical toxicity is the 1imiting risk for the inhalation of
yellowcake dried at low temperature, a sufficiently large exposure may involve
an excessive radiological risk as well as potential kidney damage. To permit
an evaluation of in vivo counting as a protective measure against this risk,
the curve for this type of material in Figure 5-1 is based on 1 ALI (2.7 x 108
Mg U) rather than the chemical toxicity 1imit. An exposure of 1 ALI would,
according to the model, remain detectable by in vive techniques for about
180 days. To the extent that the model would be correct for the affected
worker, in vivo counting would be an effective method for obtaining better
information regarding the lung burden than urinalysis provides.
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5.2.2 During Continuous Exposure

The lung burden predicted by the model during continuous exposure to
low-temperature-dried yellowcake is shown as a function of time in Figure 5-2.
This figure indicates that exposure at the rate of 1 ALI/yr would become detec-
table using in vivo measurement techniques. It should be noted that the curve
for low-temperature-dried yellowcake in Figure 5-2 is based on an intake rate
of 10,931 pg U/d, the radiological toxicity limit, rather than 1094 ug u/d,
the chemical toxicity 1imit. It should be recalled that the purpose here is
to evaluate the in vivo measurement technique as a radiological protective
measure when the chemical toxicity 1imit has been exceeded by a large factor.

5.3 ORE DUST (10-pm AMAD)

5.3.1 Following Single Exposure

According to Figure 5-1, reliable detection of the lung burden, which
results from the 1imiting intake of 8 x 10% pg U (54 nCi) in a single exposure,
is not possible when using current in vivo techniques. For workers exposed
only to ore dust, any uranium detected by lung scan techniques should be inter-
preted as requiring corrective action.

5.3.2 During Continuous Exposure

According to Figure 5-2, reliable detection of the lung burden that
results from continuous inhalation at the limiting intake rate, 320 pg U/d, is
not possible when using current in vivo techniques. For workers exposed only
to ore dust, corrective action is indicated if uranium is detected by lung scan
techniques.

5.4 IMPLICATIONS OF IN VIVO MEASUREMENTS FOR BIOASSAY PROGRAM
The recommendations for in vivo measurements given in this section are
based on the important assumption that the air sampling program conducted

at the affected mill normally provides sufficient and sufficiently representa-
tive data for the monitoring and control of airborne uranium. It is also
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assumed that the urinalysis program normally provides an adequate check on the
effectiveness of the air sampling program. Under these conditions, in vivo
measurements are a tertiary safety measure used primarily in cases of high
exposure to obtain the best possible information about the lung burden and dose
commitment. If for any reason the air sampling program is inadequate to the
extent that reliance for the monitoring function must be placed on in vivo
measurements instead, the recommendations made here would not be applicable.

In Tike manner, if for any reason the urinalysis program is inadequate to the
extent that reliance for checking the air sampling program must be placed on

in vivo measurements, these recommendations would not be applicable.

From Chapter 4 it is evident that, for any worker for whom the model is
representative, urinalysis performed at 40-day or shorter sintervals will pro-
vide a warning of excessive exposures to airborne uranium within uranium mills.
In the case of ore dust, the warning capability could be considered marginal,
but excessive exposures to uranium as contained in ore dust are highly unlikely.
Thus, there would appear to be little or no justification in the case of
uranium mill workers for routine in vivo measurements.

However, it is clear that virtually every worker's experience will differ
in one or more respects from the model, perhaps significantly and possibly in
a manner that underestimates the risk. For this reason, it is important to
perform confirmatory in vivo measurements for workers whose urinary uranium
concentrations are sufficiently large. The selection of concentration criteria
that would qualify as "sufficiently large" is a matter of judgment, depending
heavily on measurement detection limitations and type of exposure. Although
most of the uranium would be expected to be eliminated from the body within a
few months following a single exposure, an intake of 1 ALI, if detectable, is
considered sufficiently large to justify confirmatory in vivo measurement to
ensure that the lung burden and other radiological risks are not greatly in
excess of those indicated by the model. When the worker is subjected to a
single exposure, an in vivo measurement should be performed (1) if the trend
of bioassay results indicates that the measured urinary uranium concentration
exceeds the concentration predicted by the model to be associated with an
intake of 1 ALI and (2) if this measured urinalysis result can be adequately
verified by additional bioassay samples. Where an intake of 1 ALI is not

5-4



detectable, it is necessary to base the in vivo criterion on the intake
required to attain the detection 1imit, which is assumed in this study to be

3 nCi of natural uranium.

This 1-ALI intake criterion is also applicable to continuous exposure
conditions (for an intake rate of 1 ALI per year). In Table 4-2, the urinary
uranium action points that are recommended are based on 1 ALI per year. When
these concentrations are exceeded, it is expected that corrective action will
quickly be successfu1 in reversing the upward trend. If a worker's urinary
uranium concentration steadily increases until the action-point level is
exceeded, it is anticipated that corrective action would be promptly completed.
Thus, the urinary uranium concentration associated with an intake rate of 1 ALI
per year has been selected as the criterion for in vivo measurements. When the
worker is subjected to continuous exposure conditions, an in vivo measurement
should be performed (1) if the trend of previous bioassay results indicates an
increasing urinary uranium concentration resulting from chronic exposure
conditions, (2) if a measured concentration exceeds the concentration predicted
by the model to be associated with an intake rate of 1 ALI per year, and
(3) if measured urinalysis results can be adequately verified by additional

bioassay samples.

Since the purpose of this section is to examine the utility of in vivo
measurements at uranium mills and since in vivo measurements are not normally
used to estimate the kidney burden, chemical toxicity is not considered in this
section. For low-temperature-dried yellowcake, the single intake and continuous

intake rates used are those based on the ALI rather than on chemical toxicity.
It is recognized that some workers are exposed only to ore dust or only
to yellowcake while others are exposed to both. Recommendations are given in

this section for each type of exposure.

5.4.1 Workers Exposed Only to Ore Dust

In this section, it is assumed that the particle size for ore dust is
10-um AMAD. This assumption is in keeping with analytical results obtained
for the NRC by the Environmental Measurements Laboratory (Ref. 18).
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5.4.1.1 Single Exposure

The urinary uranium action point given in Table 4-2 for ore dust is

10 pg/1. This concentration is predicted by the model to occur approximately

40 days following exposure to an intake of 1 ALI. If in vivo detection limits
would permit, an in vivo measurement should be performed when 10 ug/1 at 40 days
after exposure is exceeded. However, Figure 2-4 indicates that at 40 days the
Tung burden is 2.5 x 10-2 ug U per ug U inhaled, and Section 3.3.1 indicates
that there are 8 x 10% ug U per ALI for 10-um-AMAD ore dust. Using these num-
bers, it can be shown that the lTung burden at 40 days following a 1-ALI exposure
is only 1.4 nCi, which is generally undetectable using in vivo techniques. Thus,
the criterion for performing a confirmatory in vivo measurement must be based on

the detection capabilities of the equipment.

If it is assumed that a 3-nCi lung burden is detectable and that this
burden is measured at 40 days after exposure, the minimum detectable intake is
2.2 ALIs. The corresponding urinary uranium concentration would be 22 ug/1 at
40 days. Therefore, for a worker who has been exposed only to ore dust during
the previous bioassay period, an in vivo measurement should be performed if
(1) an examination of the worker's urinalysis history indicates that a single
exposure has occurred during the previous bioassay period and (2) the increase
in the worker's urinary uranium concentration above the average or background
concentration exceeds 22 ug/1 at 40 days after exposure.

Should the time interval between the exposure and the collection of the
specimen be other than 40 days, an appropriate criterion (other than 22 ug/1)
should be calculated. The procedure for this determination is straightforward.
The intake to be associated with the criterion is 2.2 ALIs or 1.8 x 10°% ug U.
Use Figure 4-13 to determine the urinary uranium concentration per unit intake
for the time interval of interest. Take the product of these numbers to obtain
the criterion.



5.4.1.2 Continuous Exposure

As may be seen in Figure 5-2, the model shows that a worker being exposed
continuously to ore dust at the rate of 1 ALI per year would, at equilibrium,
have a lung burden of only 0.75 nCi of uranium--undetectable by in vivo tech-
niques. Thus, the criterion again must be based on equipment capability.
Assuming a 3-nCi detection 1imit, the annual intake for a worker would have to
be 4.0 ALIs, or 1280 pg/d, in order to be detected. From Figure 4-14, the
equilibrium urinary uranium concentration in pg U/1 per ug U/d inhaled is
2.6 x 10-2 for ore dust. The product of this number and 1280 pg/d is about
33 pg/1, which should be the criterion. Therefore, if previous urinalysis
results indicate, after correction for excretion due to any significant single
exposure, that the urinary uranium resulting from chronic exposure conditions
exceeds 33 pg/1, a second confirmatory specimen should be collected promptly.
If the confirmatory specimen also exceeds 33 pg/1, an in vivo measurement

should be performed.

5.4.2 Workers Exposed Only to High-Temperature-Dried Yellowcake

5.4.2.1 Single Exposure

A single exposure to high-temperature-dried yellowcake of 1 ALI
(1.6 x 10° ug) would, according to the model, produce a urinary uranium concen-
tration of about 20 pg/1 at 40 days after exposure. This estimate may be
obtained using Figure 4-13. This concentration would, of course, be in addi-
tion to the worker's average or background concentration. According to
Figure 5-1, the Tung burden at that time would probably be detectable at 7 nCi.
If a verified additional concentration exceeds 20 pg/1 and there is reason to
believe that a single exposure has occurred, an in vivo measurement should also

be performed.
If the time interval between the exposure and the collection of the

specimen is other than 40 days, Figure 4-13 should be used to calculate the
appropriate criterion.
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5.4.2.2 Continuous Exposure

The equilibrium urinary uranium concentration per unit intake rate
associated by the model with high-temperature-dried yellowcake is 2.8 x 10-2 ug
U/1 per pg U/d inhaled (Fig. 4-14). The intake rate associated with 1 ALI per
year is 626 ug/d (Section 3.3.2). Thus the concentration at equilibrium under
such conditions of exposure would be about 18 ug/1. (This result also appears
in Fig. 4-2.) This concentration was rounded to 20 pg/1 in establishing the
action point for this material, and 20 pg/1 is used as the in vivo criterion
here. The equilibrium Tung burden (Fig. 5-2) would probably be detectable at
about 9.5 nCi. If previous urinalysis results indicate that a significant
single exposure has not occurred, i.e., that the urinary uranium is the result
of chronic conditions, and if the concentration exceeds 20 pg/1, a second con-
firmatory specimen should be collected promptly. If the confirmatory specimen

also exceeds 20 pg/1, an in vivo measurement should be performed.

5.4.3 Workers Exposed Only to Low-Temperature-Dried Yellowcake

5.4.3.1 Single Exposure

A 1-ALI single exposure (2.7 x 10% pg U) would, according to the model,
produce a urinary uranium concentration of about 621 pg/1 at 40 days after
exposure (Fig. 4-13). The model would also predict a lung burden of about
36 nCi at that time (Fig. 5-1), which would be readily detectable using in vivo
equipment. If a verified urinalysis result above 600 ug/1 should occur, an
in vivo measurement should be made. For time periods other than 40 days,

Figure 4-13 should be consulted.

5.4.3.2 Continuous Exposure

The urinary uranium action point for continuous exposure to low-tempera-
ture-dried yellowcake for protection against chemical toxicity is 60 pg/1
(Chapter 4). A value larger by about an order of magnitude would be indicated
for radiological considerations (Section 3.3.2). It does not seem likely that
chronic conditions under which a worker's urinary uranium concentration would

be allowed to gradually climb to a value as large as 600 pg/1 could ever exist.
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For continuous exposure conditions, it therefore appears that routine in vivo
measurements would not serve a useful purpose for workers exposed only to

yellowcake dried at low temperature.

5.4.4 Workers Exposed to Ore Dust and High-Temperature-Dried Yellowcake

During a given bioassay period a mill worker's duties may bring him or
her into contact with both airborne ore dust and yellowcake. Both of these
materials may then contribute to the urinary uranium concentration observed at
the end of the bioassay period. Such circumstances may complicate the decision
as to whether an in vivo measurement is necessary. The criteria selected

earlier in this section are

Single Exposure
Ore Dust 22 ug/1l
High-Temperature-Dried Yellowcake 20 pg/1

Continuous Exposure
Ore Dust 33 pg/1
High-Temperature-Dried Yellowcake 20 pg/1

In this section, recommendations are made regarding the management of this

problem.

5.4.4.1 Single Exposure

If an ore-dust/yellowcake worker has a verified urinalysis result greater
than 20 ug/1 above his or her background and if a review of previous results
indicates that a single exposure has occurred, an in vivo measurement should
be performed.

5.4.4.2 Continuous Exposure

If an ore-dust/yellowcake worker has a urinalysis result greater than

33 ug/1 as a result of uranium buildup in the body from continuous exposure,

an in vivo measurement should be performed since the buildup could be the
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result of uranium in the lung that should then be measurable. If the urinaly-

sis result is between 20 and 33 pg/1, uranium intake records (required by

§ 20.103 of 10 CFR Part 20) should be consulted to estimate the fraction of the
intake that was contributed during the bioassay period by yellowcake (fyc)-and

the fraction contributed by ore dust (fod). Then the appropriate criterion

can be calculated from the equation

Criterion = i

mpy

od

+

N ~h
[ow)

(9]
w

where the sum of fyc and fod is unity.

The sum of fyc and fod must be unity. If there is no convincing
information to assist in assigning values to these fractions, 0.5 may be used
for each. If the investigation doesn't provide any convincing information as
to where the exposure occurred and the result exceeds 20 pg/1, an in vivo

measurement should be performed.

5.4.5 Workers Exposed to Ore Dust and Low-Temperature-Dried Yellowcake

The in vivo criteria selected earlier in this section are

Single Exposure
Ore Dust 22 pg/1l
Low-Temperature-Dried Yellowcake 621 ug/1

Continuous Exposure
Ore Dust 33 ug/1
Low-Temperature-Dried Yellowcake 600 pg/1

The 600-ug/1 value, as explained in Section 5.4.3, is not a recommended

in vivo criterion but is given here for information purposes only.

5.4.5.1 Single Exposure

If an ore-dust/yellowcake worker has a verified urinalysis result greater

than 22 ug/1 above his or her background and if a review of previous results
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indicates that a single exposure has occurred, an attempt should be made to

find out whether the exposure occurred in the ore-dust area or in the yellowcake
area. If there is reason to believe that the intake was ore dust, an in vivo
measurement should be performed. If there is reason to believe that no ore

dust is implicated and low-temperature-dried yellowcake appears to be the

source of the deposition, an in vivo measurement should be performed if the
concentration exceeds 621 pg/1 above background. If there is evidence that

two single intakes occurred, one in each area, the following equation may be
used to calculate the criterion value:

Criterion =

(=] B!
Hs
=io
+

I—h
N
Nlo.

q are as defined in the immediately preceding section. If

there is no convincing information to assist in assigning values to these frac-

where fyc and fo

tions, 0.5 may be used for each, in which case the criterion is approximately
43 pg/1. If the investigation doesn't provide any convincing information as
to where the exposure occurred and the result exceeds 22 ug/1, an in vivo mea-
surement should be performed.

5.4.5.2 Continucus Exposure

If an ore-dust/yellowcake worker has a urinalysis result greater than
33 pg/1 and if a review of previous results indicates that a single exposure
has not occurred, uranium intake records (required by § 20.103 of 10 CFR
Part 20) should be consulted in an effort to determine the extent to which the
additional concentration is due to ore dust. If the ore-dust uranium intake
estimate during the previous bioassay period was greater than 7.8 x 10% ug, an
in vivo measurement should be performed.*

*This intake 1imit was derived as follows: Let I pg be the cumulative intake,
X gg be the urinary uranium concentration, t days be the number of working
days in the bioassay period, and r Egé% be the excretion constant. Then
I=Xt/r. When X =338, t =40 days, and r = 1.7 x 10-2 ﬁg—% (Fig. 4-14),
the limiting value of I is 7.8 x 10% ug.
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5.4.6 Action Points, In Vivo Measurements

Any corrective action needed in the workplace, as well as the need for
protein urea testing, would presumably be triggered by high urinalysis results.
However, in the case of uranium mill workers, the action points for in vivo
measurements are based on other measures (principally work restrictions) that
may be taken directly for the protection of the affected worker's health. In
any discussion of work restrictions for personnel exposed in connection with
NRC-1icensed activities, it is well to point out that NRC regulations are
written in a manner that will avoid career interference. For example, during
a calendar quarter a worker may be involved in an” accident that causes an
intake of natural uranium exceeding the 1imit given in 10 CFR Part 20. The
regulations prohibit any additional intake of natural uranium during that
calendar quarter, but the affected worker may resume his or her duties at the
beginning of the next quarter without additional restrictions because of the

residual organ burden or dose commitment.

Although not required by regulations, it is common practice among employers
to impose work restrictions when in vivo measurements indicate a Tung burden
(alpha emitters) exceeding 16 nCi.* The affected worker is assigned duties
that do not involve radiation or inhalation exposures until subsequent in vivo
measurements indicate that the lung burden is well below 16 nCi. Thus, 16 nCi

js a very commonly used in vivo action point.

Although not required by regulations, the following discussion may be of
interest to those who would prefer to use action points based on new ICRP
recommendations (Refs. 8 and 22) and the new lung solubility data presented
in this report. Figure 5-2 presehts equilibrium lung burdens for intakes of
1 ALI per year. These lung burdens are the new counterparts to the old 16-nCi

criterion. They are

*This quantity of an alpha emitter, if maintained continuously in the pul-
monary lung, will deliver an annual dose equivalent of 15 rems to the Tung
tissues according to ICRP recommendations first issued in 1960 (Ref. 21).
Fifteen rems per year is the dose criterion on which the Maximum Permissible
Concentrations (MPCs) were based, i.e., for radioactive materials having the
lung as the critical organ. The MPCs for uranium are presently in effect in
10 CFR Part 20.
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Low-Temperature-Dried Yellowcake 21 nCi U
High-Temperature-Dried Yellowcake 10 nCi U
Ore Dust (10-um AMAD) 0.8 nCi U

These values are based on stochastic risks for yellowcake and on
nonstochastic risks for ore dust (bone dose). The yellowcake values are
directly usable as in vivo criteria. The case of ore dust is more difficult
since a lung burden of uranium as small as 0.8 nCi cannot be reliably detected
using present in vivo techniques. For a worker exposed only to ore dust, any

uranium detected through in vivo techniques would be a matter of concern.

With regard to combined exposures, it should be noted that a determination
as to the type of material involved is to be made immediately following a high
urinalysis result. This determination is necessary for the decision as to
whether in vivo counting is to be performed. Thus, in many cases of combined
exposure the lung-burden criteria given above may be used directly. If it is
determined that there was appreciable exposure to both ore dust and yellowcake,

the fractional intakes (fyc and fo as defined above) can be used with the

d
equation in Section 5.4.5 and elsewhere to calculate an appropriate criterion.

An example may be instructive.

Assume that a worker exposed to ore dust and high-temperature-dried
yellowcake has a urinalysis result of 28 ug/1 and a review of the worker's
bioassay history indicates that there was a relatively steady and gradual
increase to this level with no significant single exposure involved. This
result would require an investigation of the cause with possible corrective
action. It would also necessitate a decision as to whether an in vivo measure-
ment should be made. This decision would require use of the equation. Assume
that intake records reveal that fyc is about 80 percent of the intake and fod

is about 20 percent. Then

'] 1 - _....___.1__. - L‘_g
Criterion = 5 . 0.7 22 i

0 3

o

which is lower than the 28 ug/1 result so that a measurement is required.

5-13



Assume that the subsequent in vivo result is 5 nCi. The equation would be used
again with the same values of fyc and fod and with the appropriate Tung-burden
criteria shown above to evaluate the desirability of work restrictions.

Criterion = = 3.0 nCi

[==]

I.

78,0

0 0.

N

1
<+

(o]

which is lower than the 5-nCi result. Although not a regulatory requirement,
past experience suggests that many employers might preclude further exposure

to airborne uranium until subsequent bioassay results provided some assurance
that the lung burden had fallen below 3.0 nCi. An important value of the in

vivo measurement in this example is assurance that for this worker the model

did not seriously underestimate the risk.
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6. COMPARISON OF ACTION LEVELS AND BIOASSAY FREQUENCIES
IN REGULATORY GUIDE 8.22 TO THOSE IN NUREG-0874

This report presents the development of a model that permits analytical
estimates regarding the behavior of uranium following inhalation by uranium
mill workers. Regulatory guidance, however, is not established through NUREG-
series reports. Therefore, the results of this study, along with other current
information, were used to formulate a bioassay program for uranium mills (and
applicable portions of uranium conversion facilities) that is acceptable to
the NRC as guidance for its licensees. The details of this program are given
in Regulatory Guide 8.22, "Bioassay at Uranium Mills." This section compares
action levels and bioassay frequencies reflected in the regulatory guide and in
this report and discusses how the corresponding values in these documents are

consistent with each other.

The action levels and frequencies found in Regulatory Guide 8.22 and in
NUREG-0874 are reproduced in Tables 6-1 and 6-2. As indicated in Table 6-1,
the minimum acceptable action level for yellowcake used in the guide, 15 ug U/1,
is smaller than values predicted by the model of NUREG-0874. The guide uses
the larger values for ore dust because of the simplicity of using one number
for the action level rather than three numbers as given in NUREG-0874. This
selection is justified since the silica contained in ore dust is a greater
hazard to workers than the radiological hazard. If concentrations of airborne
silica are properly controlled (5 to 100 times more restrictive than the airborne
limit for uranium (Ref. 23)), the urinary uranium concentrations should be well
below the value for the action level given in Table 6-1. Finally, because of the
statistical uncertainties associated with the current techniques used for anal-
ysis of urinary uranium, an action level of 10 pg U/1 is frequently not clearly
distinguished from a value of 15 pg U/1. 1In a recent study jointly funded by
the NRC and the Department of Energy (Ref. 24), Battelle's Pacific Northwest
Laboratory (PNL) determined the fraction of bioassay laboratories in a sample
population from the United States that could attain bioassay criteria for
uranium, 5.0 pg/1, as published in a draft of ANSI N13.30, "Performance Criteria
for Radiobioassay" (Ref. 25). Only 50 percent of these laboratories could meet

this acceptable minimum detectable amount for uranium.

6-1



TABLE 6-1

Comparison of Action Levels and Frequencies for Urinalysis

NUREG-0874 Regulatory Guide 8.22
Maximum Action Acceptable Acceptable
Frequency* Levels Frequency Action Levels
(d) (ug U/1) (d) (ug U/1)
Yellowcake (LTD) 40 60 ’ 30 15 to 35
Yellowcake (HTD) 40 20 30 15 to 35
Ore Dust (10-um AMAD) 37 10 30 15 to 35
TABLE 6-2

Comparison of Action Levels Leading to In Vivo Lung Count

Action Levels in Action Levels in
NUREG-0874 Regulatory Guide 8.22
(ug U/1) (pg U/1 or pCi-h/ml)
Single Continuous
Exposure Exposure Single or Continuous Exposure
Yellowcake (LTD) 100 600 Based on intake**
Yellowcake (HTD) 20 20 130 pg/1 for any single sample;

35 pg/1 for 2 consecutive samples**

Ore Dust (10-uym AMAD) 22 33 130 pg/1 for any single sample;
35 ug/1 for 2 consecutive samples**

*This time interval is the upper 1imit recommended by this report for the frequency
of bioassay sampling.

*%The regulatory guide also requires that in vivo Tung-counting measurements be per-
formed if air monitoring results or exposure calculations indicate that the expo-
sure (intake) could exceed 520 x 10-1© pCi-h/ml.
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In vivo counting levels in Table 6-2 were set higher for the regulatory
guide for reasons summarized in Table 6-3. A most important consideration in
reducing the frequency of routine in vivo counting is the experience of the
industry and a conclusion of Reference 13 that the large volume of expensive in
vivo counts shows no significant indications of lung depositions under routine
operating conditions. Also, the variability of in vivo measurements was large
enough in field measurements so that routine in vivo counting programs would
not be expected to add significantly to the control of inhalation exposure

under routine operating conditions.

However, both Reference 13 and Dr. Christopher Pomroy* of the Canadian
Radiation Protection Bureau have recommended that in vivo counting be part of
a uranium mill bioassay program to protect against the rare, but possible,
accidental inhalation of large amounts of material containing a substantial
proportion of uranium in the form of Class W or Class Y material. Both. the
model in Reference 13 and that cited by Dr. Pomroy show that a single intake
of Class Y material equivalent to 1 ALI or more could give such low urinary
excretion Tevels that they could go undetected by urinalyses (because of the
limited detection capabilities of current analytical methods used in routine
bioassay programs). On the other hand, after the unusual event of an incident
involving large enough quantities of high-temperature-dried yellowcake or ore
dusts that could produce either the urinary excretion levels in Table 6-2
(right column) or the measured integrated air concentration-time exposures in
the footnote of Table 6-2, in vivo counting in a whole-body counting facility
specially equipped for uranium lung counting should be available as part of
the bioassay program. These special in vivo counts serve two purposes: (1) to
guard against the unlikely, but possible, contingency that large intakes of
uranium of Class W or Class Y transportability might go undetected and (2) to
provide early data useful in evaluating any high accidental exposures, their
Tong-term uptake and excretion trends, and ultimately the relevant estimates
of intake and dose commitment that may be necessary for medical or regulatory
purposes.

*Presentation at a public hearing of Committee BEIR IV, National Academy of
Sciences, Washington, DC, 1985.



TABLE 6-3

Rationale for Numerical Action Levels and Frequencies
Given in Regulatory Guide 8.22

In the discussion below, C2, C4(b)(c), C4(d), and C4(e) refer to the

corresponding sections given in Regulatory Guide 8.22.

C2 - 40 x 10-19 pCi-h/m1 and 520 x 10-10 pCi-h/m1 - taken from proposed

Regulatory Guide 8.22, published for comment in 1978 (Ref. 26).

C4(b)(c) - 5 ug/1 LLD for uranium. This level is recommended in draft

ANSI N13.30 (Ref. 25) as well as in the independent example calculation in
Appendix A to Regulatory Guide 8.22 that is taken from actual laboratory data.

C4(d) - 35 pg/1 in two monthly samples

Below this action level for a small intake of uranium, in vivo measure-
ments have been found to be unreliable (Ref. 13).

Public comments on the proposed Regulatory Guide 8.22 indicated that four
consecutive specimens at 30 pg/1 may indicate kidney damage.

This excretion level is very unlikely to occur for high-fired yellowcake
unless a large lung burden is present to continuously feed uranium to
system; this is very unlikely to occur (Ref. 13).

35 pg/1 is the model excretion rate in this document at 1 month for an
inhalation of 1 ALI of yellowcake dried at high temperature at the
beginning of the month. (See Fig. 4-1.)

Only 2.5 percent of the samples in a population of urine samples from mills
would exceed 35 pg/1; less than 1 percent would exceed 50 pg/1, even if all
the frequency distribution were attributed to measurement error. (See

Fig. S-1.)

The 35 ug/1 value is very close to the upper 95 percent confidence band for
the single sample urinary levels (median of only 4.4 ug/1 and a standard

geometric deviation, Sg = f 2.3).

An average value of the 35 pg/1 has been adopted in the Canadian standard
(Ref. 27).

C4(e) - 130 pg/1 for any specimen

Some consideration was given to adding conservatism to the value of

130 pg/1 in Table 1 of Reference 26. Some additional (although question-
able) indicators of kidney damage were found in the experiments described in
Reference 28. This reference recommends, as action levels, 100 pg/1

during the first 24 hours after exposure and only 1 pg/1 for a "Monday
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TABLE 6-3 (Continued)

morning" excretion rate.  Renal-urinary uranium relationships depend on
the concentration of U0,  and reversible complexes in the kidney and
not on the form of uranium exposure, according to Reference 28.

Also, 100 pg/1 may be indicative of 1 ALI if the material happens to be
Class D rather than Class W. (See Fig. 4-4.)

However, two consecutive monthly urinary uranium samples below 150 pg U/1
are considered to be protective of workers in the Canadian standard
(Ref. 27).

Therefore, since it is extremely improbable that a confirmed sample (two
measurements) would fall between 100 and 130 pg/1, the difference between
these values was deemed insignificant. The action level of 130 pg/1 was
retained as a reasonable consensus of the single sample action level of
Table 1 of Regulatory Guide 8.22.
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APPENDIX A
EQUATIONS FOR ORGAN AND SYSTEMIC BURDEN CALCULATIONS

A large number of equations (138) are used in this analysis to calculate
organ and systemic burdens. Therefore, the following somewhat unusual method

has been developed to present their derivation in a concise manner:

1. A simplified system of symbols is employed to present the derivation
of eight basic differential equations; and each equation is assigned

a number;

2. The symbols used in the equations--primary symbols as well as

superscripts and subscripts--are tabulated;

3. Tables showing, for each equation used, the type of differential
equation by number and the actual symbol for each constant appearing

in the simplified version of the equations are given; and

4. A table describing each constant and listing its symbol and numerical

value is given.

This information can be used in a straightforward manner to reproduce the
calculations performed in this study as illustrated in Section A.3 of this
appendix.

A.1 GENERAL SOLUTIONS FOR DIFFERENTIAL EQUATIONS

In this study, all the organs of the body except those of the respiratory
tract are represented by a single compartment. The respiratory tract is
subdivided into four separate compartments: the nasopharyngeal, tracheobronchial,
pulmonary lung, and lymph. Any one of the eight types of differential equations
listed below may be considered to describe the rate of accumulation of matter
in any single compartment of an interconnected multicompartment system. In
the text, each of these eight types of equations is uniquely identified by the

alphanumeric designation shown below.



In this analysis, solutions are required for eight general types of
differential equations:

Type IA One-Compartment Model, Single Exposure

Type 1B One-Compartment Model, Continuous Exposure
Type IIA  Two-Compartment Model, Single Exposure

Type IIB  Two-Compartment Model, Continuous Exposure
Type IIIA Three-Compartment Model, Single Exposure
Type IIIB Three-Compartment Mode1; Continuous Exposure
Type IVA  Four-Compartment Model, Single Exposure

Type IVB  Four-Compartment Model, Continuous Exposure

A11 these equations are first-order linear differential equations.
Derivations and solutions are indicated in this section.

A.1.1 Single Exposure

A.1.1.1 Type IA

Let b;(t) be the burden in 1 at time t, and let A; be the elimination
constant from 1. Let c; be the initial fixed amount of nuclide deposited
in 1.* Then

—A.lt

b,(t) = c e (A-1)

A.1.1.2 Type IIA

Let by(t) be the burden in compartment 2 at time t, and let A, be the
elimination constant from compartment 2. Let b, be the source of by, and let
c, be the fractional uptake by compartment 2 so that the rate of uptake in
compartment 2 is cyA;b;.  The rate of elimination from compartment 2 is A,b,.
The rate of change is ’

db
afz = CaA1by = Agb,

*Constants c;, c,, etc., are discussed in Section A.3 of this appendix.
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Substituting from Equation A-1,

db -At
&2' = C1C2hle 1+ - )\2b2

Using an integration factor of eAzt and multiplying by dt,
ekztdbz + ekztxzbzdt = clcle(ekzt)(e_Alt)dt
Note that the terms to the left of the equal sign are equivalent to the
first derivative of ekztbz* so that

d(exztbz) = clczhle(Az T Aty

Integrating both sides,

H

ehzt (A'Z = }\'l)tdt

by, = ciCoA fe

A W—

Using initial conditions of b, = 0 when t = 0, this equation has the
following solution:

—)}Zt

A (,e_7\,1t - e

by (t) = C1¢2(X;‘:¥XI3 ) (A-2)

The expression for by(t) becomes indeterminant for A; = A,. The limiting

value can, however, be obtained using L'Hospital's rule. Consider the expression

*This mathematical maneuver is repeated, but not explained, in each subsequent
equation derivation.
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in the limit as Ai > Aj’ Letting 6§ = Ai - Aj, the 1imit becomes

ey + O At
3

lim f(A,, A;, t) = lim
AAg J 550

Differentiating both numerator and denominator with respect to §, as
specified by L'Hospital's rule, the 1imit reduces to

e 1 = ge7Mt (A-3)

Tim
Aiéxj 1 J

Substituting into Equation A-2,

At

by(t) = clczkite- j (A-4)

in the Timit of A; » Ay = AL
A.1.1.3 Type IIIA

Let bs(t) be the burden in compartment 3 at t, and let A; be the elimination
constant from compartment 3. Let b, be the source of bg, and let c5 be the
fractional uptake in compartment 3 so that the rate of uptake in compartment 3
is cghyby. The rate of elimination from compartment 3 is Agbs. The rate of
change is

db

dt = C3A2b2 - A,3b3

Substituting from Equation A-2,

dby Ay At

- - o A2ty
QT = C1C2C3(A2 — A1)(e e ) - Azbg
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Using an integration factor of eA3t,

A

iAo (e'A
= Ay)

eh3t’db3 + A3b3eh3tdt = C1C2Ca7y 1t e-xzt)ex3t
2

dt

Note that

So that, integrating both sides,

Ast AAo
e 3 b3 C1C2C3(}\2 - A1)

[fe()\.3 - Al)tdt - fe(x.g - Az)tdt]

AqA
— ]2
C1C2C3(A2 - Al)

]

1 (Az - At 1 (As - Ag)t
ovacs v LAY s vacar v LU

Using initial conditions of by = 0 when t = 0, this equation has the

following solution:

AqA 1 -\t ~Ast
ba(t) = crcaCar A - A T )

- (As - Az)



This expression is indeterminant when any two of the elimination constants
are equal. The cases Ay = Az and A, = Ay are readily solved using the Timiting
expression given in Equation A-3 above, but the case A; = A, is slightly more

complicated. Equation A-4 can be rewritten

C1CaCaA Ay - Ag(e-hlt - e A2t ) A4e_A2t - Age Mt
ba(t) _ [e Ast | + , ; ]
Az = A (Ag = Ap) Ap = Ag - Ap = M
Taking the 1imit of both sides as A, = A4,
C,CoCaA2 oap Vimoagle™Mb ey pin aeet e
Tim by(t) = m#——— e "3 4+ Ao + Ap>A
Ag>Ag S ey W 2 Ap = Mg z Az = A
Applying Equation A-3 once again, the middle term in the brackets reduces
to Azt e—Alt. The final term can also be evaluated using L'Hospital's rule.
ALt o, ALt o -\ + &)t _ “Ast
lim Aie J Aje i ) Tim Aie i (Ai + §e i
Ao Aq AN 8>0 5
= -t + e MY, (A-6)
from which it follows that
Tim _ C4CoCaA% L -agt | -A4t ) -Aqt _
Agon, Ds(E) = W [e e + (A3 - Apdte 717] (A-7)

A.1.1.4 Type IVA

Let by(t) be the burden in compartment 4 at t, and let A4 be the elimina-
tion constant from compartment 4. Let b; be the source of by, and let c4 be the
fractional uptake in compartment 4 so that the rate of uptake in compartment 4
is c4habs. The rate of elimination from compartment 4 is A b,. The rate of

change is



= C4hgbg = Agby

jeR=N
&5

Substituting from Equation A-3,

dby _ AjAoAs t

1 _A'l
at . C1C2CaCary - Al)[(xs - xl)(e

1 (e_}\zt _ e'Agt)

- __—.._—(}\3 = )\2) ] = A4b4

Using an integration factor of eA4t,

_ e-Agt)

Y14t

e)\‘*t'db4 + A4b4ex4tdt = c1c2c3c4e}‘4t (%15%5%—3
2 1
[?XE_%'XIT(e_AIt - o haty
i (Xg_%_xzj(e—xzt - o
Note that
d(ex4tb4) = C1C2¢3C4(%;A%A%;j

1
Fovas Al)(e

(A4 - Al)t _ e(7\,4 - Ag)t)

1 (e(h4 - AZ)t - e(x4 = Kg)t)]dt

- ()\3 - A2)

So that, integrating both sides,
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Aqt Aq1AoA
e"4"b, = C1C2C3C42R;_%—§Ij

[()\3—}7\1_)_ (J‘e(}"tl - Al)tdt - J‘e(AtL - Ag)tdt)

ey e _>A2)tdt - gethe T M)

_ AAoAsg 1 1
C1C2CaCay - 7\1)[(7\3 = xl)((x4 - Ay

(Mg At _ 1 (Ay - AL
e 4 1 ()\4 - )\3)9 4 3 )
_ 1 Ve 1 ,\(A‘l - AZ)t

(7\3 - .7\2)\(7\4 - )\2):
< iy T

Using initial conditions of by = 0 when t = 0, this equation has the

following solution:

: 1 7 —}\1t - _}\4t

bs(t) = cicacsCahiAzhg [(Az = A)(s - AD(Ag - A)e © )
_ 1 —Azt _ -A4t
(A2 = A )(Ag = A2)(Ay - AZ)(e ¢ )

. 1 (e7hst - Mty (A-8)

Az = A)(As = Ap)(Ag - Ag)

For cases in which any pair of elimination constants are equal, b,(t)

can be evaluated using Equations A-3 and A-6.
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A.1.2 Continuous Exposure

A.1.2.1 Type IB

Let B,(t) be the burden in compartment 1 at time t, and let A, be the elimi-
nation constant from compartment 1. Let the rate of deposition in compartment 1
be C,. The rate of elimination from compartment 1 is A,B;. The rate of change
is

dB; _
afl =Cy - MBy

Using an integration factor of eklt,

Mt .t

B, + A,BeMtdt = ceMtat

Note that
a(eMts,) = c,eMtat

So that, integrating both sides,

At

My, = caeMt 4 g

Using initial conditions of B; = 0 when t = 0, this equation has the
following solution:

'Alt)

By(t) = Co(L - e (A-9)
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A.1.2.2 Type IIB

Let B,(t) be the burden in compartment 2 at t, and let A, be the elimi~
nation constant from compartment 2. Let B; be the source of B,, and let C, be
the fractional uptake for compartment 2 so that the rate of uptake in compart-
ment 2 is C,A;B;. The rate of elimination from compartment 2 is A,B,. The

rate of change is

Using an integration factor of ehzt,

er2tas, + A,B,eM2tat = ¢ ceM2b(1 - eMityqt

Note that

Apt

d(eM2s,) = ¢ ceM2t(1 - eMYyat

So that, integrating both sides,

er2tp, = ¢ o, rretetar - ez~ M)ty

Agt

e ()\.2 - Al)t

Ay = M

. e

1+H
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Using initial conditions of By = 0 when t = 0, this equation has the

following solution:

1
B8 = Corme

A1 - e MY - A, - e M2y (A-10)

In the 1imit where A,>A;, the solution is again obtained by L'Hospital's

rule.
“Aot -\t
. - . 01C2 (AZ - Al) C1C2 hle 2 - Aze 1
N A N S Oz = Aphs
27N 2>\
=Gl 1 - oyt e MY for A, = A, (A-11)
1

where the second term in the 1limit has been evaluated using Equation A-6. The
same approach can be used to evaluate the expressions derived below, for cases
of more than two compartments, in the 1imit where any two of the elimination
constants are equal.

A.1.2.3 Type IIIB

Let B5(t) be the burden in compartment 3 at t, and let A3 be the elimi-
nation constant from compartment 3. Let B, be the source of By, and let C3 be
the fractional uptake in compartment 3 so that the rate of uptake in compart-
ment 3 is C4A,B,. The rate of elimination from compartment 3 is A3Bz. The

rate of change is

Substituting from Equation A-10,

gga = C1C2C3(A2 = Al)-l[xz(l - e-Alt) - Al(l - e-A2t)

dt 1 = AsBg
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Using an integration factor of eA3t,

) at Azt -1

atas, + A4Bse™3tdt = ¢,C,C.e 0, - Ap)

[Ap(1 - e MYy - a1 - eP2Yy1at

Note that

-1
d(eM2ts,) = ¢,C,CeM2t (0, - Ay)
A1 - e ™Y - A - e™2Y)jat
So that, integrating both sides,

- Al)t

A A
e}\?’tBs = 01C2C3{'(—X?-:2m[fe 3tdt - fe()“” dt]

_ A Agt .. _ (Ay - At
m[fe 3¥dt - [e'"3 27%dt 13

Ay Eekst e Aam Aty Ly,
()\,2 - A’l) As (A3 - Az)

Using initial conditions of By = 0 when t = 0, this equation has the

following solution:
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By(t) = c1c2c3[X§<1 - ¢ hsty

_ A’Z Vs _Alt - —Agt
(s - A)(hs = A0S e ™)
)\1 _}\zt 'A3t
+ - -
(g = 7)) (7 _vkz)(e e )] (A-12)

A.1.2.4 Type IVB

Let B,(t) be the burden in compartment 4 at t, and Tet A, be the elimi-
nation constant from compartment 4. Let B; be the source of By, and let C, be
the fractional uptake in compartment 4 so that the rate of uptake in compart-
ment 4 is C4A3Bs. The rate of elimination from compartment 4 is A,.B,. The rate

of change is

dB
a{i = C4A3B3 - A4By

Substituting from Equation A-12,

dB -Ast AsA -At “Agt
=4 = - 3 - 2003 ( 1 - 3
at C,CoCaC4[(1 - e ) O = A - A1)\e e
AAs -Apt ~Ast
+ - - A4B
(A,z - 7\1)(7\3 - }\2)(e e )] }\’4 4
. A . Mgt
Using an integration factor of e R
Mbap, + aB,eMbdt = € C,CcM 0 - oMY
- }\.2}\3 Vi 'Alt - "}x3t
Gz = A ~ A e )
A.1A3 "'}\.zt "A3t
+ - dt
(A2 = A(Ag - Az)(e © )]
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Note that

t AoAg

d(eM4'B,) = €1C,CaC M T - ey - (A2 = M) = Ay)

“Ast _ At Arhs “Apt | At
S (v [ v A

So that, integrating both sides,

Mgty gt Ay - A3t Agh
Mby, = ¢ 0,0, (et tdt - felte T Asityy - Y6\
4 1C2C3C4{S S Ay = A)(A3 = Ap)

- At - Azt Adg

Ao = A)(Ag - Ap)

[fe(Pe dt - felPe dt] + ¢

[fe(A“ - }‘Z)tdt - fe()\tl - A‘?’)tdt]}

- —_l A4t _ —1_ (A.4 = A3)t
C1C2C3C4{h4e e - A3)e

_ 7\2)&3 [ 1 ,\(}\4 - )\1)t
(Ao = A)(Ag = A" (Mg - Ap)°

- ————!;-~e(h4 - A3)t] + AAg
(Mg = A3) (A2 = A)(Ag = A2)

1 oA - At 1 (Ay - Ag)t

[(A4 - A) Ay - K3)e I+ H
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Using initial conditions of B, = 0 when t = 0, this equation has the
following solution:

—A‘}t

B,(t) = c1c2c3c4{xi (1 - e Ml

- 1 Aaho(Ag = Ao) = AaAi(Ag = Aq) At Agt
[(A4 - Az) * (Ay 'BAZ)(iZ - il)(A33f1A1§(A3 1 Az)] (e e ™Y

Aahq Aot ALt
+ -
(e = A)(hp - AR = A (& e )
- A,g}\,z _)\1t - "'A4t A-13
G = Ay - A (hs = A <© e "4} (A-13)
A.1.3 Selection of Constants
A.1.3.1 Single Exposure
1. ¢, is all the initial deposition in compartment 1 or a specified

fraction of this initial deposition. The initial deposition is the
product of the total intake and the deposition fraction for compart-
ment 1. If the ICRP Task Group on Lung Dynamics (TGLD) model is

being used, this product must be multiplied by the regional fraction

in order to isolate that part of the initial deposition that will
follow a given pathway in the body. Other multiplication factors
may be needed to fractionate the ihitia] deposition. For example,
the toxic substance may be composed of materials with two or more
different retention functions, requiring a separate calculation for
each component. In such cases, the initial deposition must be

multiplied by a composition fraction. As another example, the path-

way being treated may take a fraction of the toxic substance through
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a barrier such as the absorbing cells of the GI tract without

accumulation; in such cases, this uptake fraction must also be

used as a multiplying factor.

2. C, is the fractional uptake of the toxic substance by 2.
3. c3 is the fractional uptake of the toxic substance by 3.
4, cy is the fractional uptake of the toxic substance by 4.

A.1.3.2 Continuous Exposure

Ci (where i =1, 2, 3, or 4) in the continuous exposure equations is

equivalent to C; in the single exposure equations with one exception. In Ci’

the rate of intake is used rather than the intake.

A.1.3.3 Elimination Constants

The mathematical difference in two elimination constants often appears in
the denominator in the equations derived above. Where two such constants are
equal, a special derivation must be performed (see Sections F.l.e and F.2.c of
Appendix B in Ref. A-1).

A.2 SPECIFIC EQUATIONS, EQUATION SYMBOLS, AND CONSTANT VALUES

A.2.1 Equation Symbols

The basic equation symbols used in this analysis are shown in Table A-1.
The symbols are used in a wide variety of combinations, including subscripts
and superscripts, but are usually self-explanatory. The symbols used for con-
stants and parameters are defined in Table A-9. Table A-1 includes nine
anatomical symbols not directly defined in Table A-9: NP, TB, P, K, S, L, B,
G, r. The first six of these, when used as basic symbols rather than as sub-

scripts or superscripts, are used to denote the uranium burden. For example,
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K(t) is the uranium kidney burden at time t. However, these symbols are also
used as subscripts or superscripts to identify the organ for which a constant
or parameter is to be used. For example, AK is the elimination constant for
uranium in the kidney. Of the symbols mentioned above, B (blood) and G (GI
tract) are used as subscripts and superscripts to identify pathways taken by
uranium in the body. B indicates direct deposition in the blood, TGLD path-
ways (a), (c), and (e). G indicates GI tract pathways (b), (d), (f), and (g).
The symbol r is used to identify direct pathways to the kidney that do not

involve interim systemic deposition.

Since the analysis is complex, the symbol structure also becomes complex.
However, familiarity with the individual symbols should make their use in com-
ifg)(t) defines that part of the kidney
burden at t that has arrived at the kidney via the pathway specified by the

bination understandable. For example, K

subscripts and superscripts (see Fig. 1-1). The r states that this uranium
arrived in the kidney without first being deposited in some other systemic organ.
The G states that the uranium was temporarily detained in the GI tract. The P
states that the uranium was initially deposited in the pulmonary region of the
lung, and (f) identifies the TGLD pathway followed by the uranium. With these
identifying symbols, the correct constants and parameters can be chosen to

calculate the value of Ki(g)(t).

As another example, the symbol KQ?éY(t) is used for that part of the kidney
burden that (1) was initially deposited as Class Y material in the nasopharyngeal
region, (2) was absorbed directly into the blood, (3) was deposited in the system,
and (4) was released again to the blood for final deposition in the kidney.

Any departures from the use of this system of symbols are clearly explained in

footnotes.
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A.2.2 Equations for Calculating Organ Burdens Following Inhalation
Exposure

A.2.2.1 Kidney-Burden Equations (Single or Continuous Exposure)

A.2.2.1.1 Kidney Burden Following Exposure to Yellowcake Dried at
High Temperature

In accordance with the metabolic model in Section 1.2 of Chapter 1 of
this document, inhaled uranium reaches the kidney directly via the respiratory

tract and via the respiratory tract after interim systemic deposition. Thus

K(t)

i

Kp(E) + Kg(t)

Kp(8) = K g + K o(8) + K\ (8

K(t) S
Kg(t) = Kg (1) + Kg (8) + Kg | ()

Kr(t) is constructed from three subequations that represent those
contributions of uranium directly to the kidney from the respiratory tract.
Equations for the underlined kidney-burden components appear in Table A-3

for single exposures and for continuous exposure conditions.

~ P NP TB
Kr,B(t) - Kr,B(t) + Kr,B(t) + Kr,B(t)

P NP B
K8 4 Ko (8) = KL a(8) + K () + K Pa(t)

AL 2L 3L, \x
Ko, (8 = K (0 + K7 (8) + K ()

X
As shown in Table A-9 for high-temperature-dried yellowcake, the lymph
compartment (L) is assumed to contain short (1L), medium (2L), and Tong (3L)
1ived components. Note that all of this uranium is initially deposited in P.
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The first two subterms in Kr(t) above may be further subdivided as follows:

P _ 1P 2P 3P %
Kr,B(t)-‘ Er,B(t) * Er,B(t’) * 5r,B(t)
: NP .\ _  NP,D NPLY ,\ s
Kr,B(t) Kr,B(t) - Er,B (t) + LA t)

TB — 1B,D 1B,Y %
Kr,B(t) B 5r,B (t) + 5r,B (t)

+

P P(F) P(g)
6 = K Q@ + KDy

NP - yNP,D NP,Y
Kr,G(t) Kr,G(t) - 5r,G (t) + 5r-,G (t)

B _ ,IB,D TB,Y

Kr,G(t) - |—(r',G (t) + Br,G (t)

Kg(t) is also constructed from three subequations that represent those
contributions of uranium to the kidney from the respiratory tract, but
indirectly through the body system.

i

P NP T8
Ks,g(t) = Kg g(t) + Kg g(t) + Kg"p(t)
= P NP TB
Ks(t) Kg,g(t) = Kg (1) + Kg o(t) + Kg ()

AL 2L 3L
Ks,L(8) = K5 | (0 + K¢ ) (8) + Ko ) ()

x ‘ e : .
As shown in Table A-9, 1P, 2P, and 3P refer to the three components of high-
. temperature-dried yellowcake deposited in the pulmonary compartment.

.3 .o
For the NP.and TB regions, the three yellowcake components measured for the
P region do not apply. For NP and TB, the two more soluble components
(Table A-9) are called Class D, and the long-half-1ife component is called
Class Y.

***Class Y only, two pathways. Regional fractions are zero for Class D.
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The first two subequations may be further subdivided as follows:

g p(t) = KsTg(t) + Kg p(t) + KSTp(t)
s p(8) 3 K p(t) = KEgP(1) + K g (®)

Kl?s(t) - D(t) v I Y(t)

¢ o = KD + kK P

NP NP D

K ()4 Ke a(t) = K& g (e) + Ky &' (v)

KTBG(t) - TB D(t) + TB Y(t)

Equations and constants for the underlined kidney-burden components are
specified in Table A-2, both for single exposures and for continuous exposure
conditions. Section A.3 illustrates how these equations and constants are
used to calculate each individual kidney-burden contribution to the total
kidney burden.

In column 1 of Table A-2, K is used to represent the organ in which
accumulation occurs, in this case the kidney. A particular metabolic pathway
that uranium follows in reaching the kidney is indicated by subscripts and
superscripts, which represent metabolic compartments (or subcompartments, e.g.,
1P, 2P, or 3P) in this study (except D, W, Y). The accumulation of uranium in
the kidney along any particular metabolic pathway is represented by one of the
basic equations given in this appendix. The appropriate equation is shown in
column 2 or 3. Under the term "Constants" in Table A-2 appear the simplified
constant symbols defined in Table A-1. Under these symbols, the actual symbols
for each equation are given. The meaning of each actual symbol may be obtained
in Table A-9, which also provides the numerical values used in this study.
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A.2.2.1.2 Kidney Burden Following Exposure to Yellowcake Dried at Low
Temperature

As in the case of high-temperature-dried yellowcake, uranium in
Tow-temperature-dried yellowcake reaches the kidney directly via the respira-
tory tract and via the respiratory tract plus interim systemic deposition.
Thus, the system of equations shown in the preceding section is for the most
part applicable also to low-temperature-dried yellowcake. The differences may
be described as follows: As indicated in Table 1-3 of Chapter 1, there is no
Tong-lived component in the case of low-temperature drying. Therefore, the
burden component terms with 3L and 3P superscripts disappear while those terms
with Y superscripts are changed so that they have W superscripts. The medium-
half-Tife component is much longer (39 days rather than 5 days) and must be
classified as Class W rather than Class D. With these changes, the equation

for the kidney burden becomes

K(t)

1]

K(E) + Ko (1)

Kr(t) Kr,B(t) + Kr,G(t) + Kr,L(t)
K(t)

Kg(t) = KS,B(t) + KS,G(t) + KS,L(t)

Kr(t) is constructed from three subequations that represent those

contributions of uranium directly to the kidney from the respiratory tract.

A NP TB
Kr,B(t) - Kr,B(t) * Kr,B(t) * Kr,B(t)

i

P NP 8B
Kr(t) Kr,G(t) Kr,G(t) + Kr,G(t) + Kr,G(t)

Kr L(t)

’

1L 2L
Er,L(t) + 5r‘,L(t)
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The first two subterms in Kr(t) above may be further sUbdivided as follows:

p CIP L 2P
Ke,p(B) = Ky gt + K B(t)

NP iy = P, NP W

K, g0 { Py = K70y + Py
TB oy = (TB.Dey o (TBN
KBacty = KI%Pce) + KBt
K () = P(f)(t) + P(g)('c)*
NP oy o (NP.D NPV

Kp (8§ Kp (B = Ky g () + K g7(t)
Koa(®) = kel + ke

K (t) is also constructed from three subequations that represent those
contr1but1ons of uranium to the kidney from the respiratory tract but i nd1rect1x
through the body system.

_p NP 8
Kg g(t) = Kg g(t) + Ko p(t) + KS,B(t)

Ks(®)  { K q(£) = K G(t) * K G(t) + K G(t)

H

'KS,L(U S L(t) + KS L(t)

The first two subequations may be further subdivided as follows:

p _.
KS,B(t) - S B(t) + KS B(t)

NP, W

| NP .\ _ NP D
KS,B(t) KS,B(t) - B (t) +: K B (t)

TB D TB,W

TB .y
KS,B(t) = B (t) + KS ‘B (t)

X
Class W only. Regional fractions are zero for Class D.
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P ey = PFgy 4 (PO
Ks,a(t) = Kg g7 (t) + Ko "a (%)
NP oy = (NP,D NP W

Ks,a(t) | Ks g(t) = Ko &7(t) + Kg"27(t)
B .. _ K180 TB W

Equations for the underlined kidney-burden components appear in Table A-3,
both for single exposures and for continuous exposure conditions. Explanations
of the constant symbols are given in Table A-9; along with the numerical values
used in this study.

A.2.2.1.3 - Kidney Burden Following Exposure to Ore Dust
In accordance with this analysis, inhaled uranium reaches the kidney

directly via the respiratory tract and via the respiratory tract plus interim
systemic deposition. Thus,

]

K(t) = K.(t) + K (1)

i

Kr(t) Kr,B(t) + Kr,G(t) + Kr,L(t)

K(t)
Kg(t) = Kg p(t) + K¢ () + Kg | (£)
The terms Kr(t) and Ks(t) may be further subdivided as follows:

88 = KD+ Py + B

Ko ] K o0 = 0Dy + PMeey + kBeee

kPFag) iy = (P(F) P(g)
r g (¥ = Er‘,G () + 5P,G ()

- P
K (8 = K
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1B, W

(gﬁu)=P“%w+waa)+K t)

= ¢P(f,9) NP, W TB W
Ks(t) { Kg g(1) = Kg "o (8] + Ko™ d7(t) + Ko~ g™ (%)

EED e = wﬂ“)+gw%U

L ks (0 = ke P

Equations for the underlined kidney-burden components appear in Table A-4,

both for single exposures and for continuous exposure conditions.
A.2.2.2 Systemic-Burden Equations (Continuous Exposure)*
The bases used for the calculations are:

0 Metabolic Model - The metabolic model shown in Figure 1-1 and the

discussion in Chapter 1 also apply to this calculation.

o Fractional Composition and Retention Functions for the Pulmonary

Lung - Table A-9 should be consulted for these values.

0 Equation Symbols - The discussion in Section A.2.1 is applicable
here; the symbol S is also used in this analysis to refer to the
systemic uranium burden. The other subscripts, superscripts, and
symbols for constants remain the same.

A.2.2.2.1 Systemic Burden Following Exposure to Yellowcake Dried at
High Temperature

In accordance with this analysis, inhaled uranium reaches the system via
the NP, TB, and P regions of the respiratory tract. The system of equations
describing the systemic burden is given below.

%Calculation of the systemic burden following a single exposure is discussed in
Section 4.1.1.2 of Chapter 4.
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S(t) = SB(t) + SG(t) + SL(t)

S5(t) = Sp(t) + spr(e) + s18(t)
S(t) se(t) = Sg(t) + sgp(t) + sgB(t)
() = §1P(h)(t) . §iP(h)(t) . §ﬁP(h)(t)

The first two subterms in the expression for S(t) above can be further

subdivided as follows:

S5(t) = 537t + 5By + 53
st | sy () = 5370y + shP V)
sgo(t) = 5520ty + 1B Y(e)
By = LDy + L@ty
se® { sg ) = s8 Pty + WPy
SEB(t) - TB,D(t) + TB,Y(t)

Equations for the underlined system-burden components appear in Table A-5

for continuous exposure conditions.

A.2.2.2.2 Systemic Burden Following Exposure to Yellowcake Dried at Low

Temperature

As in the case of high-temperature-dried yellowcake, uranium in low-

temperature-dried yellowcake reaches the system via the NP, TB, and P regions
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of the respiratory tract. The system of equations shown in Section A.2.2.2.1
for yellowcake dried at high temperature is for the most part applicable also
to low-temperature-dried yellowcake. The differences may be described as
follows: As indicated in Table A-9, there is no long-lived component in the
case of low-temperature drying. Therefore, the burden component equations with
3L and 3P superscripts disappear while those terms with Y superscripts are
changed so that they have W superscripts.

The medium-half-1ife component is much ]dnger (39 days rather than 5 days)

and must be classified as Class W rather than Class D. With these changes,

the equation for the system becomes

S(t) = SB(t) + SG(t) + SL(t)

it

Sp(t) = Sp(t) + Sy (t) + S5t

S(t)  { Sa(0)

sh(t) + sN(t) + sEP(t)

- 1P(h) 2P(h)
s (t) = st P M ey + 2P My

The first two subterms in the expression for S(t) above can be further

subdivided as follows:

P _ 1P 2P

NP, W

syt {shr) = sy o0ty + bt

SEB(t) - TB D(t) + STB W(t)

‘ sh(t) = 5o () + sp(P (e

54(t) ‘ sty = si Py + sy Y
sTB(t) = sTB0() + 5B Ye)
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Equations for the underlined system-burden components appear in Table A-6

for continuous exposure conditions.
A.2.2.2.3 Systemic Burden Following Exposure to Ore Dust
In accordance with this analysis, inhaled uranium reaches the system via

the NP, TB, and P regions of the respiratory tract. The system of equations

describing the systemic burden is given below.

S(t) = SB(t) + SG(t) + SL(t)

sp(t) = sh¢(xy + shPWeey + sTBM()
() Sg(t) = sp(t) + sp ey + TPt

se() = ety + sE@ ()

= ¢P(h)

Equations for the S values underlined above appear in Table A-7.
A.2.2.3 Lung-Burden Equations

Presented in this section are the calculational procedures used for
determining the lung burden upon which lung dose estimates in this study are .
based. The Tung-burden equations may be found in Table A-8, which includes
equations for single and continuous exposure to high- and low-temperature-dried

yellowcake and to ore dust. The construction of this table is explained below.

For each type of exposure and for each type of material P(t), the uranium
burden in the pulmonary lung as a function of time may be given by

(h)
P(t) =32 Pi(t)
i=(e)
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where (e), (f), (g), and (h) are TGLD pathways. It is necessary to calculate
the subburden associated with each pathway because different retention func-
tions are involved and because it is necessary to also calculate the subsequent

burden in other organs. The individual equations for the summation are

+

1P 2P 3P
Ple)(®) = Bey(®) + By (0 + By (V)

+
+

— plP ~2P 3p
Py (8D = By (8 + By (8 + By (0

_ 1P 2p 3p
Pegy(®) = Bigy(8) * Bgy(8) + By (V)

)

1P 2P 3p
Peny(®) = Beny (8 + By (8 + By (0

The superscripts 1P, 2P, and 3P refer to the three components of high-
temperature-dried yellowcake (see Table A-9), each of which has a different
dissolution rate. 1In the case of low-temperature drying, only two components
are considered, and the symbols with 3P superscripts are ignored. For ore
dust, only one component is used, and therefore the summation equation shown

above is applicable without superscripts.

A11 the equations used for these lung-burden calculations appear in
Table A-8. In each case, the table specifies the type of differential equation
used, which may be obtained from Section A.1, and the actual constants to be
employed in the equation. For the constants as indicated in the table, symbol

explanations and values are given in Tables A-1 and A-9.

A.2.3 Numerical Values for Constants

Numerical values for the constants and parameters used in this study are
listed in Table A-9. Exponential retention functions are used for the regions
of the respiratory tract, for the lymph nodes, and for the kidney. A power
function retention model is frequently used for systemic uranium. However,
for calculational simplification, this function is usually represented in this
report by the sum of two exponentials as developed by Adams and Spoor
(Ref. A-2) or by only the first term of this approximation.
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The retention functions and the fractional composition fractions used for
yellowcake and ore dust deposited in the pulmonary lung are listed in Table A-9.
From in vitro solubility studies for yellowcake in simulated lung fluid (Refs. A-3,
A-4, and A-5), it may be concluded that yellowcake subjected to high-temperature

drying has, with respect to retention in the lung, three components.

In vitro studies of the solubility of the uranium contained in ore dust
in simulated lung fluid are also reported (Ref.'A-B). From this study, a
value of 50 days was adopted in this analysis for the half-1ife of 100 percent

~of the ore-dust uranium in the pulmonary lung.

A.2.4 Comparison to Model Parameters of ICRP-30

A comparison of the constants and parameters used in this study to those
used in ICRP-30 is provided in Table A-10. Most of these values as used in
this study were taken directly from the TGLD model or from ICRP-30 without
modification or with only minor changes (such as the values for fP and fK in
TabTle A-10). As used in this study, the constant fs refers to that fraction
of material instantaneously entering the blood and then transferred to all body

tissues except the kidney.

The most significant differences between the parameters used in this study
and those used in ICRP-30 are differences in values used for the organ elimina-
tion constants. As discussed above, the selection of elimination constants
for the pulmonary lung in this study is based on new experimental data. The
elimination constant for the kidney used in this study, which is based on a
retention halftime of 15 days in kidney tissue, appears to be better supported
by previously published data (Refs. A-6 and A-7) than the value selected in
ICRP-30 based on the paper by Adams and Spoor (Ref. A-2). The 15-day constant
is based on data obtained from several studies of occupationally exposed adults
and also from animal studies. On the other hand, the elimination constant for
kidney adopted by ICRP-30 is supported only by data taken from one man who had
been occupationally exposed and from‘data on adults who ingested (not inhaled)

uranium in the course of a normal diet.
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The elimination constant used for the body system in this study is
identical to the first constant for bone selected by ICRP-30. The second
elimination constant was rejected in this study because its use produced cal-
culated results not in accord with the empirical bioassay data for uranium mill
workers (Ref. A-7).

A.3 EXAMPLE CALCULATION

A.3.1 Kidney Burden

In this example, the accumulation of uranium in the kidney is calculated
at any time (after day 1) along a single metabolic pathway because of a single
exposure to yellowcake dried at high temperature. The uranium is deposited in
the NP region of the respiratory tract, is transferred to the GI tract where a
fraction is absorbed into the blood, and is subsequently deposited in the kid-

ney. Only the Class D component of the inhaled uranium is considered. The
NP,D
r,G
entry in column 1 of Table A-2. Column 2 indicates that an equation of the

symbol K (t) represents this burden; the symbol may be found as the tenth

Type IIA (see Eq. A-2) is to be used, i.e.,

A -Aqt -Ast
= ——L 1% . v2
bz(t) C1C2(A2 - Al)(e e )

NP,D
r,G
by the symbol b,. No accumulation is assumed to occur in either the GI tract

The accumulation in the kidney, K (t), is represented in this equation

or in the blood; therefore, a two-compartment model is adequate to describe the

kidney burden.

Columns 4 and 5 contain the elimination constants that are to be
substituted for the simplified constants above. Thus,

Ay = ANP(b) and Ap = KK

In the equation above, the constants ¢, and c, should also be replaced by

their equivalents in the dosimetry model, as given in columns 8 and 9, i.e.,
cy = (Fy + FZ)leRD(b)fNPI and cg = fK
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For the parameters used in the simplified Type IIA equation, make the

following numerical substitutions from Table A-9:

L cacphy = [Py + Fa)fypRy s FpTICRONG
= (0.17 + 0.19)(0.05)(0.5)(0.3)(0.11)(69.3)1
= 0.02061 and

2. Ay = Appy = 69-3

Ay = A, = 0.0462
(Ap = Ay) = (0.0462 - 69.3) = -69.25

These calculated values are then substituted into the simplified equation
for b,(t) to give the desired accumulation of uranium in the kidney as a func-
tion of time.

NP D
Ke & €8 0.0206

-69.3t _ -0.0462t
T = -69.25° e

)

-4 - -
- 5,97 x 10" (e70-0462t _ -69.3t,

A.3.2 Organ Burdens for System and Lung

The calculation of the uranium burden in the system (Section A.2.2.2) or
in the lung (Section A.2.2.3) that results in a unit intake is executed in a
manner similar to the calculations for the kidney burden given above. The
constants to be used in the initial equations are expressed in symbolic form
in Tables A-5 through A-7 for the system and in Table A-8 for the lung. Con-
version of the symbolic values of the constants to numerical values requires
the use of Table A-9 as was the case for the kidney-burden calculation

described above.
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TABLE A-1
Equation Symbols

Symbol Explanation
NP Nasopharyngeal Region
T8 Tracheobronchial Region
p Pulmonary Region v
K Kidney
r Nonsystemic
S System (other than kidney)
L Lymph Nodes
B Blood (non-GI tract)
G Gastrointestinal Tract
X Urinary Uranium Concentration
I Intake, Quantity Inhaled During a Single Exposure*
I Intake Rate, Quantity Inhaled Per Day*
D Class D Material (retention for days)
W Class W Material (retention for weeks)
Y Class Y Material (retention for years)
(a) NP to Blood Pathway
(b) NP to GI Tract to Blood Pathway
(c) TB to Blood Pathway
(d) TB to GI Tract to Blood Pathway
(e) P to Blood Pathway
() P to GI Tract (rapid) to Blood Pathway
(@) P to GI Tract (delayed) to Blood Pathway
(h) P to Lymph Pathway
(i) Lymph Node to Blood Pathway
R Regional Fraction
F Composition Fraction
f Deposition or Uptake Fraction
A Elimination Constant (d-1)

*Although the symbol I is always used in the "Constants" column in the tables
that follow, it should be understood that in the case of continuous exposure
I' is to be substituted.
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TABLE A-2

Equations: Single or Continuous Exposure, High-Temperature Drying, Kidney Burden

Type
Equation Constants
Burden Single Continuous
*
Component™ Exposure Exposure Al AZ AB A4, C1 C2 C3 C
2P (t) TIA 11B A A, - - F.R., I £ -
r,B 1P K 1'D(e) P K
2P (t) 11A 11B A A, - - FaR., <f.I £ -
r,B 2p K 2Rnce)Tp K
3P (1) 1A 118 A A - - F.R,, <f.I f -
r,B 3P K 3%Y(e) P K
KNPsD ity 11A 11B A A - = (F, + FR., Fugl f -
r,B NP(a) K 1 27D(a) NP K
NP,Y o i
Kn g () TIA 118 Meca) M F 3Ry (ay e i
K'B:Dety 1A 11B A A, = = (F.+ F)R., fool f -
r.B T8(c) MK 1+ PRy )T K
TB,Y o _
Kpg (£ 1IA 118 Mece) M FaRy(cyFra! fye
P(f) _ - -
Kpog (8 TIA 1IB Mocey M FafavRy (ol fi
KP(D () 11A 11IB A A - - F.f. Ry, <fol f -
r,G 3p K 3fivRv(g) fp K
KﬁPéD(t) IIA 118 Meepy v T T Pt R TRyl T T
NP,Y Y o )
K gl 1IA 118 MNecb) M F3F1vRy (o) e i
K'B:Dcey 1A 118 A A, = = (Fi + F)faRe, ofool  f -
r.G TB(d) MK 17 FTRpcayfrs K
K'B:Y(t) IIA 118 A A, - - Fof. R,, fooI £ -
r.G TB(d) MK 3f1vRyvcay T8 K

X
The burden component shown in this table is represented by "b" or "B" in the
derivation of equations.
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TABLE A-2 (Continued)

Type
Equation Constants

Burden Single Continuous
Component* Exposure Exposure 1 M A3 Ay C1 CZ C3 ¢
1P(h) D )

(t)  IIIA B A, A Ay F1RochyTpl fL fy
2P(h) D )

(t)  IIIA B Ay AL Ay FoRochy fp! L fy
3P(h) Y -

(t)  IIIA B Ay, A A F 3Ry fpl L
KPP coyxx 111A I1IB A Ao A, - 0.8F.R., f.I £ f
S.,B 1P 15 Mk 1foce)fp s Tk

Kk -
Ke"g(t) ITIA B Ay Aje Ay 0.8F )Ry o3 Fp] fo fy
K3P oty 111A 1118 A Ao A, - 0.8F.R £ f
S,8 3p 15 M 3Ry(e) fp! s Tk
kNP D(t)** I1IA 1IIIB A Ae A, - 0.8(F, + FOR.. fu1 f. f
Ks.B NP(a) Ms M -8CFy + FoRpay e s Tk
kNP Y pysx 111 IIIB A Ao A, - 0.8F.R £ f
Ks.B NP(a) Ms A 3Rya) Fnp! s Tk
KIBaDepyxx  111p 1118 A Ae A, - 0.8(F, + FOR., f.I f. f
Ks B 18(c) Ms Mk -8(F) + FRy )i s Tk
k!B Y(t)** ITIA IIIB A A A, - 0.8F.R fof
Ks B () Ms Ak 3Ry(o)Fra! s Tk
kP oyxx 111 IIIB A Ao A, - 0.8F.f. R £ f
$.G peF) Ms M sfivkyenyfel s T
KP(D eyx* 111 1118 A A A, - 0.8F.f. R £ f
Ks.G 3p 15 M sfivkyfe! s Tk

**Option: The burden component may be the sum of two equations, the equation shown in the
table plus the same equation with AZS substituted for AlS and 0.09 substituted for 0.8.
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TABLE A-2 (Continued)

Type
Equation Constants
Burden Single Continuous
Component* Exposure Exposure M AZ AB Ay C1 CZ
NP D K% _
S () ITIA I11B ANP(b) AlS AK 0 8(F + F )le D(b) NP fs
NPLY Y }
S G (t) I1IA I1IB ANP(b) AlS AK 0.8F le Y(b) NP fS
KPP (tyxx  TIIA 1118 A Mo A - 0.8(F + F)f £
S TB(d) "1S K 1D D(d) TB S
KIB>Y(tyxx  111A I8 A Ae A, - 0.8F.f f
S,G TB(d) 1S K 3°1Y Y(d) TB S
IPCh) ..\ xx D
KS,L () IVA IVB AlP AL AlS AK 0. 8F1RD(h) p fL
2P(h) /o v xx D
KS,L () IVA IVB KZP AL AlS AK 0. 8F2RD(h) p fL
3P(h) Sk Y
KS,L (t) IVA 1vB ABP AL AlS KK 0. 8F3RY(h) p fL
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TABLE A-3

Equations: Single or Continuous Exposure, Low-Temperature Drying, Kidney Burden

Type
Equation Constants
CEEE§§2nt* El;ﬁlﬁre CEQSZQE?:S 1 M M C4 ¢, G
KiTB(t) TIA 118 S FiTRD(e)fPI f -
KﬁfB(t) TIA 118 Asp A - - F;TRw(e)fPI f -
Kﬁ?én(t) IIA 118 Moy M T T FiTRD(a)fNPI f -
Kﬂ?éw(t) TIA 118 Ney M T T F;TRw(a)fNPI f -
KI?éD(t) TIA 118 Mecoy M T T FiTRD(C)fTBI f -
Kl?éw(t) TIA 118 N Y F;TRW(C)fTBI f -
Kifg)(t) 1IA 118 Moy M T T F;Tflew(f)fPI f -
thg)(t) TIA 118 Aop A - F;Tflew(g)fPI fo -
Kﬁfé”(t) TIA 118 Mooy M T F;TflnRD(b)fNPI f -
Kﬁféw(t) TIA 118 Moy A T T F;Tflew(b)fNPI f -
Kl?én(t) TIA 118 Mey M T T F;TflnRD(d)fTBI f -
Kl?éw(t) 11A 118 Mecy T T Fnglew(d)fTBI f -
Ki?fh)(t) T11A ms Al A A - TRyl L fy

*The burden component shown in this table is represented by "b" or "B" in the
derivation of equations.
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TABLE A-3 (Continued)

Type
Equation Constants

Burden Single Continuous
Component* Exposure Exposure Al AZ A3 x4 C1 C2 _ C3 C
ZP(h)(t) ITIA WIB A A A - ;TRw(h) - Ly
K%TB(t)** TIIA B AN A A - 0. 8FLTRD( ol s i
KéfB(t)** I1IA B Asp A A - 0.8F;TRw(e)fPI fo
QPBD(t)** T1IA I8 Agpeay Ms Ak 0.8F] 'R oyl fs i
gp Mgy 11IA 1B Agocay Ms M " 0.8FLTRw(a) Wl fs Ty
EB Degyxx 111A B Argeey Ms Mk 0.8FLTRD( el s fx
gBBw(t)** ITIA B Mgy Ms M 0.8F5R wofm!l  fs Tk
KZEE)(t)** I1IA 1B Apgy Ms M 0.8F;Tf1wa(f)fPI fo Ty
Kzfg)(t)** I11A B A5t A A - 0.8F;Tf1wa(g) o1 o Ty
EPGD(t)** ITIA 1B Mpey Ms M C O.BF;TleRD(b) wl T Ty
EP Mgy 111A 1B Ay Ms M 0.8F;Tf1wkw(d) wl T T
Ke> D(t)** IIIA 1B Mgy Ms M O.BFinlnRD(d) wl fo

**Option: The burden component may be the sum of two equations, the equation shown in the
table plus the same equation with AZS substituted for AlS and 0.09 substituted for 0.8.
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TABLE A-3 (Continued)

Type
Equation Constants
Burden Single Continuous
X

Component* Exposure Exposure Al AZ A3 A4 C1 C2
TB,W,, \xx _ LT

KS,G (t) ITIA IT1IB ATB(d) AlS AK 0.8F2 leRW(d)fTBI fs
1L Kk LT D LT

KS,L(t) IVA 1VB AlP AL AlS AK 0.8F1 RD(h)fPI fL
21 Sk LT W LT

KS,L(t) IVA IVB AZP AL AlS AK 0.8F2 RW(h)fPI fL
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TABLE A-4

Equations: Single or Continuous Exposure to Ore Dust, Kidney Burden

Type
Equation Constants
Burden Single Continuous
X

Component® Exposure Exposure Al Az A3 A4 C1 C2 C3 C
P(e) - - -
Kr,B () I1IA 118 KP(e) Ay RW(e)fPI fK

NP, W _ _ _
Kr,B (t) IIA 11B ANP(a) AK RW(a)fNPI fK
TB,W - _ -
Kr,B () 1IA IIB KTB(C) AK RW(c)fTBI fK

P(f) - - -
Kr,G (t) IIA 11B Ap(f) AK fleW(f)fPI fK

P(g) - - -
Kr,G (t) 1IA 11B AP(g) AK fleW(g)fPI fK

NP, W _ _ _
Kr,G (v IIA 11B KNP(b) AK fleW(b)fNPI fK
TB,W _ - -
Kr,G (t) 1IA IIB ATB(d) AK fleW(d)fTBI fK

P(h) W -

Kr,L (t) IIIA I1IB AP(h) AL AK RW(h)fPI fL fK
KP(&) (tyxx  111A I1IB A A Ay - 0.8R, fol fo f
S,B Pe) Ms M BRyce)p s Tk
KNPsWepysx  111A IIIB A Are Ay - 0.8R,, Frol fo f
S,B NP(a) "1S 'K “TTW(a) NP S K

*The burden component shown in this table is represented by "b" or "B" in the
derivation of equations.

**Option: The burden component may be the sum of two equations, the equation shown in the
table plus the same equation with AZS substitution for Als and 0.09 substituted for 0.8.
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TABLE A~4 (Continued)

Type
Equation Constants
Burden Single Continuous
Component* Exposure Exposure A A A A C
1 2 A3 1

KIBWepysx  111a 1118 A Ao A 0.8R,, \foul
S.B B(c) Ms BRyoy 18
kPO gy 111 IIIB A Y 0.8F. R.. .l
$,G p(F) Ms 8T wRwen) fp
kP(D (eyxx 111 IIIB A A A 0.8f £ 1
5,G P(g) Ms M BT wRwcg) p
KNP Wepyxx  111a 1118 A Y 0.8f. R . f I
$.G NP(b) Ms Ak -8 1wRwio) Tnp
KIB:Wepyoe 111 1118 Ao A 0.8f fo1
$.G Med) Ms A 8T 1wy Tre
PCh) s < W

Ke 12 TvA IVB Moy M Mg A 0.8Ry py Fpl
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TABLE A-5

Equations: Continuous Exposure, High-Temperature Drying, Systemic Burden

Constants
Burden 4 «x Type

Component °’ Equation Al AZ AB C1 C2 C3

1P i
sa(t) 118 Mp M 0.8F 1Ry oy ol fo

s2P () 118 A A - 0.8F R fo -
B 2»  Ms 2Roce) fpl s

s3P(t) 118 A A - 0.8F R fo -
B 3 Ms 3Ry(e)Tp! s

s\Pet) 118 Moroy Ac - 0.8(F; + F IRy oIt fo -
NP(a) MS BCF *+ PRy e s

SHP, Y i -
(t) 118 Mp(a) Ms 0.8F Ry 1y Fyp! o

TB’D(t) 118 A A - 0.8(F, + F)R., Fol' o -
TB(c) M -8(Fy * Fo)Rp ey s

A Y i i
(t) 118 Mecey Ms 0.8F Ry Fral’ fo

P(F) | ) _
SAE 118 Mty Ms 0.8F 31 RycpyTpl' £

P(g) - -
st 9 ) 118 Ap Mg 0.8F3F1 Ry (gyfpl' s

st Pt 118 A A - 0.8(F) + F)f ' f, -
NP(b) MS 2Ry et s

ShP.Y Y i i
(t) 118 Moy Ms 0.8F 571 RycpyFapl' T

b3
The burden component shown in this table is represented by "b" or “B" in the
derivation of equations.

*%Option: The burden component may be the sum of two equations, the equation

shown in the table plus the same equation with KZS substituted for Als and
0.09 substituted for 0.8.
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TABLE A-5 (Continued)

Constants
CO§SEﬁZEt*’** E;ﬁgiion MoAy Ay Cy C,
sg(v) 118 Me(d) Ms T 0-8(Fp * PRy gy Fral’ T
55" (1) 118 Me(d) Ms T 0-8F3f vRy(ayfral’ T
sip(h)(t) 1118 Ap AL A 0.8F 1Ry cpy Fpl" f,
sZPEM (4 1118 Np A AL 0.8F ,Ro py Pl f,
53PN () 1118 Mp A A 0.8F 3Ry (py Fpl’ f,
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TABLE A-6

Equations: Continuous Exposure, Low-Temperature Drying, Systemic Burden

Constants
cOﬁggﬁiﬂt*:** Egigiion Moo A N Cq C, G5
S5 (t) 118 ML oA - o 8FLTRD(e) ol fo -
) 118 Ap Mg - 0. 8FLTRD( ol fo -
s 0t 118 Moy Ms T 0. 8FLTRD(a) Wl fs -
s (e 118 Moy Ms T 0. 8FLTRw(a) W' fs -
TB’D(t) 118 Mecoy Ms 0. 8FLTRD( gl fg -
JERES) 118 Macoy Ms 0.8F5 Rw(c)fTBI' fo -
Sg(f)(t) 118 ey Ms T 0.8F;Tf1wa(f)fPI' fo -
sp(@ (1) 118 Asp s T 0.8F;Tf1wa(g)fPI' fo -
sy () 118 Aap(b) Als 0.8F; f1R pyfwel s
sy Y(e) 118 A:P(b) T 0.8F;Tf1wa(b)fNPI‘ fo -
TB’D(t) 118 Moy Ms O.BFinlnRD(d)fTBI' fo -
sty 118 Macy Ms O.BF;Tflew(d)fTBI‘ fo -
stp(h)(t) 1118 ALY A 0. 8FLTRD(h)fPI' fLfs
sZP (M) 1118 b AL A 0.8F5 Rw(h)fpl‘ f, T

b3
The burden component shown in this table is represented by "p" or "B" in the
derivation of equations.

**Option: The burden component may be the sum of two equations, the equation

shown in the table plus the same equation with AZS substituted for Als and
0.09 substituted for 0.8.
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TABLE A-7
Equations: Continuous Exposure to Ore Dust, Systemic Burden

Constants
cg;ggﬁznt*’** quﬁg?on Ao Ay Ay C4 L C3
Sg(e)(t) 1IB Moy Mg T 0.8Ry oy Fpl' fo -
si et I1B Moy Ms - 0.8Ryy oy FpL' fo -
sa2 () 118 My Ms 0.8R ¢y Fral’ fo -
sttt 118 Mcry Ms - 0.8 Rucryfpl'  fs -
s (t) 118 M Ms - 0.8F Ry yfpl'  Fs -
SN O 118 Mooy Ms - 0.8 Rupyfiel’ s -
sg*"(v) 118 MB(d)y Ms T 0-8f whwayfel’  fs -
sp Mty 1118 Aochy N A 0.8y py Fpl” fLfe

E3
The burden component shown in this table is represented by "b" or "B" in the
derivation of equations.

**0ption: The burden component may be the sum of two equations, the equation

shown in the table plus the same equation with A,g substituted for A,. and
0.09 substituted for 0.8.
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TABLE A-8
Equations: Single or Continuous Exposure, Lung Burden

Type
Equation Constants

Burden Single Continuous A C. %%

Component Exposure Exposyre 1

A. High-Temperature-Dried Yellowcake

1P

P(e)(t) 1A IB AlP FlRD(e)fPI
2p

P(e)(t) IA 1B AZP FZRD(e)fPI
3P

P(e)(t) IA IB A3P FBRY(e)fPI
1P KKK

P(f)(t) 1A 1B AlP FlRD(f)fPI
ZP Kk Xk

P(f)(t) IA 1B AZP FZRD(f)fPI
3p

1P KKK

P(g)(t) IA 1B AlP F1RD(g)fPI
2P KKk

P(g)(t) IA 1B AZP FZRD(g)fPI
3P

P(g)(t) IA 1B ABP F3RY(g)fPI
1P

P(h)(t) IA 1B AlP FlRD(h)fPI
p2P () 1A 18 A FR ., \foI
(h) 2P 2'D(h) P
PP (1) 1A 18 A FoRy o fol
(h) 3p 3°Y(h)'P

3
The burden component shown in this table is represented by "b" or "B" in
the derivation of equations.

XX
The symbol I is applicable for single exposures; I' is applicable for
continuous exposure conditions.

b33 9
TGLD indicates regional fraction is NA; therefore, zero is assigned in
this analysis to these terms.
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TABLE A-8 (Continued)

Type

Equation Constants
Burden Single Continuous A C. %X
Component* Exposure Exposure 1 1
B. Low-Temperature-DBried Yellowcake
Proy(®) IA 1B A Fi R ey Fpl
Py (t) IA 18 Asp F RyceyTp!
Peey () I 18 A WAETTRY oy Tl
HNO IA IB Moty 5 Rycey Fpl
P%g)(t) IA 18 A ***FiTRD(g)fPI
P%g)(t) IA 1B Asp F;TRw(g)fPI
P iy (1) IA IB ALY P Ry ey o
Pepy(®) IA 18 Ash 5 Rychy Tpl
C. Ore Dust
P(e)(t) IA iB AP(e) RW(e)fPI
P(f)(t) IA iB Ap(f) RW(f)fPI
P(g)(t) IA IB Ap(g) RW(g)fPI
P(h)(t) IA 1B AP(h) RW(h)fPI
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TABLE A-9

Constants and Parameters

Constant or Parameter Symbo]l Value
Regional Fraction, Class D, Pathway (a) RD(a) 0.5
Regional Fraction, Class D, Pathway (b) RD(b) 0.5
Regional Fraction, Class D, Pathway (c) RD(c) 0.95
Regional Fraction, Class D, Pathway (d) RD(d) 0.05
Regional Fraction, Class D, Pathway (e) RD(e) 0.8
Regional Fraction, Class D, Pathway (f) Roee) NA
Regional Fraction, Class D, Pathway (g) RD(g) NA
Regional Fraction, Class D, Pathway (h) RD(h) 5
Regional Fraction, Class D, Pathway (i) RD(i) .0
Regional Fraction, Class W, Pathway (a) Rw(a) 0.1
Regional Fraction, Class W, Pathway (b) RW(b) 0.9
Regional Fraction, Class W, Pathway (c) RW(C) 0.5
Regional Fraction, Class W, Pathway (d) Rw(d) 0.5
Regional Fraction, Class W, Pathway (e) Ry(e) 0.15
Regional Fraction, Class W, Pathway (f) RW(f) 0.4
Regional Fraction, Class W, Pathway (g) Rw(g) 0.
Regional Fraction, Class W, Pathway (h) RW(h) 0.05
Regional Fraction, Class W, Pathway (i) RW(i) 1.0
Regional Fraction, Class Y, Pathway (a) Ry(a) 0.01
Regional Fraction, Class Y, Pathway (b) RY(b) 0.99
Regional Fraction, Class Y, Pathway (c) Ry(c) 0.01
Regional Fraction, Class Y, Pathway (d) RY(d) 0.99
Regional Fraction, Class Y, Pathway (e) RY(e) 0.05
Regional Fraction, Class Y, Pathway (f) RY(f) 0.
Regional Fraction, Class Y, Pathway (g) Ry(g) 0.4
Regional Fraction, Class Y, Pathway (h) Rych) 0.15
Regional Fraction, Class Y, Pathway (i) Ryci) 0.9
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TABLE A-9 (Continued)

A-48

Constant or Parameter Symbol Value

1 um 10 pm
Deposition Fraction, Nasopharyngeal Region fNP 0.3 0.9
Deposition Fraction, Tracheobronchial Region fTB 0.08 0.02
Deposition Fraction, Pulmonary Region fo 0.2 0.08
Fractional Uptake, Blood to Kidney fK 0.11
Fractional Uptake, Blood to System fS 0.22
Fractional Uptake, Lymph to Lymph Nodes fL 1.0
Fractional Uptake, Class D, GI Tract to Blood le 0.05
Fractional Uptake, Class W, GI Tract to Blood flw 0.05
Fractional Uptake, Class Y, GI Tract to Blood le 0.002
For High-Temperature-Dried (Composition Fractions)
Yellowcake Fraction with Short Half-Life F, 0.17
Yellowcake Fraction with Medium Half-Life Fo 0.19
Yellowcake Fraction with Long Half-Life Fa 0.64
For Low-Temperature-Dried (Composition Fractions)
Yellowcake Fraction with Short Half-Life F%T 0.61
Yellowcake Fraction with Medium Half-Life F%T 0.39
Intake, Single Exposure I
Intake Rate, Continuous Exposure I



TABLE A-9 (Continued)

Eliminated By~ TGLD Half-Life Elimination
From Path(s) Class (Days) Constant Value

A. High-Temperature-Dried Yellowcake

1. P (e)(h) D 0.125 Ap 5.54
(e)(h) D 5.0 Mop 0.139
(e)(M)(g) Y 200 A3p 3.5 x 10-3
(f) Y 1 Mocty 0.693
2 NP (a) D,Y 0.01 AP =AY 69.3
) i : NP(a) NP(a) ’
= Mp(a)
(b) D 0.01 Al = A 69.3
: NP(b) ~ PNP(b) :
(b) Y 0.40 =AY 1.7
: NP(b) :
3 8 () D,Y 0.01 AP =AY 69.3
- ; : T8(c) = MB(c) :
= Mp(co)
(d) D,Y 0.2 AD =AY 3.47
; : TB(d) ~ MB(d) :
= Mp(d)
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TABLE A-9 (Continued)

Eliminated By- TGLD Half-Life Elimination
from Path(s) Class (Days) Constant Value
B. Low-Temperature-Dried Yellowcake
1. p (e)(h)(g) D 0.8 Ail 0.87
LT
(e)(h)(g) W 39 - Asp 0.018
(f) W 1 Ap ) 0.693
2 NP (a) D,W 0.01 AP = AW 69.3
) i : NP(a) NP(a) )
= Mp(a)
(b) D 0,01 AP =2 69.3
: NP(b) NP(b) :
W _ .Y 1.7
(b) W 0.4 ANP(b) = ANP(b)
3 T8 (c) D,W 0,01 AR =Y 69.3
: ’ : TB(c) TB(c) .
- ATB(C)
(d) D,W 0.2 A2 = 3.47
’ : TB(d) TB(d) :
= MB(d)
C. Ore Dust
p (e)(h)(g) W 50 Apce) = Ao ch) 0.014
- AP(g)
(f) W 1 Aoy 0.693
NP (a) W 0.01 ANP(a) 69.
(b) W 0.4 ANP(b) 1.7
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TABLE A-9 (Continued)

Note:

Eliminated By- TGLD Half-Life Elimination
from Path(s) Class (Days) Constant Value
B (c) W 0.01 ATB(C) 69.3
(d) W 0.2 ATB(d) 3.47

The other elimination constants from lymph nodes (lung), kidney, and
system are identical for yellowcake or ore dust;

Eliminated
from

Lymph Nodes

Body System

Kidney

Half-Life Elimination

(Days) Constant Value
D
0.5 AL 1.4
50 AY 0.014
Y 4
1000 AL 7 x 10-
20 AlS 0.035
-4
5000 AZS 1.4 x 10
15 AK v 0.0462

they are given below.
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TABLE A-10

Comparison of Model Parameters in This Study to ICRP-30 Parameters
(Values of the Elimination Constants are given in days-1)

Model NRC Study Model Parameters Used for

Parameter Reference This Study ICRP-30

First Day Excretion Ref. A-8 0.67 -

Regional Fractions TGLD* Same as ICRP-30 See Table A-9
Deposition Fractions TGLD fp = 0.20, 0.08 fP = 0.25
Uptake Fractions

Systemic Ref. A-9 fS = 0.22 fg = 0.34%*
Kidney fK = 0.11 fK = 0.12

GI Tract Same as ICRP-30 See Tabie A-9

Elimination Constants (Organs)

. Ref. A-2 Ao = 0.693/20 Ao = 0.693/20
Systemic 15 L A3 = 0.693/5000
. Ref. A-6 A, = 0.693/15 A, = 0.693/6 and
Kidney Ko K 0.693/1500
Lymph TGLD Same as ICRP-30 See Table A-9
Elimination Constants (Respiratory Tract)
From Lung: Refs. A-3, A-5, A,, = 0.693/0.125 A, = 0.693/0.5
1P D
and A-10
Yellowcake, App = 0.693/5.0 ---
High Temp. Ap(g) = ABP AY = 0.693/500
= 0.693/200
Yellowcake, Same as above Aig = 0.693/0.8 AD = 0.693/0.5
Low Temp. LT
AZP = 0.693/39 Aw = 0.693/50
Ore Dust TGLD, Ref. A-3 Same as ICRP-30
From NP Region TGLD Same as ICRP-30
From TB Region TGLD Same as ICRP-30

*Task Group on Lung Dynamics.

*XFor this study, the system is defined as all tissues other than kidney, and
fS = 0.22. Note that fK is assumed to be 0.11 so that the total uptake frac-

tion is 0.33. The systemic uptake fraction in ICRP-30 includes uptake by
bone, 0.22, and by all other soft tissues (excluding the kidneys), 0.12.
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APPENDIX B
COMPUTER PROGRAM UMIBIO DEVELOPED FOR
NUREG-0874

The computer program UMIBIO (Uranium M11]>§igassay) calculates the burden
of uranium in selected organs (K,S,P) and the urinary uranium concentration
(XT) at selected times following exposure, then plots these as a function of
time using the proprietary software package, DISSPLA (Ref. B-1).

The program was written in FORTRAN 77 for an IBM 3081 computer and is
modular in structure. The main program uses DATA statements to assign numer-
ical values from Table A-9 to the constants and variables used in the calcula-
tions, including default values for some of the jnput variables. It then
reads the input data according to the format shown in Table B-1. Calculations
of the burdens of uranium in organs or in urine at various times following
exposure are carried out by subroutine functions named for the equation types
discussed in Section A.1 of Appendix A. Subroutine DISPLT generates the
graphics output from these values.

Several adjustments to the program were necessary to prevent overflow,
underflow, or division by zero. Division by zero can occur when any two
elimination constants are assigned the same numerical value. To avoid this
problem, the program automatically increments one of the constants by a small
number, e, and proceeds with the calculations. For example, if

Al = )\,2, set )\.1 = (1 + e)Al
(e

0.00027, an arbitrary value)

The error in such estimates is comparable to the size of ‘e' (Refs. B-2
and B-3). Underflow or overflow, which can occur in the subroutine calculations
involving exponential terms, is avoided by limiting values of At to the largest
(1088) or smallest (10-87) values handled by the IBM computer.
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Input Description

The input required for UMIBIO is shown in Table B-1.

Record 1 is used to indicate whether the user wants to execute the program
using the default values for the intakes (I or I') or to provide different
values on the next input record.

Record 2 is included only if the value of ICHK on record 1 was "1." It
contains user-specified uranium intake values.

Record 3 is used to indicate whether the user wants to execute the
program using the default values for the composition fractions or to provide
different values on the next record.

Record 4 is included only if the value of JCHK on record 3 was 1. It
contains user-specified composition fractions.

Record 5 is used to choose the exposure type (single or continuous) and
the number of exponential terms (one or two) to be used in calculating the

systemic burdens.

Qutput Description

The figures used in this document were generated from this program. In
addition to the graphics output, this program also generates a printed output
(see sample portion of output at the end of this section). The complete printed
output (not shown here) includes additional tables listing the accumulated
uranium burdens for the system, kidney, and urine. The tables in the output
entitled BURDEN COMPONENT 1ist that part of the total uranium accumulated in an
organ that is contributed by one of the metabolic pathways leading to the organ
from the respiratory tract. For example, in the sample output (Table B-2), the
listings under BURDEN COMPONENT # 1 correspond to the contributions of uranium
(Class D) to the pulmonary lung due to the first entry, P%Z), in Table A-8 of
Appendix A.



Computer Code Availability

Information regarding the availability of the computer program UMIBIO
associated with this NUREG report is available from:

U.S. Nuclear Regulatory Commission

Information Technology Services Support Center
Mail Stop P-808

Washington, DC 20555

Telephone: (301)492-4160 or FTS 492-4160
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TABLE B-2
SAMPLE OF PRINTED OUTPUT

QUANTITY OF NATURAL URANIUM ACCUMULATED IN THE PULMONARY
PER UNIT INTAKE RATE - 626 ug U/d OF URANIUM

FROM A CONTINUOUS INHALATION EXPOSURE

.TO PARTICLES OF YELLOWCAKE (HIGH TEMPERATURE DRIED)

TIME (DAYS) P(T) ' P/I(T)

POST EXPOSURE UX Y ug U PER ug U/d
INHALED INHALED
1 97.1499 0.1552
3 246 .1379 0.3932
10 651.0092 1.0400
30 1587 .7492 2.5363
100 4277 .7002 6.8334
300 9150.6322 14 .6176
1000 13542 .6589 21.6336
3000 13857 .0788 22.2957
10000 13957 .4571 22.2963
18263 13957 .4571 22.2963
30000 13957 .4571 22.2963
40000 13957 .4571 22.2963
50000 13957 4571 22.2963
BURDEN COMPONENT # 1

3.0614 FOR TIME 1 DAYS - POST EXPOSURE
3.0735 FOR TIME 3 DAYS - POST EXPOSURE
3.0735 FOR TIME 10 DAYS - POST EXPOSURE
3.0735 FOR TIME 30 DAYS - POST EXPOSURE
3.0735 FOR TIME 100 DAYS - POST EXPOSURE
3.0735 FOR TIME 300 DAYS - POST EXPOSURE
3.0735 FOR TIME 1000 DAYS - POST EXPOSURE
3.0735 FOR TIME 3000 DAYS - POST EXPOSURE
3.0735 FOR TIME 10000 DAYS - POST EXPOSURE
3.0735 FOR TIME 18263 DAYS - POST EXPOSURE
3.0735 FOR TIME 30000 DAYS - POST EXPOSURE
3.0735 FOR TIME 40000 DAYS - POST EXPOSURE
3.0735 FOR TIME 50000 DAYS - POST EXPOSURE

BURDEN COMPONENT # 2
17.7670 FOR TIME 1 DAYS
46 .6832 FOR TIME 3 DAYS
102.8086 FOR TIME 10 DAYS
134.7938 FOR TIME 30 DAYS
136 .9092 FOR TIME 100 DAYS
136.9094 FOR TIME 300 DAYS
136.9094 FOR TIME 1000 DAYS
136.9094 FOR TIME 3000 DAYS
136.9094 FOR TIME 10000 DAYS
136.9094 FOR TIME 18263 DAYS
136.9094 FOR TIME 30000 DAYS
136.9094 FOR TIME 40000 DAYS
136.9094 FOR TIME 50000 DAYS

POST EXPOSURE
POST EXPOSURE
POST EXPOSURE
POST EXPOSURE
POST EXPOSURE
POST EXPOSURE
POST EXPOSURE
POST EXPOSURE
POST EXPOSURE
POST EXPOSURE
POST EXPOSURE
POST EXPOSURE
POST EXPQSURE
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APPENDIX C
STANDARDS FOR OCCUPATIONAL EXPOSURE

This appendix provides the detailed methodology used to calculate the radi-
ological intake criteria for yellowcake and ore dust tabulated in Chapter 3 of
this study and used to calculate the urinary uranium concentration as a function
of time in subsequent chapters. The first part of this appendix explains the
methodology for calculating the annual 1imit on intake (ALI) of a radionuclide
as recommended in ICRP-30. The second part illustrates how these methods of
ICRP-30 are used in this study to calculate the intake Va]ues listed in Chapter 3.

C.1 CALCULATION OF INTAKE VALUES ACCORDING TO ICRP-30

C.1.1 Calculation of ALI and Derived Air Concentration (DAC) Values

The ALI is defined in Section 4.7 of ICRP-30 as the greatest intake value
that still satisfies both of the following expressions:

ALI sz(HSO,T per unit intake) < 5 rems (C-1)

ALI(H50 T per unit intake) < 50 rems (C-2)

where

Tissue irradiated

H = Dose equivalent (in rems) delivered to tissue (T) over a
period of 50 years following exposure from all radiations
originating in any source organ (S). H50,T per unit intake
has dimensions of rem per puCi of nuclide inhaled.

= Weighting factor used in ICRP-30. These factors weight

each organ dose according to the organ's susceptibility.

The sum of the weighted doses is called the effective dose

equivalent (in rems).
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An intake of radioactive material into the body is limited by Equation C-1
unless Equation C-2 overrides it because of the possibility of nonstochastic
effects.

The DAC value for a radionuclide is related to the ALI by the following

expression:
S I o Ty (€
wk yr " hr min

In this report, DAC values are given in units of pCi/cc.

C.1.2 Calculation of Values for Dose Conversion Factors

The values of the committed dose equivalent, HSO,T’ which are substituted
into Equations C-1 and C-2 in order to calculate the ALI, are obtained from two
sources. For lung, factors were calculated from values computed especially for
this report by the Metabolism and Dosimetry Group, Biomedical Effects and Instru-
mentation Section, Health and Safety Research Division of the Oak Ridge National
Laboratory, Oak Ridge, Tennessee.* These calculations for lung were necessary
because the retention times and the lung deposition fraction for uranium in the
pulmonary lung adopted in this study differed from those assumed in the ICRP-30
study (see Section A.2.4 of Appendix A for a discussion of these differences).
For kidney and bone, factors were calculated from the data given in the supple-
ment to Part 1 of ICRP-30. Since values of the committed dose equivalent in
target organs per unit intake of uranium isotopes (Solubility Classes W and Y)
are not explicitly listed for kidney and bone in the supplement, they were calcu-
lated for this study from the product of the number of transformations in the

®The ICRP code was used to perform dosimetric calculations. This code is
described in Reference C-1.
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source organs over a 50-year period, the specific effective energy (MeV per gram
per transformation), and appropriate conversion factors. Because the supplement
to Part 1 of ICRP-30 does not list dose conversion factors for uranium burdens
in the other organs, the only organs considered in Equations C-1 and C-2 were
lung, kidney, and bone. To simplify the calculations of dose conversion factors
for natural uranium, this study assumed that half of the transformations in an
organ are due to U-238 and the remainder to U-234. 1In order to approximate
those transformations due to U-235 and its daughters, the values of the dose
conversion factors in Table C-1 calculated on this basis were increased by

5 percent for kidney and bone. Values of dose conversion factors used in this
study are listed in Tables C-1, C-2, and C-3.

TABLE C-1

H50 T per Unit Intake (rem/pCi) of Uranium Inhaled
> (Body Organs Other Than Lung)

Radioactive Bone Bone
Material Class Kidney Surface Marrow

Basis: 1-um-AMAD Ore-Dust Particles

U-238 D 14.8 36.3 2.4
W 4.5 7.0 -
Y 1.6 - -

U-234 D 16.7 40.7 2.6
W 4.9 7.5 -
Y 1.8 - -

Natural D 16.5 40.4 2.5
Uranium W 4.9 7.6 -
Y 1.8 - -




TABLE C-2

H50 T per Unit Intake (rem/uCi) of Natural Uranium and

Radionuclides in Secular Equilibrium with Uranium in Ore Dust*

Radioactive Bone Bone
Material Class Lung Kidney Surface Marrow

Basis: 1-um-AMAD Ore-Dust Particles

b 3.9
U-Nat

W 46 4.9 7.6 -
Th-230 Y 1110 - 3219 259
Ra-226 W 59 - 28 -
Po-210 W 48 14.4 - -

Basis: 10-um-AMAD Ore-Dust Particles
KKK

U-Nat W 18 6 9.4 -
Th-230 Y 444 - 1780 143
Ra-226 W 24 - 38 -
Po-210 W 19 19 - -

X
The solubility classification for oxides or hydroxides in ICRP-30 was
selected in determining these values.

* K
Values are taken from Tables C-1 and C-3.

XXX
Calculated from the values of the dose conversion factors at 1-um AMAD
using the method for conversion to the values at 10-um AMAD given in
Section 5.5 of ICRP-30.



TABLE C-3

Committed Dose Equivalent to Lung per Unit Intake of Natural
Uranium (rem/uCi U Inhaled)

TGLD Biological , H 0° Lung 4x Fraction U in Lung Dose
Class Half-Life(d) Nat. Uranium This Class (uCi) (rem/pCi)

Yellowcake Dried at High Temperature

D 0.13 0.38 ©0.17 0.07
D 5 6.94 0.19 1.32
Y 200 598 0.64 382.7
Sum: 1.00 384.0
Yellowcake Dried at Low Temperature
D 0.8 1.29 0.61 0.79
W 39 35.8 0.39 13.96
Sum: 1.00 15.00
Ore Dust
Basis: 1-pum-AMAD Particles
W 50 46.4 1.00 46
Basis: 10-um-AMAD Particles
W 50 18.6 1.00 18

* Yalues taken from References C-2, C-3, and C-4.

**The ICRP code was used to perform dosimetric calculations. This code is
described in Reference C-1. Dose conversion factors obtained from ORNL were
multiplied by the ratio 0.20/0.25 to correct for differences in lung deposi-
tion fractions in the ICRP-30 model and the NRC model.



The way in which the dose conversion factors given in Table C-1 are used
in this report can be illustrated by a sample calculation. For example, the
dose to kidney due to the inhalation of one microcurie of the natural uranium
contained within dust particles of yellowcake dried at high temperature (size
distribution 1-pm AMAD) is calculated as

Composition Kidney
Fractions Dose Conversion Dose
from Table A-9 Factors from Table C-1 (rems)
Class D: 0.17 x 16.5 rem/uCi Natural Uranium = 2.8
Class D: 0.19 x 16.5 rem/uCi Natural Uranium = 3.1
Class Y: 0.64 x _1.8 rem/uCi Natural Uranium = 1.2
Sum: 1.00 pCi of Natural Uranium gives 7.1 rems to
kidney

Doses to other organs may also be calculated from the product of the
composition fraction of the material in each solubility class (Table A-9) and
the dose conversion factor for that solubility class.

Values of the dose conversion factor per unit intake of the radionuclides
found in ore dust are summarized in Table C-2. The factors for Th-230, Ra-226,
and Po-210 were taken directly from the supplement to Part I of ICRP-30. The
values of the dose conversion factors at 10-um AMAD in Table C-2 wére calculated
from the values given at 1-pm AMAD using the method given in Section 5.5 of
ICRP-30. For example, to calculate the bone surface dose per unit intake of
natural uranium that is contained in 10-pm-AMAD ore-dust particles, the
following formula given in Section 5.5 O0f ICRP-30 was used:

(0w g oA e
o = > X g * Xp X 71
H50(1 pm) NP fNP B fTB P fP

where

X = fraction of committed dose equivalent in reference tissue (T) resulting

from deposition in the NP, TB, or P regions of the respiratory tract.



The following quantities are needed to solve this equation for H50 (10 pm):

Quantity Required Quantity is Found in
H50(1-pm AMAD) = 7.6 rem/pCi U inhaled Table C-1 of this study
XNP/XTB/XP = 0.33/0.16/0.51 Supplement 1 to ICRP-30

10 /f1 - - - :
fNP/fNP 0.9/0.3 = 3 Tqb]e A-9 of this study
f%g/f%B = 0.02/0.08 = 0.25 Table A-9 of this study
féo/fé = 0.08/0.20 = 0.4 Table A-9 of this study

Substituting these quantities into the ICRP-30 equation above,

H50(10-um AMAD) = [0.33(3) + 0.16(0.25) + 0.51(0.4)] 7.6 rem/pCi U*

1.23 x 7.6 = 9.4 rem/uCi U inhaled.

This value is listed in column 5 of Table C-2 under the heading of bone
surface; it applies to a 10-pm-AMAD particle size of ore dust.

C.2 CALCULATION OF INTAKE VALUES FOR THIS STUDY

c.2.1 Yellowcake Dried at High Temperature

C.2.1.1 Calculation of ALI Value
To calculate the ALIs that is limited by stochastic health effects,
a. Substitute numerical values for the parameters in Equation C-1:

- For w

T substitute the values given in ICRP-30;

®This is the bone surface dose (from Table C-2) due to inhalation of 1 uCi of
uranium in 1-um-AMAD ore-dust particles.



- For the lung, substitute the dose conversion factor, HL’ taken
directly from Table C-3;
- For the kidney and bone surfaces, substitute H, and H,, values

K B?
of the committed dose equivalent for yellowcake calculated from

the dose conversion factors given in Table C-1.
- For these substitutions, Equation C-1 is rewritten:

ALIS[WLHL + wKHK + wBHB] = 5 rems (C-1)
or
ALIS[0.12(384) + 0.06(7.1)

+ 0.03(15.3)] = 5 rems (C-4)

b. Solve Equation C-1 for ALIS, which equals 0.106 pCi U/yr when
stochastic effects 1imit the intake.

To calculate the ALInS that is Timited by nonstochastic effects,

a. Substitute numerical values for the parameters in Equation C-2; use

the same numerical values of HL’ HK’ and H, that were used in

B
Equation C-4.

b. Solve substituted Equation C-2 (repeated below) for the intake, ALIns'
The ALInS values calculated in this way are tabulated below for those

organs considered in ICRP-30.

- 50 rems _
ALL ¢ = H50,T rem/uCi U inhaled (C-2)
ORGAN Heo, T ALL s
Lung 384 rem/uCi 0.130 pCi U
Kidney 7.1 7.0
Bone 15.3 3.3

The ALI for a radionuclide is the largest value of intake that will
satisfy both Equations C-1 and C-2. Select the largest value of intake above,

C-8



either an ALIns value or the ALIs value that satisfies both Equations C-1 and
C-2. Only one of the four values above meets this criterion, the ALIS value
of 0.106 pCi U/yr. This is the ALI selected in this study for yellowcake

dried at high temperature.
C.2.1.2 Calculation of DAC Value

The DAC is obtained from the ALIs value simply by dividing the quantity
of air inhaled by a worker during a 250-day workyear, i.e., by 2.4 X 10° cc/yr,

(ICRP-30) or

ALT (uCi U/yr)
2.4 x 10° (cc/yr)

DAC = (C-5)

1l

0.106/2.4 x 10°

4.4 x 10-11 puCi U/cc

H

C.2.2 Yellowcake Dried at Low Temperature

c.2.2.1 Calculation of ALI Value

The ALI value for yellowcake dried at low temperature can be calculated
in the same manner as was illustrated for yellowcake dried at high temperature.
When the proper dose conversion factors and Wy values are substituted into
Equations C-1 and C-2, it can be shown that the annual intake is limited to 1.81

pCi U by nonstochastic health effects that could be produced in bone surfaces.

50 rems

ALIns ~ 27.6 bone rem/uCi

= 1.81 uCi U/yr

To exceed this intake value would increase the risk of health effects
because of irradiation of the bone surfaces to a level considered unacceptable
by the ICRP. On the other hand, it was shown in Section 3.1 of Chapter 3 that
if the annual intake of uranium exceeds 0.185 uCi U (1094 ug U/d), nephrotoxic
effects could occur. Consequently, for this study, the smaller value of
0.185 pCi U/yr is selected as the ALI for yellowcake dried at low temperature.

c-9



C.2.2.2 Calculation of DAC Value

The DAC value is calculated from the smaller ALI value above as

0.185 uCi U/yr

DAC = = 4 X 10% cc/yr

7.7 x 10-11 uCi U/cc

C.2.3 Ore Dust - 10-um AMAD

C.2.3.1 Calculation of ALI Value

In order to calculate the ALI value for ore dust, it is first necessary
to make several assumptions about the physical and chemical composition of the
mixture of airborne radionuclides inhaled by a worker. For this study, it was
assumed that uranium and its daughters that are contained in ore-dust particles
are in secular equilibrium and that no Rn-222 escapes from these particles
(Ref. C-5). 1In addition, each radionuclide in the ore dust was assumed to be
in the chemical form of insoluble oxides (or hydroxides). The solubility classes
of these oxides (or hydroxides) were taken to be those given in ICRP-30, i.e.,

Radioactive

Material Solubility Class
Uranium (natural) W
Th-230 Y

Ra-226 WX
Po-210 wx

*No ALI value for Class Y is given in
ICRP-30 for these radionuclides.

The following approach was adopted in this study for calculation of the
ALI for ore dust. First, the ALI values for each nuclide are calculated
separately. Then, using the method of the harmonic mean, these individual ALI
values are combined into the ALI of the mixture. This ALI value of the mixture
is used in conjunction with the internal dosimetry model to predict the urinary
uranium concentrations given in Chapters 4 and 5 of this study.
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The calculation of the ALI value for each radionuclide in ore dust is

executed in the same manner as in the preceding calculations for yellowcake

dried at either high or Tow temperatures. For the nuclides U-238, U-234,
Ra-226, and Po-210, the intake must be controlled so as to 1imit stochastic

health effects in body tissues. The ALI values are obtained by substitution

of the dose conversion factors from Table C-2 and the w

Equation C-4.

T values from

Solving Equations C-1 and C-2 for the ALI when an ore dust of

10-pm-AMAD particle size is inhaled gives the following ALI values:

For Natural Uranium

ALIU S[0.12(18)-+ 0.06(6) + 0.03(9.4)] = 5 rems (C-6)
ALTy o = 1.79 uCi U
ALIU ns = 50 rems/18 lung rems/uCi U = 2.78 pCi U

For Ra-226
ALIRa S[0.12(24) + 0 + 0.03(38)] = 5 rems (c-7)
ALlp, o = 1.24 uCi Ra
ALIRa ns = 50 rems/38 lung rems/pCi Ra = 1.32 puCi Ra

For Po-210
ALIPo S[0.12(19) + 0.06(19) + 0] = 5 rems (C-8)
AT, o = 1.46 uCi Po
ALIPo ns = 50 rems/19 lung rems/uCi Po = 2.63 pCi Po

For Th-230

ALITh s[0.12(444) + 0 + 0.03(1780) + 0.12(143)] = 5 rems (C-9)

ALI
ALI

Th,s

Th,ns

0.040 uCi Th

50 rems/1780 bone surface rems/uCi Th = 0.028 puCi Th

The value selected for this study as the ALI for thorium is 0.028 pCi Th.

If the larger value of intake were selected, the dose to the bone surfaces
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would exceed 50 rems. However, in a calculation of the ALI for a mixture of

nuclides, it is necessary to use ALIs all based on stochastic effects or all

based on nonstochastic effects. Therefore, a value for Th-230 of 0.04 pCi is
also used below.

The calculation of the ALI for a mixture of these radionuclides, each in
secular equilibrium with the others, is performed by the method of the harmonic
mean, i.e.,

1 _ T . fRa ,Tro +Tm (C-10)

ALImix ALIU ALIRa ALIPo ALITh

—h
I

X fraction of the radioactivity in the form of nuclide X

Beta- or gamma-emitting radionuclides in secular equilibrium with the
uranium in ore dust will make insignificant contributions to the sum of terms
on the right-hand side of Equation C-10 because their ALI values are large in
comparison to those calculated for the alpha-emitting radionuclides. When the
appropriate ALI values from Equations C-6, C-7, C-8, and C-9 are substituted
into Equation C-10, two ALImix values can be calculated.

For Stochastic Health Effects

1 __ 6.4, 02 02, 0.2
s
ALImix 1.79 1.24 1.46 0.04
ALI;ix = (0.181 uCi (alpha) of ore-dust mixture

For Nonstochastic Health Effects

1 _0.4 ,02 ,02 ,0.2

ns
ALImix 2.78 1.32 2.63 0.028
ALI;?X = 0.133 uCi (alpha) of ore-dust mixture

Thus, it is evident that the ALI for the mixture is 0.133 puCi (alpha) of
ore-dust mixture. This value agrees rather well with the ALI value calculated
by the Atomic Energy of Canada Limited (Ref. C-6).
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C.2.3.2 Calculation of DAC Value

The nonstochastic ALI value for the ore-dust mixture is used for
calculating the DAC value of ore dust.

0.133 pCi (alpha)/yr of ore-dust mixture
2.4 x 10° cc/yr air breathed

DAC (mixture) =

Il

5.5 X 10-11 pCi alpha/cc of ore-dust mixture
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