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NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal liability of re-
sponsibihty for any third party's use, or the results of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use by such third party would
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Availability * Reference Materials Cited in NRC Publications

; Most documents cited in NRC pubhcations will be available from one of the following sources:

1, The NRC Public Document Room,1717 H Street, N.W.
Washington, DC 20555

2. The NRC/GPO Sales Program. U.S. Nuclear Regulatory Commission,

,

Washington, DC 20555

3. The National Technical Information Service, Springfield, VA 22161

j Although the listing that follows represents the majority of documents cited in NRC publications,
it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Public Docu-'

ment Room include NRC correspondence and internal NRC memoranda; NRC Of fice of Inspection
and Enforcement bulletins, circulars, information notices, inspection and investigation notices;

| Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and
hcensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the NRC/GPO Sales
Program; formal NRC staff and contractor reports, NRC sponsored conference proceedings, and,

NRC booklets and brochures Also available are Regulatory Guides, NRC regulations in the Code of
Federal Regulations, and Nuclear Regulatory Commission issuances.

Documents available from the National Technical Information Service include NtlREG series
reports and technical reports prepared by other federal agencies and reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and special technical libraries include all open literature items,
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state legislation, and congressional reports can usually be obtained from these libraries.
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ABSTRACT

Uranium urinalysis and in vivo examination results obtained from workers
at eleven uranium mills betwii'n 197B and 1980 were evaluated by Pacific North-
west Laboratory (PNL) at the request of the U.S. Nuclear Regulatory Commission
(hRC). The main purpose of this evaluation was to determine the degree of the
mills' compliance with bloassay monitoring recommendations given in the draft
NRC Regulatory Guide 8.22 (USNRC 1978). The effect of anticipated changes in
the draf t regulatory guidance, as expressed to PNL in May 1982, was also
studied.

Statistical analyses of the data showed that the bioassay results did not
reliably meet the limited performance criteria given in the draft regulatory
guide. Furthermore, quality control measurements of uranium in urine indicated
that detection limits at a = s = 0.05 ranged from 13 g/t to 29 pg/1, whereas
the draf t regulatory guidance suggests 5 g/l as the detection limit. Recom-
mendations for monitoring frequencies given in the draft guide were not fol-
lowed consistently from mill to mill.

The results of these statistical analyses indicate a need to include per-
formance criteria for accuracy, precision, and confidence in revisions of the
draf t Regulatory Guide 8.22. Revised guidance should also emphasize the need
for each mill to continually test the laboratory performing urinalyses by sub-
mitting quality control samples (i.e., blank and spiked urine samples as open
and blind tests) to insure that the performance criteria are being met. Recom-
mendations for a bioassay audit program are also given.

.
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ANALYSIS OF URANIUM URINALYSIS AND IN VIVO MEASUREMENT
RESULTS FROM ELEVEN PARTICIPATO E URANIUM MILLS

,

SUMMARY

Bioassay data collected between 1978 and 1980 by eleven uranium mills were
evaluated by PNL at the request of the NRC. The primary objectives of the
study were to evaluate the quality of the data and to determine whether bio-
assay monitoring practices at these eleven mills were consistent with recom-
mendations given in the draf t NRC Regulatory Guide 8.22 (USNRC 1978).

The only performance criteria for bioassay measurements cited in the draft
NRC regulatory guidance are minimum detection limits for uranium urinalyses and
in vivo examinations. The data in this study did not meet these criteria at
We 95% confidence level; however, this level is not required in the draft-

regulatory guidance. Overall, these bioassay results were found to be highly
variable and, thus, unreliable as a monitoring tool to determine whether mill-.
workers have been exposed to airborne uranium. Measurement reliability would
be improved significantly if guidance were proffered to establish minimum
acceptable limits for measurement accuracy (bias), precision, and confidence.
Furthermore, laboratories or vendors that perform uranium urinalyses or in vivo
examinations must be tested on a routine basis by mill personnel to insu7e that
the performance criteria are, in fact, being met.

The degree with which bioassay monitoring programs were found to comply
with the draft NRC regulatory guidance varied from mill to mill and was appar-,

ently unrelated to the size of the work force or the type of yellowcake pro-
duced at the mill. Recordkeeping practices at the mills, as exemplified by the
bioassay data received for study, were inadequate, at best. Records were
essentially incomplete and could not easily be reviewed or eaalyzed for trends.

'

Both the regulatory agency and the uranium milling industry would benefit
from an explicit statement of guidelines for performance criteria, recordkeep-
ing, and testing their bioassay laboratories or vendors. With such guidelines,
the reliability of bloassay measurement programs will be improved from that
observed in this study.

;
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INTRODUCTION

Yellowcake is the generic te'rm applied to the end product of uranium mill-
ing. It has many different chemical forms and varies markedly from mill to
mill, or even within the same batch produced at a single mill because of dif-
ferences in uranium extraction and drying processes. Despite its name, yellow-
cake is not necessarily yellow but may be dark green or black when dried at
high temperatures. The drying mechanism may produce yellowcake that is a fine
powder or granular in appearance.

The drying temperature of uranium supposedly predicts the behavior of the.
yellowcake in the human respiratory system because it may affect the solubility
of yellowcake in the lung and its ultimate translocation from the lung to other
body organs and tissues (Eidson 1980; Kalkwarf 1979). For example, oxides
created by high-temperature drying are, in general, tne least soluble 'in lung
fluid and hence produce the greatest radiological hazard to the lungs. Soluble
yellowcake materials are less hazardous to the lungs but present a greater
radiological and toxicological risk to other internal body organs and tissue
(i.e., skeleton and kidney). Eidson and Mewhinney (1980), in their study of
yellowcake dissolution conducted A vitro using simulated lung fluid, find that

yellowcake solubility' ate varies greatly.in vivo may be highly variable because the chemical
composition of yellowc

Routine urinalysis and in vivo examinations for uranium are proposed in
the draft NRC Regulatory GuiceWE (USNRC 1978) as monitoring procedures for
selected uranium mill workers. The terms "whole body count" and "in vivo
examination" are used interchangeably in this report to represent a quantita-
tive measurement of uranium present in the respiratory system of a worker by
use of photon detectors placed on the anterior thorax. Results are used to
verify that control procedures, which are designed to limit airborne uranium

. exposure to workers at the mill, are adequate. Furthermore, these monitoring
procedures can also confirm the intake of uranium in an exposed worker and be
used to evaluate dose resulting from internally deposited uranium. Whenever
uranium bioassay measurements indicate that a uranium uptake may have occurred,
actions can be taken by the mill health physicist to protect affected workers
from any further uptake.

r

The objective of this work was to analyze uranium urinalysis and in vivo
examination results from workers at eleven participating uranium mills Trom
1978 through 1980 and determine how well these bioassay monitoring programs,

complied with recommendations given in the draft NRC Regulatory Guide 8.22
USNRC 1978). We also were requested to study what impact, if any, might be
expected from proposed changes in the' draft regulatory guidance for bioassay at
uranium mills. Management personnel from these eleven uranium mills volun-
teered the bioassay data to the NRC, which then requested that PNL perform the
following tasks:

determine the number and frequency of individual uranium urinalysise

and whole body counter (WBC) examination results that exceed recom-
mended and proposed (May 1982) action levels

3
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M

determine the number and frequency of individuals whose uranium+
urinalysis or WBC examination results exceed recommended and pro-
posed (May 1982) action levels

I

describe the distribution of uranium urinalysis and WBC examination :a '

results for each mill and for all the mills in the group

evaluate the quality of the data obtained from the mills and inves-a

tigate any observed trends

investigate relationships or correlations among uranium urinalysis,e

WBC, and air sampler results

recommend a uranium urinalysis sampling frequency based upon thea

j observed excretion (or retention) of uranium in mill workers.

The NRC further requested an evaluation of the bioassay data to determine
the degree to which uranium mills were meeting the recommendations specified in
the draf t regulatory guidance. Measurement results were compared to the inves-
tigation level (15 g/t), action level (30 g/1), and the detection level
(5 g/.9) specified in the draft regulatory guide. In addition, the data were
also evaluated against NRC's proposed action and investigation levels for ura-
nium in urine as considered in May 1982 (viz., 20 and 32 pg/t).

The NRC has proposed monitoring guidelines for bioassay measurements to
aid in assessing the uranium exposure hazards of the work place. Uranium mill
health physicists are expected to respond appropriately whenever bioassay mea-
surement results approach or exceed levels considered potentially hazardous.
Therefore, bioassay measurements should be highly reliable at those levels so
that the frequency of false negative bioassay results is acceptably low for
unknowingly exposed workers. This concept of measurement reliability is not
part of the draft regulatory guidance, but we considered it important enough to
include in the evaluation of the uranium mill bioassay data.

,

e
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METHODS

This study involved 17,039 urinalysis and 1,677 in vivo uranium measure-
ment results obtained from 1,369 and 909 workers, resFctively. A PDP 11/70
minicomputer was used to process and store this data using a commercially
available database management software package called "T0TAL". A computer
file, containing uranium bioassay data as well as other related information,
was created for each mill worker. Tables 1 and 2 illustrate the format used
for uranium urinalysis and in vivo measurement results, respectively. A
reproduction of a page from7 worker's computer file is illustrated in
Figure 1.

TABLE 1. Record Format Used for Analysis of Uranium in Urine (BIO)

Item Specifications Example
Name First initials plus full last name, if available. This AB Watanable

field is nonessential since ID # will be the fixed
identifier.

ID Nine alphanumeric characters for Social Security number 999-99-9999
or other unique identifier created from a composite of
mill and worker ID number. A unique worker number may
be assigned if no other identification is provided by
the mill.

Job The title or work location of the mill worker. Acid Leach

Date Date of collection (mo/d/yr) may be incomplete since 072078
some data exclude day.

4

DL Flag Detection level flag -- used whenever the result is equal
'. to or less than the detection level for the particular

procedure used by the mill or laboratory. The' database
will not contain the actual detection level value but
will only flag those results that are appropriate.

Result The result is always assumed to be natural uranium and 123.4
reported in pg/1.

Error Reported measurement error, if any. 1123.4

Mill ID A unique identifier code will be assigned to each mill. 99

Refer Whenever any other result (WBC, BIO, or AIR) is W. B, A
relatable to this result, a code is entered.

Coninent Thirty-character alphanumeric field.

5 |
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.!ABLE 2. Record Format Used for Whole Body Counter Examinations (WBC)

Item Specifications Example

t;Name First initials plus full last name, if available. AB Watanable
This field is nonessential since ID # will be the
fixed identifier.

ID Nine alphanumeric characters for Social Security num- 999-99-9999
ber or other unique identifier created from a compo-
site of mill and worker ID number. A unique worker
number may be assigned if no other identification is>'
provided by the mill.

Job., The title or work location of the mill worker. Crusher

Date Date of collectio. (mo/d/yr) may be incomplete since 071278
/ some data exclude day.

Time Time of the examination (24-h clock). 1730

,

Result Natural uranium. 123.4

Erfor Reported measurement error, if any. t123.4

Units Natural uranium may be reported in nCi or mg. Only mg

results in mg will be stored. Results reported in
nLi will be converted to mg upon entry. A conversion
equation will be created for this purpose.

Result 235 U. 123

Error Reported mea;urement error, if any. *123

Units Micrograms, g

Some measu'ement results are available for 226 Ra. 12Result r

Error Reported measurement error, if any. t99

Units Nanocurie. nCi

I Mill'ID A unique identification code will be assigned to 99
each mill.

Refer Whenever any other result (WBC, BIO, or AIR).is W,B,A
relatable to this result, a code is entered.

Comment , Thirty-character alphanumeric field. -

6
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URANIu9 YELLnaCAKE aOwnEs aMute 600f C0JnTLG E X A u t r4 A T 10 4 AND $10AS$4Y MEASUREMENT REsutT6 DATE: 8 26 52 PAGE 32.........'.................................................................................
ID h4ME JOH 09 LOCATION MILL SS 10

........- .............................. ............... .... ...........

064215 06 . .

810 MEasuwEMENT :40 0AY Ye OG/L ENwaH DET FL ALI C094ENI REF
......... ..... ..... ...... ... .............................. ...
11/20/iH 24.0 u.o 1

10/31/17 1.0 J.0 Y Al HOME
08/d$/17 1.2 1.0 AT HOME
10/2v//B 3.n u.o Y

10/29/06 4.0 U.u
30/09/18 3.0 0.u Y

10/02/F8 o.0 0.0
GR/31/18 5.0 0.0 Y

03/20/18 1.0 0.0 Y

01/50/T8 1.0 u.o Y At HOMt
12/u5/17 1.0 0.u Y Al HUME
02/19/19 5.0 0.o V

07/2$/op 5.0 U.u Y

05/19/00 3.0 0.0 Y

u4/01/on 3.0 u.o Y
'd ul/21/eb 3.0 0.0 Y

11/19/14 5.0 u.0 Y

06/14/17 6.1 1.u AT nukn
12/25/FM 19.0 0.9
11/12/76 3.0 9.0 Y

ll/03/1A F.0 u.0
04/14/79 3.0 e.o f

05/15/14 3.0 0.0 Y

v4/20/79 3.0 0.0 Y

67/25/F4 3.0 h.0 Y

06/19/50 3.0 0.0 Y

05/14/19 6.0 6.0
n. b. EXA4114ATION JAIONAL ORANIow..........-----. URANIud 235.. ka01DM-226...

HD OAV Yk II4E wG EWRuR NCI ERROR ALI MICRJ ER40R NCI ENROR dEF CONMENI
......... ..... ...... ...... ...... ...... ... ...... ...... ...... ...... ... ...................
07 21 74 11:50 0.0 d.0 2.5 1.6 0.0 47.0 0.0 0.0
49 23 18 08:00 0.0 0.0 1.4 1.2 0.0 44.0 0.0 0.0
0h-14 16 09:35 0.0 2.0 0.0 0.0 0.0 41.0 0.0 0.0
u7 20 77 US:lo 0.0 /.0 0.0 0.0 0.0 0.0 0.0 0.0

- FIGURE 1. Sample of Data From Whole Body Counter Examination and Bioassay Measurement Results

. .
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Various mathematical expressions and terminology can be used to describe
detection limits. Knowledge of detection limits and their reliability is crit-
ical if unknowingly exposed workers are identified solely from the results of
routine bioassay monitoring. The statistical expressions adopted for this
study (Currie 1978) involve establishing a decision limit, a detection limit,
and a determination limit.

The decision limit (L ) is the point at which the measurement procedurec
indicates the presence of the substance of interest (in this case uranium).
The value of L was calculated so that an incorrect decision (i.e., uranium was

c
present when actually it was absent) was made only a x 100% of the time, where
the value of n was adopted a priori according to the degree of confidence
needed to avoid false positTve results. If the measured value was less than
L , uranium was assumed to be absent; if the measurement result was greatercthan L , the sample was considered likely to contain uranium. The quantity ofcL was determined solely from measuring urine samples known to contain no ura-gnium other than that amount derived naturally from a person's diet (i.e.,
blanks).

The detection limit (L ) is based upon a specified degree of confidence ind
rejecting false negative results. It is the point at which ,9 x 100% of the
results for samples containing Ld uranium are below the Lc and, thus, are
judged to contain no uranium when, in fact, uranium is present. The value of a
was adopted _a_ priori according to the degree of confidence needed to avoid
false negative results. Therefore, the Ld is the smallest quantity of uranium
that could be detected in a sample with the probability 1 - A when L is thec
decision limit.

The determination limit (L is defined as the point at which the analyti-
cal procedure is sufficiently pfe)cise to yield a satisfactory quantitative
result. At the L the relative standard deviation is sufficiently small thata

At the L , however,the procedure yieTds a result close to the mean value. d
analytical procedure is only precise enough to yield a qualitative estimate
(presence or absence) of uranium. When the L is reached (which may be severalq
times larger than L ), the results of the procedure will be more useful in ad
quantitative sense, such as for dose evaluation.

Appendix B indicates how, for Gaussian distributed results, the quantities
L and Lg were calculated when a large number of blank and spiked samples werecanalyzed. Gaussian techniques were not used for this study because the labora-
tories performing the uranium urinalyses reported results for all measurements
below their announced detection limit as "less than detection." This type of
reporting, which statisticians call " data censoring", means that valid measure-
ment results were discarded regardless cf whether they were negative or highly
unreliable. Therefore, to overcome data censoring, a pictorial, nonparametric
technique was adopted to calculate L and L -c d

Figure 2 illustrates the " Box and Whisker" (BW) plot adopted as a nonpara-
metric technique for this study. The rectangular box and its two " whiskers"
were used in place of the Gaussian curve to illustrate how measurement results
were distributed. The median of the distribution is shown by a vertical line

8
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FIGURE 2. Box and Whisker Plot

drawn within the box at the appropriate place above the abscissa. The box is
drawn such that its length includes 50% of the results along the abscissa. The
length of the rectangular box plus its two whiskers represent 80% of the mea-
sured results. Ninety percent of the measurement results are distributed

.

between the two dots drawn outside the whiskers of the rectangular box. If the
'

data are censored, one end of the symmetric BW plot can be eliminated. Thus,
the 5th, 10th, 25th, 50th'(median), 75th, 90th, and 95th percentiles of the
data set can be illustrated in a pictorial manner.

The values of L and Lq are determined by graphically comparing the BWe
plots showing the distribution of blank.and spiked sample results as illus--
trated in Figure 3. If the values of Lc and La are defined such that c = a =
0.05, then the BW plots should have the spatial relationship snown in the top
half yof Figure ~ 3 where the 95th percentile (dot at the end of whisker) of the
blank sample distribution should coincide (overlap) with the fifth percentile
.of the spiked samples. If Le and Lg are defined such that a = 8 = 0.10, then
the BW plots will be spatia 1Ty related as shown in the bottom half of Figure 3
where the 90th percentile (end of the whisker) of the blank samples distribu-
tion should -coincide (overlap) with the 10th percentile of the spiked sampledistribution. In these examples, the median of the blank sample distributionsequals zero.

The majority of the remaining limited objectives were completed using the
computer to generate relative frequency distributions of various related data
elements. These frequency. distributions disclosed numbers and percentages of

9
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uranium urinalyses and in vivo examinations performed for each worker at each
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RESULTS

The draft NRC Regulatory Guide 8.22 (USNRC 1978) advises uranium mill
health physicists to routinely check laboratories performing the mill's uri-
nalyses by submitting samples containing known amounts of uranium along with
blanks. Furthermore, the draft regulatory guidance specifies that test samples
should be adjusted to contain 15 g of U/ A or 30 pg of U/ t because these are
the action or investigation levels specified by the NRC in the draft regulatory
guidance. Blanks, of course, have no added uranium other than that excreted
naturally from uranium in the diet.

LIMITS OF DETECTION

Only two mills (Mill 2 and Mill 6) submitted adequate test sample results
from which L and Ld could be calculated. Mill 6 submitted test samplesc
unknown (blind) to Laboratories A and B, whereas Mill 2 openly identified test
samples submitted to Laboratory C. Unlike Mills 2 and 6, Mill 9 did not submit
test samples to Laboratory C. Instead, Laboratory C was required to report
results of their own spiked samples to Mill 9. Laboratory C did not report
blank sample results for Mill 9, so L and Ld could not be calculated. Theedistribution of test sample results is illustrated with BW plots in Figures 4
through 7.

The distribution of results from test samples reported by Laboratory C for
Mill 9 (Figure 7) was anomalous relative to the other distributions and was
probably due to an inherent bias associated with Laboratory C processing its
own test samples. Mill 2 also uses Laboratory C but the results were distri-
buted as expected (Figure 6). Mill 2 test results appeared similar to those
obtained by Mill 6 which uses Laboratory A (Figure 4) and Laboratory B
(Figure 5). These results indicated that the mills should submit blind test
samples to evaluate true laboratory performance.

According to the BW plots (Figures 4 through 6), the way in which the 95th
percentile of the blank results approached the 5th percentile of the spik'ed
sample distributions indicated that Laboratories A, B, and C would not achieve
an Ld equal to 5 pg of U/t. Five outliers having values greater than 29 pg of
U/s were observed among results reported by Laboratory C on blanks submitted by
Mill 2. These were eliminated from the data set before estimating L
results were so much higher than the remaining results (whose highesE. Thesevalue was
16 ng of U/t) that the deleted blanks were assumed to have been contaminated.
The actual values of L and Ld were estimated by interpolation and are shown in
Table 3 for a = a = 0.f15 and for a = s = 0.10 Thus, even when n and 9 errors
are relaxed and set at 10%, only Laboratory B could achieve a detection limit
as good as 10 g of U/t. However, Laboratory B would still fail to comply with
the draft NRC regulatory guidance which specifies Ld=5 g of U/t.

The BW plots also illustrate that results for test samples containing
30 of U/t were highly variable. The coefficients of variation (CV) for the
30 g of U/t test samples are shown in Table 4.

11
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Values for Laboratories A, B, and CTABLE 3. Estimated L = ldc

a = a = 0.05 n = 9 = 0.10
l , pg o U/ t L , pg f U/P L P9 I UI' 'd pg f U/td cLaboratory c

A 12 22 10 15

B 8 13 7 10

C 14 29 10 18

TABLE 4. Coefficients of Variation for 30 g of U/1

Laboratory i(a) g(b) CV(c)

A 31.6 6.7 21.1

B 29.6 3.9 13.2

C 34.8 11.9 34.1

(a)i=mean.
(b) S = estimate of the sample standard deviation.

(c) CV = 1 x 100%.
X

RELATIVE FREQUENCY DISTRIBUTIONS OF URANIUM URINALYSES

Eleven mills submitted 17,039 uranium urinalysis results for 1369 workers;
however, the quantity of data from each mill varied greatly for 1978 through
1980. Table 5 shows the urinalysis frequency for each mill and the average
number of samples collected from mill workers. The number of urinalyses ranged
from 122 at Mill 10 to 4498 at Mill 9. The number of workers sampled at each
mill ranged from 68 (Mill 8) to 333 (Mill 9). The mean number of urinalyses
per worker ranged from 1.5 (Mill 10) to 31.2 (Mill 1). Samples were collected
biweekly at three mills (Mills 1, 4, and 7) and monthly at four mills (Mills 2,
6, 8, and 9) . The remaining mills apparently had no routine or fixed sampling
schedule.

The relative frequency distribution of the uranium urinalysis results for
each mill is given in Table.6. Results for all mills appeared to be log-
normally distributed.

Table 7 shows the distribution of. uranium urinalysis results at each mill
relative to 'the action levels specified in the draft NRC regulatory guidance
(vi z. , 15 g of U/ A' and 30 pg of U/1). Overall, -12.4% of the results would.
equal or exceed 15 pg of U/1, and 3.2% would equal or exceed 30 pg of U/1.

14



TABLE 5. Number of Workers and Uranium Urinalyses per Mill (1978 to 1980)

Number of Number of Urinalyses Sampling
Mill Workers Urinalyses Per Worker Frequency

1 83 2587 31.2 Biweekly
2 91 1129 12.1 Monthly
3 138 255 1.8 ---(a)
4 147 2343 15.9 Biweekly
5 126 568 4.5 ---(a)
6 72 2169 30.1 Monthly
7 129 2385 18.5 Biweekly
8 68 560 8.2 Monthly
9 333 4498 13.5 Monthly

10 81 122 1.5 ---(a)
11 101 423 4.2 ---(a)

Totals T3W T703T

(a) A routine sampling frequency could not be determined from
data. Either these mills did not adopt a routine sampling
frequency for urinalyses or mill operations may have been
curtailed.

However, considerable variability in the urinalysis result data existed among
the mills. For example, at Mills 3 and 8 all results were well below the first
action level, whereas Mills 4 and 9 each had approximately 19% of their results
equal or exceeding 15 pg of U/1.

The frequency with which a worker's uranium urinalyses exceeded action
limits may indicate a need to limit the worker's exposure. If the frequency is
high, the process responsible for the exposure condition would need to be rede-
signed or restructured. Possibly, the workers should use respiratory protec-
tion. The data presented in Table 8 show there were 540 workers (25.5%) with
one or more uranium urinalysis result equal or exceeding 15 g of U/1 and
265 workers (12.5%) with one or more result equal or exceeding 30 g of U/1.
The results varied widely among individual mills.

The efficacy of uranium exposure controls and health physics monitoring
practices at mills can be determined by evaluating the percentage of uranium
urinalyses that exceed action levels. For example, mills with effective con-
trols would rarely expect to find a high percentage of workers repeatedly
excreting uranium above action limits. Table 9 shows the average percentage of
urinalysis results equal to or exceeding 15 pg of U/1 for workers with one or
more results equal to or exceeding this action level. Table 10 shows a similar
analysis for uranium urinalyses equal to or exceeding 30 g of U/1. Only

15
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. TABLE 6. Relative Frequency Distribution of Uranium Urinalysis Results

' Uranium-

'Concentration, Mills (Frequency)
ug of U/t- 1 2 3 4 5- 6 7 8- 9 10 11 Total

0 $ .5 2012 512 219 998 403 1331 1427 369 2101 91 295 9758

5 < 10- 479 264 35 502 101 374 337' 156 892 12 86 3238

10 < 15 95 189 1 397 35 231 270 35 637 7 28 . 1925 t

-15 < 20 1 62 0 174 17 '81 144 0 328 4 5 816
- 120 < 25. 0 38 0 100 4 55 75 0 207 3 4 486

25 <-30 0 16 0 54 4 27 44 0- '125 1 2 273

i 30 < 35 0 14 0 41 2 17 32- 0 54- 0 1 161

5 35'< 40' 0- 7 0 22 0 7 13- 0 39 2 2 92

40 < 50 0 11 0 21 1 11 18 0 46 2 0 110

50 < 75 0 10 0 14 1 12 18 0 33 0 0 88

75 < 100 0 2. 0 8 0 4 2 0 13 0 0 29 '

' 100 < 250 . 0 4 0 10 0 8 5 0 14 0 0 41

250 < 500 0 0 0 1 0 4 0 0 4 0 0 9

500c<L1100- 0 0 0 1 0 5 0 -0 3 0 0 9

1:1100 0 0 0 0 0 2 0 0 2 0 0 4

.
, Totals 2587 1129 255 2343' 568 2169 2385 560 4498 122- 423 17039

:

4

Y

-
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TABLE 7. Frequency of Uranium Urinalyses Results 215 and 230 g of U/t i

Number of Results 2 15 9 of U/P Results 2 30 g of U/t

Mill Urinalyses Number Percent Number Percent
1 2587 1, <0.1 0 0.0
2 1129 164 14.5 48 4.3
3 255 0 0.0 0 0.0
4 2343 446 19.0 118 5.0
5 568 29 5.1 4 0.7
6 2169 233 10.7 70 3.2
7 2385 351 14.7 88 3.7 s

8 560 0 0.0 0 0.0
9 4498 868 19.3 208 4.6

10 122 12 9.8 4 3.3
11 423 14 3.3 3 0.7

Totals 17039 2118 12.4 543 3.2

TABLE 8. Number of Workers witn One or More Uranium
Urinalysis Result 215 and 30 g of U/t

Workers with Or.e or More Workers with One or More
Number of Results 1 15 pg of U/1 Results 1 30 p9 of U/t

Mill Workers Number Percent Number Percent
1 83 1 1.2 0 0.0
2 91 62 68.1 30 33.0
3 138 0 0.0 0 0.0
4 147 116 78.9 59 40.1
5 126 27 21.4 4 3.2
6 72 57 79.2 40 55.6
7 129 80 62.0 39 30.2
8 68 0 0.0 0 0.0
9 333 178 53.5 86 25.8

10 81 8 9.9 4 4.9
11 101 11 10.9 3 3.0

Totals 1369 540 25.5 265 12.5

17



i

JABLE9. Mean Percentage of Total Uranium Urinalysis Results 215 pg of
U/t for Workers with One or More Results 215 pg of U/t

Workers with Average Percent
One or More Results Number of Results of Total Results

Mill 2 15 g of U/t 2 15 ng of U/ t 2 15 g of U/ t

2 62 164 24.3

4 116 446 32.1

6 57 233 12.1

7 80 351 20.0

9 178 868 28.1

'

TABLE 10. Mean Percentage of Total Uranium Urinalysis Results 2 30 pg of
U/A for Workers with One or More Results 2 30 pg of U/A

Workers with Average Percent
One or More Results Number of Results of Total Results

Mill 1 30 ng of U/t 1 30 ng of U/1 2 30 g of U/A

2 30 48 14.4

4 59 118 19.0

6 40 70 5.3

7 39 88 11.0

9 86 208 17.9

Mills 2, 4, 6, 7, and 9 were included in these tables because the remaining
mills did not have enough data to make the analysis meaningful.

RELATIVE FREQUENCY DISTRIBUTIONS OF IN VIVO EXAMINATIONS

Nine mills submitted 1677 in vivo examination results for 909 workers.
Unlike the urinalyses results, differences observed in in vivo results cannot

~

be attributed to vendors because the same whole body counter examination ser-
vice was used by all _ mills. Table 11 shows the number and frequency of in_ vivo
examinations for each mill.

The frequency with which ijl vivo examination results exceeded action
limits specified in the draft NRC regulatory guidance (viz., 8 mg and 14 mg af
uranium) is shown on Table 12. There were 412 in vivo uranium examination
results (24.6%) that equaled or. exceeded 8 mg aid 75 results (4.5%) that-
equaled or exceeded 14 mg. The data for Mill 5 were divided into two cate-
gories because results for 1978 were significantly different from later years.
For example, in 1978 Mill 5 had 57 results (93.4%) that equaled or exceeded
8 mg of uranium and 47 results (77.1%) that equaled or exceeded 14 mg of

18
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TABLE 11. Number ~of Workers and Ijl Vivo Examinations Per Mill

Mill Number of Workers Number of Examinations Examinations Per Worker
1 95 11 9 1.3
2 84 15 1.1

f 3 49 55 1.1
4 42 73 1.7
5(a) 61' 61 1.0;

5(b) 111 189 1.7
6 158 369 2.3
7 177 355 2.0
8 20 20 1.0
9 172 341 2.0
Totals 909 1677

(a) For 1978 only.
(b) For 1979 and 1980.

,

uranium. Mill 5's results for 1978 were so different from those in 1979 and
1980 (and different from results at all other mills) that the cause of the
unusual distribution should be identified or the validity of the results
questioned. No information was submitted by mill 5 or the vendor to explain
the unusual results for 1978.

The relative frequency distribution of all ;jll vivo uranium examination
results is shown in Table 13. Unlike uranium urinalysis results, ijl vivo
uranium measurement results are apparently not log-normally distributed.

Test data was not available to determine L and Ld for in vivo examina-c
tions because neither the vendor nor the mills submitted calib' ration or back-
ground data for the whole body counter. However, we can make use of the fact
that 27 individuals received two or more in vivo examinations within one week,
calculate the CV for these sequential exalis and infer the quality of the mea-
surements from the magnitude of the observed variations. Repeat measurements
of this sort are usually performed to verify an initially'high result. Large
variations. in sequential ;jll vivo examination results may be due to surface
contamination on-the skin which the worker removes by showering or changing
cloths between the exams. An in vivo exam should effectively discriminate
against surface contamination'because the objective is to measure. internally
deposited activity, in this case uranium in the lungs rather than uranium on

'the skin.
;

i
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TABLE 12. Number of Whole Body Counter Examinations 2 8 and 14 mg of Uranium

Examinations 2 8 mg Examinations 1 14 mg

Mill No. Number Percent Number Percent

1 119 12 10.1 1 0.8

2 95 10 10.5 0 0.0

3 55 1 1.8 0 0.0

4 73 11 15.1 1 1.4

5(a) 61 57 93.4 47 77.1

5(b) 189 40 21.2 3 1.6

6 369 144 39.0 11 3.0

7 355 66 18.6 6 1.7

8 20 14 70.0 1 5.0

9 341 57 16.7 5 1.5

Totals 1677 412 24.6 75 4.5

Totals minus'

Mill 5's 1978 1616 355 22.0 28 1.7
results

4

(a) For 1978 only.
(b) For 1979 and 1980.

A BW plot of the CV for 27 individuals is shown in Figure 8. Fifty per-
cent of these 27 individuals had CVs greater than 23%. Other sources which
might contribute to this high variability include procedural changes, detector
background fluctuations or new acute or chronic uranium exposures since the
last in vivo examination. Because the same vendor was used by all mills, the
differences between mills could not be attributed to differences between
vendors.

RELATIONSHIPS BETWEEN URANIUM URINALYSES AND IN VIVO EXAMINATION RESULTS

Routin'e monitoring programs should reliably identify workers who become
unknowingly exposed to uranium on the job. Although uranium urinalysis and. in,
vivo examination results may not jointly confirm any particular exposure
because of metabolic differences in yellowcake materials, mills with consis-
tently high exposures should rank high in both urinalyses and in vivo results.
Therefore, to investigate the relationship between uranium urinalyses and in_
vivo examination results, the percentage of urinalyses equal to or exceeding
15 pg of U/1 and in vivo examinations equal to or exceeding 8 pg of U/1 were
ranked in descending order. The results of this ranking are shown in Table 14.
Mill 8, which had no urinalyses resul.ts above the action level'(i.e.,15 g of
U/1), was ranked highest for the percentage of ;irl vivo examinations equal to or

!
l
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TABLE 13. Relative Frequency of In Vivo Examination Results !

Examination Mills (Frequency) Totals Less
Results Mill 5's

for_U, mg 1 2 3 4 5(a) 5(b) 6 7 8 9 Totals 1978 Results
<1 31 2 40 6 0 8 16 78 0 57 238 238

1<2 2 7 1 0 0 5 1 1 0 6 23 23

2<3 11 19 7 6 1 27 11 23 0 54 159 159

3<4 17 20 2 17 0 38 25 33 1 42 195 195
4<5 15 14 2 9 0 33 31 45 1 32 182 182

5<6 17 10 2 9 0 32 45 38 0 48 200 200
6<8 14 13 1 15 3 31 96 71 4 45 293 290
8 < 10 10 7 1 9 1 4 74 40 6 32 184 183

10 < 12 0 3 0 1 6 5 41 13 3 15 87 81

12 < 14 1 0 0 0 3 2 18 7 4 5 40 37
14 < 16 0 0 0 1 4 2 5 3 1 3 19 15
16 < 20 1 0 0 0 9 1 4 1 0 1 18 9
20 < 25 0 0 0 0 10 1 0 1 0 1 13 3

25 < 30 0 0 0 0 8 0 1 0 0 0 9 1

30 < 35 0 0 0 0 11 0 0 0 0 0 11 0
35 < 40 0 0 0 0 1 0 0 0 0 0 1 0
40 < 50 0 0 0 0 2 0 0 0 0 0 2 0
50 < 75 0 0 'O 0 1 0 0 0 0 0 0 0
75 < 100 0 0 0 0 1 0 0 0 0 0 1 0

'

> 100 0 0 0 0 1 0 0 1 0 0 2 1

Totals 119 95 55 73 61 189 369 355 20 341 1677 1616

(a) For 1978 only.
(b) For 1979 and 1980.

exceeding 8 mg of U. In contrast, Mill 3, which also had no urinalyses results
above the action level, was ranked lowest for the percentage of A vivo exam-
inations equal or exceeding 8 mg of U. These differences in ranks are incon-.

: sistent with the expectations of a uranium mill's routine personnel monitoring
program especially because both mills were producing
generic solubility (i.e., dried at high temperatures)yellowcake of the same

.

|
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FIGURE 8. Coefficients of Variation for 27 Individuals with
Two or More Examinations Within One Week

TABLE 14. Uranium Analysis and h Vivo Examination Results

Descending Rank According Descending Rank According
to Percentage of to Percentage of

Mill Urinalyses 215 ng of U/JL in vivo examin'ations > 8 mg of U

1 7 8

2 4 7

3 8.5 9

4 2 6

5(a) 6 3
-

6 5 2

7 3 4

8 8.5 1

9 1 5'

(a) For 1979 and 1980.

22
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Natural uranium provides a unique inherent opportunity to evaluate the
accuracy of the in vivo examinations results because approximately 0.7% of the
mass of natural Wanium is 235U. Although natural uranium is mostly 2380, the
235U can easily be measured when in vivo examination results exceed a few mil-
ligrams of natural uranium. (CohH 1977; 3pitz et al .1980) Table 15 compares
the amount of 238U and 2350 measured in vivo simultaneously. Even when natural
uranium results exceeded 12 mg, only TF.1% of the 235U results were greater
than zero when, in fact, the expected amount of 235U that should have been
detected was greater than 86 pg. This amount.of 2350 is significantly above Ld
and should be detected almost 100% of the time.

Figure 9 is a scattergram of the amount of natural uranium reported versus
the amount of 235U The straight line in Figure 9 represents the expected
relationship between natural uranium and 235U which, apparently, was not
achieved.

CORRELATION OF URANIUM URINALYSES, IN VIV0, AND AIR SAMPLER RESULTS

Guidance from the NRC indicates that air sampling is the primary health
physics monitoring tool to detect and measure airborne uranium exposura (U NRC
1978). Uranium urinalyses and M vivo examinations are,. therefore, of secon-
dary and tertiary importance, respectively. Furthermore, NRC guidance explains
that routine uranium urinalyses are primarily useful in certirying the efficacy
of the air sampling program. The adequacy of the NRC position relative to
uranium air sampling, urinalyses, and M vivo examinations can be tested by
determining whether results from the aforementioned monitoring programs are
correlated.

TABLE 15. Relationship Between Natural Uranium and 235U Measured h Vivo

Number of In Vivo Percent of In Vivo
Natural V Number of ExaminatioW where ExaminationTwhere

mg In Vivo Examinations 2350 > 0 mg 235U > 0 mg

0 205 9 4.4
>0 to <3 161 6 3.7
3 to <4 173 12 6.9
4 to <5 165 13 7.9
5 to <6 170 20 11.8
6 to <8 248 37 14.9
8 to <12 191 34 17.8

>12 47 9 19.1

T
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Mill 2, which perfonned routine uranium urinalyses on a monthly basis,
also submitted a total of 243 results of personnel air samplers obtained for
several individuals. Figure 10 indicates that, for this set of data, no corre-
lation between uranium urinalyses and air sampler 'results could be found. Mea-
surements of uranium A vivo were also available for these same workers.

The relationship between results of in vivo uranium examinations and a
-

worker's urinalyses or air sampler results was investigated by calculating the
correlation coefficient for the M vivo examination result. Six parameters
were used:

mean urinalysis result during previous six months.

highest urinalysis result during previous six monthse
urinalysis result nearest the in vivo examination datee
mean air sampler result during7revious six monthse
highest air sampler result during previous six monthse
air sampler result nearest the _in_ vivo examination date..

Table 16 shows the correlation coefficients between the whole body counter
examination results and the above parameters for 1978, 1979, and 1980 individu-
ally and for all three years combined. For- the years ~ individually, only the,
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TABLE 16. Correlation of In Vivo Examinations with Urinalysis and
Air Sampler ResiiTts for the Previous Six Months (Mill 2)~ ~ ~

Parameter 1978 1979 1980 All Years

Mean urinalysis -0.322 0.392 0.302 0.074

Highest urinalysis -0.321 0.265 0.078 0.026

Urinalysis nearest
h vivo examination 0.008 0.473(a) 0.276 0.046

Mean air sample 0.345 -0.005 0.318 0.379(a)

Highest air sample 0.360 0.047 0.574 0.401(a)

Air sample nearest
M vivo examination 0.228 -0.030 0.129 0.390(a)

Sample size 20 21 11 52

(a) Correlation is significantly different from zero at a 95%
confidence level

bioassay result nearest the examination in 1979 had a correlation with the in
vivo examination results that was significantly different from zero. When We
three years were combined, all three of the parameters relating to the air sam-
ple results were significantly correlated with the & vivo examination results.
Although the correlations were significantly different from zero, a correlation
of 0.401 between the highest air sample result and the in vivo examination
result does not indicate a causal relationship between We variability of ura-
nium measured in vivo and airborne uranium at the mill measured with air sam-

' plers. In fact, all the results presented in this section of the report show a
great deal of unexplained variability so that the 1ack of high correlation in

~

the several parameters discussed above should not be surprising. In general,
the objectives of a reliable routine health physics monitoring program could
not be met with this data because the uncertainty, as explicitly evaluated with
BW plots using the urinalyses data, was very large. Furthermore, the NRC
objective of using routine uranium urinalyses results to insure the adequacy of
the air sampling program is apparently not being met in this case, as illus-
trated by the lack of any significant correlation between this set of air
sampler and urinalysis results.

26
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DISCUSSION

!

Uranium presents both a radiological and chemical hazard to man when it is
l

deposited in the body (Hodge 1956; Eisenbud 1956; Butterworth 1958); therefore,
exposure limits are established so that uranium work can be conducted with the
risk of health effects kept acceptably low. Once an exposure has occurred, the
amount of uranium deposited in the body can be estimated from measurements of
uranium in excreta and from in vivo examinations (Scott 1967; Cofield 1960;
Alexander 1974; King 1979). Trine and fecal analyses measure the amount of
inhaled uranium that has translocated from the lungs and passed through the
body. In vivo examinations can determine the amount of uranium deposited in
the lun~gs, kidney, and skeleton. Together, these measurements can be used to
determine the amount of uranium initially inhaled and the amount expected to
remain in the body as a long-term deposition (Quastel 1970).

PERFORMANCE CRITERIA

In general, a routine bioassay program should detect uranium with a high
degree of confidence so that millworkers who may have unknowingly been exposed
on the job are reliably identified by a high urinalysis or an in vivo examina-
tion result. No single criterion exists for identifying unknoWngly exposed
workers; however, the most reliable method is the analysis of excreta from
workers who occupy areas of uranium mills where intake is possible (Hursh 1958;
Dolphin 1972).

,

Whenever NRC action levels for bioassay measurement results are exceeded,
the mills must respond (100% of the time) with an appropriate action such as
investigating the cause of the elevated result or by removing the worker from
the area where the exposure likely occurred (USNRC 1978). If bioassay measure-
ments are unreliable, then false positive results may initiate an unnecessary
response from the mill and place unnecessary concern upon the worker. On the
other hand, false negative results may allow a real uranium intake to go unde-
tected. Both of these should be avoided as much as possible, ~ and the proba-
bility of each occurring should be known to those responsible for the moni-
toring program.

Eliminating all false results is nearly impossible, would place a signifi-
cant financial burden upon the mill, and would be an inconvenience to the
worker because of the type and number of bioassay measurements necessary to
achieve perfect reliability (i.e., accurate 100% of the time). Therefore,
within realistic constraints, a known, limited degree of false results may be
accepted so long as the probability of missing a serious exposure is zero.

When performance criteria are established, such as the NRC has recommended
in a limited fashion in its draft regulatory guidance, guidelines for measure-
ment reliability should be included along with accuracy in terms of bias, pre-
cision, and detection limits. The NRC has not considered measurement confi-
dence or reliability in .the regulatory guide for bioassay measurements at
uranium mills. The required level of confidence depends upon how well the
uranium content in the lungs or excreta must be known. The draft NRC
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regulatory guidance implies that uranium mill bioassay programs detect 15 pg of
U/1 in urine and 8 mg of U in the lungs with perfect confidence (i.e.,100% of
the time) since there is no guidance to the contrary.

The cost of a bioassay monitoring program depends on sampling or measure-
ments . frequency and the laboratory performance. Highly sensitive, highly reli-
able bioassay measurements are usually more costly. However, fewer samples
need be collected relative to a less sensitive, less reliable bioassay measure-
ment to achieve the programmatic objective. In other words, because one pro-
cedure is twice as sensitive as another, the mill may be able to satisfy moni-
toring requirements with one measurement a month rather than two or more,
thereby gaining some offsetting cost savings. Another impact resulting from
use of bioassay analyses with poor performance may be the number of follow-up
analyses necessary because of the high frequency of false positive results.
The impact arising from the number of -false negative results is unmeasureable.

Thus, there is a trade-off between level of performance (including accu-
racy in terms of bias, precision, and reliability) and monitoring frequency.
Once suitable performance criteria are achieved, the credibility of the moni-
toring program, for the mills, its employees, and the NRC, is well established.

URINALYSIS RESULTS

The large variability observed in the urinalyses data may be a result of
collecting single void urine samples which, after analysis, are adjusted in
volume to represent that amount of urine excreted'by reference man in one day
(ICRP 1975). Ynis adjustment is not necessarily the correct approach since
metabolism varies significantly from worker to worker. Furthermore, excretion
of internally deposited radioactive materials fluctuates widely with time. For
example, urine excreted after arising from sleep usually contains the highest
content of metabolites, including uranium (Dolphin 1972).

The urinalysis quality control programs conducted at a few mills involved
a practice that might have introduced a bi6s to our analysis of test urine sam-
ple results. Some spiked test samples were produced by adding a known amount
of uranium activity to an aliquot of urine obtained from a worker's actual rou-
tine sample rather than using urine from a person known to have no exposure to
uranium at the mill. Whenever such urine was used for a spiked test sample,
the results had to be " adjusted" by subtracting the amount of known addeti
activity from the measured result. This practice would have an impact on this
mill's quality control program by significantly increasing the uncertainty of
the spiked test sample results whenever the urine used as a blank was contamin-
ated with uranium. We do not know whether data submitted for our analysis was
adjusted whenever necessary.

Recognizing that the uranium urinalysis data .in this report were unreli-
able, the result records were examined to determine whether the retention of
uranium in mill workers could be determined _from a graph of uranium excretion
with time. Since urinalysis test data indicate that no mill should fail to
detect 30 pg of U/J., individuals with at least one result; exceeding this value
were identified using a computer search of the data records. There were
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256 workers out of 1369 with at least one urinalysis result exceeding 30 g of
U/t. However, only 12 workers had adequate follow-up sampling from which
retention could be evaluated. Apparently, this lack of diagnostic sampling was
due, in part, to the delay between sample collection, analysis, and notifica-
tion to the mill.

Figures 11 and 12 show uranium urinalysis data for two workers with at
least one result greater than 35 g of U/t. The urinalysis results are plotted
against consecutive days starting with the first available result in the
record. Results below 5 g of U/t, the dashed line on the plot, are not shown.
The mean observed half-time for uranium in twelve different workers was 14.6 i4.3 days. It is not known what systemic retention compartment this represents
or whether there is more than one compartment represented by this data. How-
ever, according to ICRP 30 (ICRP 1979), three compartments are expected (viz.,
bone, ki.dney, and soft tissue). These are in addition to deposition sites in
the respiratory system.

Graphical analysis is a useful technique for identifying and evaluating
trends. For example, Figures 13 and 14 illustrate an unusual trend in the
results of routine urinalyses for two workers at Mill 10. Apparently near
day 450, something happened at Mill 10 to reduce the amount of uranium inhaled
by these workers as demonstrated by reduction of uranium excreted in urine.
The variability of the results also appears significantly reduced. Although no4

explanation for the change was available in the records, the management at
Mill 10 may have changed the urinalyses laboratory or procedure, improved a
milling process, or implemented a respirator program. It is unusual that
results and their variability could experience a change of this magnitude with-
out a concurrent action from management. Had the urinalysis results been

, examined for trends, management would have noticed the change and could have"

taken steps to document its findings for the records. This documentation would
be essential if the observed trend proved to represent a possible increase in
worker exposure rather than a diminution, as illustrated in Figures 13 and 14.

Figure 15 illustrates an unexpected event at a uranium mill processing
yellowcake that is dried at high temperatures and, therefore, expected to exhi-
bit insoluble characteristics in the lung and a long, effective clearance half-
time in the respiratory tract. The first and last peaks in the figure repre-
sent uranium concentrations of 285 pg of U/t and 680 g of U/t, respectively
with clearance half-times equal to 3.3 days and 1.8 days, respectively. The
observed peaks may not be due to uranium intakes, but rather contamination of
the sample. Sample contamination would be likely if the monitoring program
required sample collection during the work day when the millworkers were on the
job. No explanation was available in this worker's records to describe the
occurrence.

IN VIVO EXAMINATION RESULTS

Analysis of in vivo examination results determined that variations
observed between sequential measurements were significantly greater than ,

'

expected. In addition, the fact that the highest in, vivo lung measurement -
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results were found in workers at the mill producing highly soluble, low-
temperature-dried yellowcake indicate that in vivo measurements are probably
not indicative of internally deposited activity but may represent surface or
some other source of contamination.

The correlation of natural uranium and 235U measured in vivo indicated
-

that 235U was detected only 18% of the time when, in fact, Tt was present in
amounts significantly above the detection limit. That is to say, 23SU was not
reliably detected during the onsite in_ vivo examination.

Difficulties associated with performing reliable in vivo examinations at
mill sites should not discourage these measurements fr15n being included in a
routine uranium monitoring program. Ijl vivo examinations are the only means of
determining whether mill workers have received an internal deposition of insol-
uble uranium. However, if the health physicist is to have any confidence in
the in vivo examination results, adequate performance criteria must be adopted
by n3Tl management, met by the vendor, and include techniques to account for
uranium skin contamination. Furthermore, the WBC unit should not be located
near uranium or other natural or technologically enhanced radioactive materials
that cause the instrument background to fluctuate or become elevated (Spitz et

-

al. 1980; Shapiro 1974; Helgeson 1979).-

A comparison of uranium urinalyses and ijl vivo examination results' was
made by ranking the results according to the percentage at each mill that
exceed the NRC action levels. Mills with the highest percentage of ' urinalysis
results above action limits did not have the' highest percentage of in vivo
examination results above the action limits. There were no significa'nt corre-
lations between uranium urinalysis or ,ijl vivo examination results for any
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CONCLUSIONS

:

The bioassay results in our study, involving the period from 1978 through
1980, were highly variable and thus unreliable as a monitoring tool for deter-
mining whether millworkers have been exposed to airborne uranium. Health
physicists at these mills during this period were apparently unaware of this
variability and its impact upon reliability because, heretofore, the bioassay
data had never been analyzed to determine its qualsty. Furthermore, the manner
in which bioassay result records were maintained on file at the uranium mills
was~not conducive to any type of trend analysis.

,The NRC should consider establishing uniform performance criteria for
uranium bioassay monitoring results and recommending explicit levels of accur-
acy in terms of bias, precision, and confidence that should be achieved by
these routine measurements. Application of uniform bioassay performance
criteria at all mills would simplify interpretation of results from mill to
mill. In lieu of new recommendations, the only performance criteria currently
recognized by the mills or their in-plant or vendor laboratories are those
recommendations cited in the draft NRC Regulatory Guide 8.22 (USNRC 1978) which
sets 5 g U/1 as the measurement sensitivity. Lacking such regulatory guid-

,ance, bioassay results may continue to be unreliable. Therefore, the draft NRC
regulatory guidance should be revised and issued to include as performance cri-
teria, explicit recommendations for the levels of accuracy in terms of bias,
precision, and confidence expected from bioassay monitoring results.

Once performance criteria for accuracy, precision, and confidence are
adopted and implemented, a routine procedure for uranium mill health physicists
to test bioassay processors will be required to insure that the performance
criteria are reliably being met. The recommended procedure involves prepara-
tion of urine samples that contain known quantities of uranium and blanks that
the health physicist would submit routinely as blinds. Results of these tests
would enable health physicists at each mill to calculate decision limits (L )c
and detection limits (L ) and determine how well bioassay performance criteriad
are being met. Recommendations for bicassay performance criteria and a program
to test the laboratory are given in Appendix B.

The observed retention half time of uranium in the body of exposed mill-
workers in this study is approximately 14 days. Urine samples collected less
frequently than twice a month may fail to detect an unknowingly exposed worker
because of the apparent rapid clearance of uranium from the body. Furthermore,
if. bioassay results continue to be unreliable,- the sampling frequency may need
to be greater than semimonthly. On the other hand, a bioassay monitoring pro-
gram with . sensitive, highly reliable procedures might enable samples to be col-
lected less frequently than twice a month.

The quality of in vivo examination results could not be determined
directly as it was foi results of urinalyses. However, measurement variability
was_ found to be very large, limiting A vivo examinations as a useful bioassay
monitoring tool .- Some of the measurement variability was likely due to the
influence of large quantities of radioactive milling by-products in close
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. . . .

proximity to the mobile WBC, uranium dust in the air, and uranium contamination
on the skin or hair of the workers being examined. Although significant
environmental factors present at the mill apparently caused the in, vivo
examination results to be unreliable, A vivo examinations should not be
abandoned as a monitoring tool for uranium mill workers. Improved, and
potentially useful, results can likely be obtained by minimizing the effects of
environmental factors.

Two recommendations are proffered to improve the in vivo results. First,
uranium contamination on the skin can be quantitatively determined by measuring
the low-energy uranium x-rays emitted by activity on the surface of the body j
and eliminating that uranium from the total measured h vivo. Examinations |

performed with thin, dual-crystal scintillation detectors or high resolution,
solid state, planar, germanium detectors can simultaneously measure the uranium
x-ray as photons and uranium to determine the amount deposited in the lungs.
Secondly, regional WBC examination centers could be established in areas close
to uranium milling areas. These permanent centers would be able to control
ambient conditions and interferences, such as contaminated surface .fust on
workers, more consistently than is apparently possible with onsite me.;ure-
ments. A combination of these two recommendations would best suit requirements
for in_ vivo examination of uranium mill workers.

The way in which the uranium mills keep and maintain their records needs
to be improved. Each mill had its own method for storing bioassay data which
in no case was in a form suitable for performing statistical analyses. Fur-
thermore, what data were stored typically were incomplete and lacked explicit
information about the sample collection date, the processing date, who per- I

formed the analyses, and whether the result was valid. A sample copy of data
from each mill is provided in Appendix A. Revisions to the draft NRC regula-
tory guidance should provide guidance relative to the minimum data elements for
retention in permanent records and the manner in which data should be saved.
The only way in which the mills and the NRC can determine whether regulations
concerning uranium exposurc have been met is to evaluate the reccrds containing
bioassay results. These records must be complete and in a format such that the
data are easily retrievable.
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3RD QUARTER 1979

Urinalysis 9/23/79-9/73/79 9/16/79-9/23/79
U(Mgf(\_ YC(mghr/m ) YC(mghr/m )I.D.# Dates of Urine

2 9/24/79 5.0 0.04 0.10
182 9/24/79 3.6 0.03 0.02
160 9/24/79 6.1 0.00 0.00

17 9/24/79 <l.8 0.02 0.03
219 9/24/79 <2.2 0.03 0.02

31 9/24/79 6.2 0.07 0.32
155 9/24/79 2.1 0.03 0.03
163 9/24/79 3.2 0.00 0.00
121 9/24/79 <l . 9 0.00 0.00,
177 9/24/79 5.9 0.06 0.11-

m
152 9/24/79 2.3 0.00 0.00
172 9/24/79 2.6 0.03 0.03
171 9/24/79 <2.1 0.03 0.16.

151 9/24/79 <2.2 0.00 0.00-

170 9/24/79 2.3 0.04 0.13
71 9/24/79 <3.1 0.03 0.02
82 9/24/79 <3.1 0.03 0.03

173 9/24/79 <3.1 0.00 0.00
84 9/24/79 4.4 0.01 0.12

167 9/24/79 <l.8 0.02 0.04
102 9/24/79 <l.8 0.00 0.00
221 9/24/79 <l.8 0.00 0.00
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APPENDIX I, PAGE 2
'

NATURAL
URANIUM U-235

NANOCURIES MICROGRAM 1

-7486 07/26/81 AT 1955 5.2 + 1.5 0+42
-6932 07/29/81 AT 1045 8.5 T 1.9 0750
-4937 07/26/81 AT 0605 5.2 7 1.5 0 7 39
-9717 G7/28/81 AT 1020 0.0 7 1.2 0734
-3779 07/28/81 AT 0741 9.8 7 1.8 0750
-3749 07/26/81 AT 2130 8.0 7 1.5 0748'

-8228 07/26/81 AT 1105 7.0 7 1.5 0745
-6263 07/28/81 f.T 1350 2.0 [ 1.5 0 [45
-4815 07/26/81 AT 0627 6.5 + 1.9 0 + 56

.'" -2380 07/27/81 AT 1133 2.9 T 1.6 0 T 41
-5967 07/26/81 AT 0521 8.7 7 1.6 0 T 48*

-0763 07/27/81 AT 0751 4.6 I 1.6 0744
-6599 07/26/81 AT 0819 4.8 7 1.7 0 T 57
-2852 07/27/81 AT 1440 0.0 [ 1.5 0 [ 39

RADIUM B,C
NAN 0 CURIES

1-5340 07/28/81 AT 1359 3+ 3

1-3779 07/28/81 AT 1303 3T 2
*

!-3749 07/29/81 AT 1024 5[ 3

- - _ _ - - _ _
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In-Vivo Analysis Results
Urinalysis U-nat U-235

Bioassay Date Vendor Recort Date Result - ue/l nCi ur
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URINE ANALYSIS

||) .19 / *! ) ]
Nat/ Nat/

| UME_NAME DATE AREA ugm U 1 DATE AREA ucm U 1

T2. .i 5/3 Shifter 2.33 5/10 Shifter .79

Hei 055 5/4 Precip. 1.74 9?u[ 5/10brecip. 1.57

Dr f.3 C 5/3 FilterO , 3.62 ')2.Y 5/10 ilterf- . .63

Caj 052 5/3 sallMil L 4.64 ''; 5/10 BallMill .63

Sy y ' ,', ' 5/3 Crush.O 6.20 011 5/10 Labor 1.26s

Ch. C69 5/3 Crush.H 2.59 c r> 5/10 Filter O. .94

Me 05" 5/4 oryer 1.93 e 5/10 :'rus h . fi 1.57

5/10bryerMe 059 5/21 oryer 3.44 s e; 1.26

Ch ( c l' 5/31 Crush H 5.12 10L 9/10 Crush.C 1.57
_

Jt yib' Crush O Term.5/13 i e,7;, S/29 3ryer 3.53

M] ,

Labor No Samples c: ~ ' 5/31 2 rush it. 4.53**

' . ' Filterh 007 5/31 2 rushd.F1 "
6.30''

_ !

Fr O!3 5/7 Shifter 2.30 9 't 5/14 shifter 1.76

Je t' D 5/7 Precip 6.61 0 4[. 5/14 Precip 3.93

'#'Ev OS 5/7 Filter . 4.31 5/14 ilter . 1.32

La C 2') 5/7 BallMil:. 1.15 aCV3 5,'14 3allMiL1 6.32

Mc DN 5/17 FilterH 1.45 @ 5/14 Filt e r!I . .98

Ca C7 5/7 Labor 2.30 OM 5/14 Labor 3'.82
lRt ''i l 5/7 Crush O .86 "l' 5/15 Crush 01 3.10

St "f2 5/7 Crush H 2.87 ' 'I ? 5/15 Crush I 3.52

rc C31 5/8 Dryer 1.73 :M' 5/14 3rver 3 . ') 7

au #Il 5/17 Crush O 1.03 C 13 5/29 Crush o 2.87

Sh , ' ' " 5/18 Crush H 7.31 "'#7 5/29 Crush H .66

0 . - 5/17 Dryer 1.03 0)! 5/29 bryer' "

2.21
'

I
:PC-15 ugm U" "/ 1

A.7
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7)PC OF ANALYSIS Uring

.

Sample Date Total Uranium I
^ Identific.mtion Collected ua/11ter

# 406 Double distilled water
;

j # 407 68 ugU/l standard
53

'

# 408 spiked to 15 ugU/1 20
# 409 " 30" "

,

# 410 :er" " " "
6'

" " " "# 411 33
} f 412 " " " "

37

]
" " " "# t!" 34

j / Ma r 7-9-79 8 |
+ Bo 7-12-79 13 I

i 4 Bur 7-12-79 141

; car 7-9 79 < 5
Dal 7-9-79 -5'

f
- Day 7 9-79 8

j Gra 7-9-79 *
12

4Her 7-10-79 5
:. 4Jac 7-12-79- 7i
'

4 Jam 7-12-79 11
! Joh 7 9-79 8
i Kau 7-9-79 14
j Kir 7-9-79 6

1.am 7 9-79 7
4

i Mil 7-9-79 < $l
Sac 7-9-79 7

San 7-9-79 5
1

1

4

APPRhvEO

>
; 8-8-79
i

. *

!

,
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APPENDIX B

RECOMMENDATIONS FOR BI0 ASSAY PERFORMANCE CRITERIA-
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APPENDIX B

RECOMMENDATIONS FOR BI0 ASSAY PERFORMANCE CRITERIA
AND AN AUDIT PROGRAM TO TEST THE LABORATORY

Analysis of uranium in urine is a common radiochemical procedure in which
uranium is removed from the sample matrix and quantitatively measured. Evalu-
ation of bioassay results can determine whether a worker may have incurred
internal uranium exposure at the mill, estimate the rate of elimination of
uranium from the body in urine at various times after intake, and determine the
amount of uranium remaining in the body. Although natural uranium is toxic, it,

is not believed hazardous until the intake exceeds 2.7 mg (ICRP 1968). Bio-
assay measurements must, therefore, be highly reliable so that the health
physicist can take precautions whenever a worker is found to excrete uranium at
or near hazardous levels.

The reliability of the bioassay analysis can be assured if performance
criteria include a_ priori requirements for accuracy (bias) precision, and
confidence. These performance criteria are established depending upon how well
you need to identify the intake of uranium and control the potential for fur-
ther exposure. For example, an internal dosimetry bioassay program could be
established with performance criteria such that the probability is greater than
95% that all internal depositions exceeding 1% of the maximum permissible
limits on dose will be identified from a routine bioassay sample.

Performance criteria for a uranium mill bioassay program should require a
high degree of confidence (e.g., P > 95%) that all bioassay results greater
than 5 ng of U/JL are detected. Three major performance criteria that should be
considered are:

Type I (a) and Type II (b) errors must not exceed 0.05 at the detec-e

tion. limit. That is, no more than 5% of the samples should be
Juugea to contain no activity-wnen, in fact, Ine true activity was
Ld or greater (Type II error). Additionally, no more than 5% of the
samples containing no activity should be judged as containing activ-
ity (Type I error),

Results should be unbiased.e

All results including negative values and those below the Ld shoulde

be reported (i.e., no data censoring).

Two special levels that should be considered when establishing lower.
limits for the bioassay measurement are:

The " decision limit" (L ) is the activity level at which a decision.
c

is made as to whether or not the sample contains activity. That is,
i? the reported activity of a sample is below L , the sample isc

B.1
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Judged to contain no activity and if the reported activity of a sam-
ple is at or above L , the sample is judged to contain activity.c

The " detection limit" (Lq) is defined in relationship to Lc suche
that the smallest true signal will be detected 95% of the time,
i.e., a measurement result equal to Ld may be relied upon (95% of
the time) to lead to detection. This is what is usually considered
the detection limit at the 95% confidence level.

Once bioassay performance criteria for accuracy (bias), precision, and
confidence are established, the health physicist should be responsible for
auditing or testing the bioassay laboratory or vendor to ensure that the per-
formance criteria are met. An audit program consists of submitting blank and
spiked samples to the laboratory with the same characteristics as the actual
samples collected in the routine bioassay program. Audit samples should be
submitted to the laboratory in a manner such that they cannot be differentiated
from typical routine samples. In other words, audit samples should be sub-
mitted as blind and open tests in an amount up to approximately 10% to 15% of
the total number of routine samples.

To test laboratory performance at the decision limit (L ), enough blankc
samples must be submitted so that the standard deviation (S ) of the net activ-g
ity can be determined when the sample contains no activity. If the distribu-
tion of the blank urine results are assumed Gaussian, then:

'c " +KS
o g

,

where,

t (X /n)X =
gg

i i

I (X4 - i)2/ (n-1)|
S =

o i
n = number of available audit samples

the upper percentile from the standard Gaussian distributionK =
j y

corresponding to the size of the desired Type 1 error (e.g., if a = 0.05,
the K = 1.645)a

and

ld"Lc+KSpd

B.2
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where

K the upper percentile from the standard Gaussian distribution
g = corresponding to the size of the desired Type II (e.g., if

p = 0.05, the Kg = 1.645)

S
)| d = standard deviation of the net activity determined from measurements

of spiked samples.

The health physicist should maintain a running table and chart of the data, X ,o
, S , and L . The chart, along with the table, is convenient so that any trendso c'

with time can be easily observed. Table B.1 illustrates some of the relevant
parameters for a few blank urine samples submitted for uranium analysis. The,

table contains columns for date, audit results, X , S , L and the results fromo o eany outlier test. The table also indicates what results were deleted because
they were outliers and what results were subsequently reinstated when future
data indicated that a deleted result probably was not an outlier.

Whenever a new set of results are obtained, the table is updated. Before
a new X S , and L are calculated, the data needs to be inspected for out-
liers. oThis can be done by first visually inspecting the chart or table and

o c

then testing any suspicious data. After any outliers have been removed from
the data, the new X , S , and L are determined. Test sample results deter-o o c
mined to be outliers are considered f ailures when laboratory performance is
being evaluated.

TABLE B.1. Bioassay Data for Natural Uranium Blank Audit Samples

Audit Results,
Date 9 of U

_

So 1 Outlier TestX o

1 0.23

0.03

0.00

0.19

0.21 0.13 0.11 0.31

2 0.03

0.035

3 0.85(a) significant outlier (<0.01) R11 = 0.756

(a) This audit result has been detennined to be an outlier according to the
Dixon Criterion (Natrella 1966). Calculation of L should not includeoutliers. e

B.3
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ny In s al SafetyNew State Office Bldg.

Cheyenne, WY 82001 Western Nuclear Inc.
134 Union Blvd., Suite 640

P 1BWr Lakewood, CO 80228

Split Rock Mill
hjf*MWestern Nuclear Inc.

e al Resources Co.Jeffrey City, CO 82310
1720 S. Bellaire Street
Denver, CO 80222
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|John Burnett F. Jackson 1

'Rio Algom Federal American Partners
P.O. Box 610 Gas Hills Star Route
Moab, UT 84532 Riverton, WY 82501

E. E. Kennedy T. J. Laverty, Mill Supv.
United Nuclear-Homestake Part. Highlands Uranium Operations
P.O. Box 98 Exxon Minerals Co., USA
Grants, NM 87020 P.O. Box 3020

*
M. D. Lawton, Mill Mgr.
Rio Algom Bob Lynn
P.O. Box 610 Anaconda
Moab, UT 84532 Grants, NM 87020

E. L. Nugent, Mine Mgr. D. Markley
Pathfinder Mines Corp. Energy Fuels Nuclear4

Riverton Mine & Mill 1515 Arapahoe
P.O. Box 831 Denver, CO 80202
Riverton, WY 82501

Karen McDowell
Jim Massey, Mill Supv. Petrotomics Co.
Union Carbide Corp. P.O. Box 2509
Grand Junction Office Shirley Basin, WY 82615
Gas Hills, WY 82501

. S. J. Pfaff
! Ralph Peak, Mill Supt. Petrotomics Co.

Pathfider Mines Corp. P.O. Box 2509
Shirley Basin Mine Shirley Basin, WY 82615
Shirley Basin, WY 82615

David M. Range
Robert W. Poyser Exxon Minerals Co.<

Pathfinder Mines Corp. P.O. Box 3020
Lucky McMine Casper, WY 82602
P.O. Box 831
Riverton, WY 82501 J. D. Ritts

Schio Natural Resources
Tom Reynolds P.O. Box 15201
Rio Algom Albuquerque, NM 87125
P.O. Box 610
Moab, UT 84532 J. E. Russell

Utah International
T. E. Buhl Lucky Mc.~ Uranium Corp.
New Mexico Env. Improvement Div. Shirley Basin, WY 82615
P.O. Box 968
Santa Fe, NM 87503
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Gerald L. Schierman
Union Carbide James B. Shannon
P.O. Box 94' Highlands Uranium Operations
Uravan, CO 81436 Exxon Minerals Co.-USA

Casper, WY 82602
Larry Snyder
Minerals Exploration Jack Thompson

P.O. Box 1500 Dawn Mining Co.
P.O. Box 25Rawlins, WY 82301
Ford, WA 99013

J. H. Whitman
Petrotomics Co. George Worman

P.O. Box 2509 Pathfinder Mines Corp.
Shirley Basin, WY 82615 Shirley Basin Mine

Shirley Basin, WY 82615
Gordon Swanby
Atlas Minerals Gary Chase

2508 Prudential Plaza Bear Creek Uranium Co.
1050 12th St P.O. Box 2654
Denver, CO 80625 Casper, WY 82602

Don Lusher Mr. Kenneth Wright
Wyoming Minerals Federal American Partners
Buffalo, WY 82834 Gas Hills Star Route

Riverton, WY 82501
George Meenoch
Western Nuclear Inc. Dr. David Shearer
Sherwood Project Texas Department of Health
P.O. Box 392 Bureau of Radiation Control
Wellpinit, WA 99040 1100 W. 49th St

Austin, TX 78756
Gerald Sinke
Kerr-McGee Nuclear Corp. Tom Wong

Oklahoma City, OK 73125 Union Carbide Corporation
P.O. Box 5100

Dr. Ted Wolff * "'
Radiation Protection Section
Environment Improvement Div. Dr. Noel Savignac

United Nuclear Corp.

, [oxd nSa ta , NM 87503
p 95

E. Scott A uquerque, NM 87H0
Bear Creek Uranium Co.
P.O. Box 2654 10 Marion Loomis
Casper, WY 82602,. Wyoming Mining Assn.

Hitch Post Inn
P.O. Box 866
Cheyenne, WY 82001
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Dennis Fike Frank Eidson
Pathfinders Mines Corp. Inhalation Toxicology Research
Lucky McMine Institute
P.O. Box 831 Lovelace Bianedical & Environ-
Riverton, WY 82501 mental Research Institute

P.O. Box 5890
Gerald Stewart Albuquerque, NM 87185
Environmental Improve. Div.
State of New Mexico Norman Cohen
P.O. Box 968 New York University
Sante Fe, NM 87503 Medical Center

Institute for Environmental
Jim Bazemore Medicine
Sohio Natural Resources Tuxedo, NY 10987
P.O. Box 25201
Albuquerque, NM 87110 Bob Robinson

Monsanto Research Corporation
Bob Nelson Mound Laboratory
Dawn Mining Co. Miamisburg, OH 45342
P.O. Box 25
Ford, WA 99013 Clifford Rudy

Monsanto Research Corporation
Mike Henderson Mound Laboratory
4420 S. David Miamisburg, OH 45342
Casper, WY 82601

M. E. Wrenn
Merrill Eisenbud Radiobiology Laboratory
New York University Medical Center University of Utah
Institute for Environmental College of Medicine

Medicine Bldg. 522
Tuxedo, NY 10987 Salt Lake City, UT 84112

David Hickman Ken Skrable
New York University Medical Center University of Lowell
Institute for Environmental 1 University Avenue

Medicine Lowell, MA 01854
; Tuxedo, NY 10987

U.S. Nuclear Regulatory
Charles Friedman Commission
Monsanto Research Corporation Division of Technical Informa-
Mound Laboratory tion and Document Control
Miamisburg, OH 45342 7920 Norfolk Avenue

Bethesda, MD 20014
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10 NRC Technical Monitor Steve McGuire

'

Dr. Judith Foulke Occupational Protect. Branch
Office of Nuclear Regulatory Mailstop 5650 Nicholson Ln.

Research - Washington, DC 20555
Health Effects Branch
Mailstop 1130 Silver Springs Dennis Sollenberger

.

Washington, DC 20555 Mailstop 396 Silver Springs
'

Washington, DC 20555
Bob Alexander
Occupational Protect. Branch Peter Garcia
Mailstop 5650 Nicholson Ln. Region 4
Washington, DC' 20555 611 Ryan Plaza Drive

Suite 1000
5- R. B. Neal Arlington, TX 76011

Occupational Protect. Branch,

Mailstop 5650 Nicholson ln. ONSITE3

! Washington, DC 20555
' 51 Pacific Northwest Laboratory

Nancy Dennis
Region 1 T. L. Aldridge
631 Park Avenue L. G. Faust,

King of Prussia, PA 19406 D. R. Fisher
R. L. Kathren

,

Shlomo Yaniff J. A. Mahaffey
Health Effects Branch M. A. McKinney
Mailstop 1130 Silver Springs A. R. Olsen
Washington, DC 20555 J. M. Selby,

J. C. Simpson-

i Allen Brodsky H. B. Spitz (35)' Occupational Protect. Branch Technical Information (5)Mailstop 5650 Nicholson Ln. Publishing Coordination vg (2),

Washington, DC 20555'
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