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EXECUTIVE SUMMARY

Following the recent restart of operations a the Y-12 Plant, the Radiologica Control Organization
(RCO) observed that the enriched uranium exposures appeared to involve insoluble rather than
soluble uranium that presumably characterized most earlier Y-12 operations. These observations
necessitated changes in the bioassay program, particularly the need for routine feca sampling. In
addition, it was not reasonable to interpret the bioassay data using metabolic parameter values
established during earlier Y-12 operations. Thus, the recent urinary and fecal bioassay data were
interpreted using the default guidance in Publication 54 of the Internationd Commission on
Radiologicd Protection (ICRP); that is, inhdation of Class Y uranium with an activity median
aerodynamic diameter (AMAD) of 1 um. Faced with gpparently new workplace conditions, these
actions were gppropriate and ensured a cautionary approach to worker protection. As additional
bioassay data were accumulated, it became apparent that the data were not consistent with
Publication 54. Therefore, this study was undertaken to examine the Stuation.

This study uses state-of-the-art information on the behavior of uranium in the respiratory tract and
in the body to assess the enriched uranium intakes in a small subset of Y-12 workers during late
1998 and early 1999. Specificdly, the mathematica models applied are those that form the bases
for ICRP Publication 78 which superseded Publication 54 noted above. The study confirmed that
the enriched uranium exposures involve insoluble uranium and found that the Y-12 bioassay was
condgent with the methods of ICRP Publication 78. The methods of Publication 78 for
interpretation of the bioassay dataa so werefound to reduce the estimated Y -12 worker dosesfrom
insoluble uranium by afactor of about five. Thus, the following recommendations are made:

. The methods of ICRP Publication 78 should be used in the interpretation of uranium
bioassay data. The new modes of the respiratory tract and of the behavior of uraniumin
the body in that publication are broadly consistent with the observed urinary and feca
bioassay data for the Y-12 workers.

. The routine bioassay program must continue to include both fecd and urine sampling to
endble darificaion of the workplace conditions. Monthly feca sampling, while desirable
from a gatigtica viewpoint, can probably be reduced to bimonthly or quarterly sampling
once more experience is gained in the gpplication of the new models to uranium exposures
at the Y-12 Plant.

. Use of the methods of Publication 78 requiresthat the models underlying these methods be
used in assigning the worker’s radiation dose.  Components of these models have no
counterpart in the models upon which 10 CFR 835 is based; thus, efforts should be
promptly initiated to obtain the appropriate regulatory exemptions.

. Further assistance should be provided to Y-12 RCO gaff in implementing the methods of
ICRP Publication 78. Consdering the demands on their time by routine tasks, it is
unreasonable to expect that the staff can implement and evauate these methods while
performing their other duties.



Although beyond the scope of thisstudly, it issuggested that the cursory review of the Y-12 persond
ar monitoring program in this study be expanded to include moreworkerswho are currently weering
persona ar monitoring devices. While workers intakes can best be determined by bioassay
methods, air sampling is a primary indicator of the potential exposure of a worker to airborne
materias and can provide early information on changesin workplace conditions.



1. INTRODUCTION

Uranium exposures & the Y-12 Plant are currently being interpreted using the methods embodied
in various computer codes such as INDOS (Skrable 1987), CINDY (Strenge 1995), and
DOSEXPRT (Ward and Eckerman 1992). All of these codes are based on Publication 54, issued
in 1988, by the International Commisson on Radiologica Protection (ICRP). Publication 54 (ICRP
1988b) isacompanion volumeto Publication 30 (ICRP 1979a,b; 1980; 1981a,b; 1982a,b; 1988a)
which gave vaduesfor the Annua Limits on Intake (ALI) and Derived Air Concentration (DAC) for
radionuclides based on the then current modes for the behavior of radionuclides within the
respiratory tract and the body following their absorption to blood. Since 1988, there have been
magor developmentsin radiation protection which have animpact on the andyses of workers' intakes
of uranium. These developmentsinclude acomprehengverevision of the respiratory tract modd and
arevison of the biokinetic model describing uranium'’s behavior following its absorption into blood.
Because of these developments for uranium and other radioglements, the ICRP has replaced
Publication 54 by a new Publication 78 (ICRP 1997) which details the application of the newer
models in operationd radiation protection.

In this study, we used the newer guidance of the ICRP to assess the uranium intakes at Y-12
falowing the recent restart of enriched uranium operations. The stimulus for the study is the
observationthat these exposures gopear to involveinsoluble uranium rather than the soluble uranium
exposures characterizing most earlier Y-12 operations and that the observed bioassay data were
inconggtent with the Publication 54 modds.

The report begins with adiscussion of the new ICRP respiratory tract mode in Section 2 followed
by brief discussons, in Section 3, of the gastrointestind tract modd and, in Section 4, of the
physiological-based model for the behavior of uranium in the body. These models are used in
Publication78. A comparison of the uranium excretion ratesindicated by the mode s of Publication
54 and 78 are given in Section 5 and the values of the committed effective dose per unit intake
tabulated in Publication 30 and Publication 68 are discussed in Section 6S thelatter publication used
the newer models. Following this introductory meterid, the discussion turns to the application of
these methods to the Y-12 uranium exposures. Section 7 discusses some generd aspects of the
intake and dose calculation practices at Y-12 and Section 8 presents our andyss of the bioassay
data for a smal subset of the Y-12 workers. Our conclusions are presented in Section 9. In
addition, severd appendices are included to provide details regarding the andysis.



2. RESPIRATORY TRACT MODELS

The ICRP has recently adopted, in Publication 66 (ICRP 19944), a new mode for the human
respiratory tract that involves consderably grester detall and physiologicad redism than the
respiratory tract model used in Publication 30 (ICRP 1979a). The Publication 30 model wasinitidly
published in 1966 (ICRP 1966). There are a number of differences between these models which
result in changes in the estimates of fractiona deposition of inhded materid within the respiratory
tract, the subsequent clearance of the deposited material from the lung, and doseto thelung. The
newer modd (ICRP 19944) was formulated to:

. fadlitate cdculations of biologicdly meaningful dose,

. incorporate current knowledge with respect to morphologica, physologica, and
radiobiologica characteristics of the respiratory tract,

. meet the needs of both prospective (eg., derivation of secondary quantities) and
retrospective (e.g, interpretation of bioassay measurements) radiation protection, and

. enable use of information onthe deposition and clearance of specific materials encountered
in the workplace.

The old and new models are shown in schematic form in Figs. 1aand 1b, respectively.

2.1 Model Structure. The new mode divides the respiratory system into extrathoracic (ET) and
thoracic regions. The airways of the ET regionare further divided into the anterior nasa passages,
in which deposits are removed by extrinsc means such as nose blowing, and the posterior nasal
passages including the nasopharynx, oropharynx, and larynx, from which deposits are swallowed.
The arways of the thorax include the bronchi (compartments labeled BB;), bronchioles
(compartments labeled bb;), and dvedlar-interdtitid region (compartments labeled Al)). Materia
deposited in the thoracic airways may be cleared into blood by absorption, to the gastrointestingl
(GI) tract by mechanical processes(that is, transported upward and swallowed), and to the regional
lymph nodes vialymphétic channds.

The number of compartmentsin each region was chosen to duplicate the different kinetic phases
observed in humans and laboratory animds. In Fig. 1b, the particle transport rates shown beside
the arrows are reference valuesin unitsof d. For example, mechanica transport of particles from
bb, to BB, is assumed to occur at afractiond rate of 2 d* and the mechanica transport from ET,
to the Gl tract is assumed to occur at afractiond rate of 100 d*. The mechanica transport rates
are assumed to be independent of the physio-chemica nature of the deposited materid.

Inaddition to the mechanica clearance, particles undergo dissol ution with subsequent absorption of
the dissolved congtituents to blood.  Unlike mechanica clearance, the rate of absorption (the
movement of materid to blood regardliess of the mechanism) depends on the physio-chemica form
of the inhaled materid. Clearanceis discussed further in Section 2.3.
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Fig. 1a. Compartment modelused Fig. 1b. Time-dependent particle transport from each
to describe the clearance of respiratory region withintherespiratory tract model of
materials deposited in the lung in  ICRP Publication 66. Transfer to blood (not shown)
| CRP Publication 30. occurs from all components except ET;.

2.2 Deposition. The deposition of particles in the respiratory tract and the underlying physica
mechaniams that determine the distribution of deposited materid in the respiratory tract have been
the subject of considerable experimental and theoretica research since the issuance of the earlier
ICRP lung modd (ICRP 1966). These developments were extensvely reviewed during the
development of the new lung model (ICRP 19943).

The deposition model in Publication 66 (ICRP 1994a) provides estimates of the regiona deposition
for a wide range of particle Szes. This range extends from atomic dimensions (gpproximately
0.0005um in diameter) to large aerosols characterized by an activity median aerodynamic diameter
(AMAD) on the order of 100 um. In addition, the deposition depends upon physiologica factors
(e.g., nose vs mouth breathing) and the leve of physcd exertion. In Publication 66, the default
vaue of the AMAD for workplace aerosolsis 5 um (ICRP 19944, Dorrian and Baily 1995). Other
information on aerosols a uranium handling and processing facilities, including the Y-12 plant,
support the choice of adefault value of aleast 5 um (Schieferdecker et al. 1985, Barber and Forrest
1995, Ansoborloet al. 1998, Chazel et al. 1998, Hoover et al. 1998). The previous default vaue
used by ICRP had been 1 um. Thefraction of theinhaled activity that isdeposited in the respiratory
tract isgiven in Table 1 for the default aerosols. Thelarger size of the aerosol assumed in the newer
mode and the consideration of nose breathing (the earlier modd was based on mouth bregthing)
result in increased deposition of inhded activity in the respiratory tract (82.2% vs 63 %). The
increased deposition occurs largdly in the ET airways and the deposition is reduced in the distal
arways of the new modd.



Table 1. Default deposition valuesfor old and new lung models.

ICRP Publication 30 ICRP Publication 66

(AMAD = 1um) (AMAD =5 pm)
Region Deposition (%) Region Deposition (%)

NP 30 ET, A
B 8 ET, 40
P 25 (Subtotal) (74)
Total 63 BB 1.8
bb 1.1

Al 5.3

(Subtotal) (8.2

Total 82.2

The partitioning of the regiona deposition inthe new modd among the compartmentsin each region
isgivenin Table 2 for the default aerosol. The partitioning to the dow-clearing compartments BB,
and bb, depends on particle size and, at 5-um AMAD, are 0.333 and 0.397, respectively.

2.3 Clearance. Materids deposited in the respiratory tract are cleared (or trand ocated) by three
main routes:

. to blood by absorption,
. to the Gl tract by mechanica clearance, and
. to regiond lymph nodes (LN) vialymphatic channels.

These routes of clearance are considered to operate in dl regions of the modd, with the exception
of the ET, region in which the deposited materid is removed only by extringc means (e.g., nose
blowing).

Although the model permits consideration of compound-specific absorption rates, aerosols are
generdly assigned to one of three default absorption types. Type F (fast dissolution and ahigh level
of absorption to blood), Type M (an intermediate rate of dissolution and level of absorption to
blood), and Type S (dow dissolution rate and low level of absorption to blood). The absorption
coefficient for Type M and S compounds are time-dependent and can be considered to arise asthe
deposited paticles are transformed from their “initid state’ to a“transformed date’. Paticlesin
ether state are subject to the same mechanica clearance but different absorption rates to blood.
It isaso possibleto envison paticlesin a “bound state” wherethey are not subject to mechanica



Table 2. Partition of deposition (AMAD = 5um) in regions of
respiratory tract among compartmentsin |CRP 66 modd.

Fraction of regional deposition

Region Compartment assigned to compartment
ET, ET, 0.9995

ET g 0.0005
BB BB, 0.660

BB, 0.333

BBy 0.007
bb bb, 0.596

bb, 0.397

bbe 0.007
Al Aly 0.3

Al, 0.6

Alg 0.1

clearance; however, the “bound gtate” isnot part of thekineticsfor Type F, M, and S compounds.
The fractiond rate of absorption (d™) assigned to the defauilt types are:

TypeF: 100
Type M: 10.0 e &100.0t ¢y 5 )x](0E3 @ &0.005t

Type S 0.1 e&100.0t gy 1 Ox 10%4 g &0.0001t

wheret is the time (days) since the initid deposition. Thus, for example, a Type M compound is
transferred at time zero from the compartments of the respiratory tract model (see Fig. 1b) to blood
at afractiona rate of 10.005 d* which dedlines with time to about 5.0 x 10° at 0.1 day and 3.0 x
10° a 100 days. Type F materias are remove at the constant rate of 100 d*. The fraction rate
a which inhded Type M and S uranium istrand ocated from the lung to blood (the absorption rate)
and to theGl tract isshown graphicaly in Fig. 2. From that figure, one notes the decreased transfer
to blood (absorption) of Type S uranium relaiveto Type M and that the transfer rate into the Gl
tract islargely independent of absorption type.
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Fig. 2. Theinstantaneoustransfer rateof inhaled uranium from thelunginto
the blood (the absorption) and into the gastrointestinal Gl) tract as
predicted by the Publication 66 lung model for Type M and S compounds.
The workplace aerosol was char acterized by an AMAD of 5 um.

Assgnment of compounds of different chemica formsto absorption Type F, M, or Sisbest based
onthe experimenta datafor compounds expected to be encountered in theworkplace. For uranium
compounds, Publication 78 (ICRP 1997) suggests the following classfication:

TypeF Soluble U compounds including most hexavaent
compounds, e.g., UFg, UO,F, and UO,(NO5),

TypeM L ess soluble compounds, e.g., UO,, UF,, UCl,, and other
hexavaent compounds

Type S Highly insoluble compounds, eg., UO, and U;O4

The Publication 30 modd assigned aerosols to one of three clearance classes D, W, and Y that
represented clearance half-times in the deep lung on the order of days, weeks, and years. The
assgnment of uranium compounds to these clearance classes in Publication 30 (ICRP 19794) and
Publication 54 (ICRP 1988b) was as above with absorption Type F, M, and S corresponding to
clearance ClassD, W, and Y, respectively.

Table 3summarizesthefraction of theinhded activity whichis predicted to be trand ocated to blood
(fractiond uptake) by absorption from the lung and Gl tract for both lung modes using the
recommended default aerosol Szesfor each model. For example, the Publication 30 model indicates
that 63% (see Table 1) of the inhaded activity is deposited in the respiratory tract. For Class Y
uranium, 5.4% of the inhded activity is absorbed directly from the lung and the remainder, 63%
minus 5.4% or 57.6%, is trandocated to the Gl tract where the 0.2% of the swalowed uraniumis
absorbed; hence, 0.002 times 57.6% or 0.12% is absorbed viathe Gl tract. The total uptake of
ClassY uranium is 5.5% of theinhaded activity.



Table 3. Absorption of inhaled uranium.

ICRP Publication 30 ICRP Publication 66
(AMAD = 1 Fm) (AMAD =5 Fm)
Uptake (%) Uptake (%)
Class Type

Blood Gl Tract? Total Blood Gl Tract® | Total
D 47.6 0.77 48.4 F 28.2 040 28.6
12.0 2.6 14.6 M 8.2 0.80 9.0
Y 54 0.12 55 S 0.6 0.095 0.70

&The fractional absorption, f, parameter, in Gl tract was taken to be 0.05 for Class D and W
uranium compounds and 0.002 for Class Y uranium compounds (ICRP 1979a).

bThe fractional absorption, f, parameter, in Gl tract was taken to be 0.02 for Type F and M
uranium compounds and 0.002 for Type S uranium compounds (ICRP 1994b).

Inthe Publication 66 lung mode, the deposition of an aerosol characterized by an AMAD of 5 um,
iIs82.2% (see Table 1). The activity deposited in the anterior portion of the nose (the ET; region),
34% of the inhaled activity, is not trand ocated to either blood or the Gl tract. Thus, 82.2% minus
34% or 48.2% of the inhaled activity is subject to absorption or trandocationto the Gl tract. For
Type S uranium, 0.6 % of the inhaled activity is absorbed directly from the lung and 47.6% enters
the Gl tract where the 0.2% is absorbed; hence, 0.002 times 47.6% or 0.1% of theinhaled activity
is absorbed viathe Gl tract. Thetota fractiona uptake of Type S uranium is 0.7% of the inhaled
activity. Thus, the Publication 66 modd predicts a lower asorption of Type S uranium than the
Publication 30 modd (0.7% vs 5.5%).

2.4Dosmetric Considerations. The dosmetric modd for the respiratory tract in Publication 66
(ICRP 19944) takes into account the potentia for the inhaed radionuclide to irradiate tissues
throughout the respiratory tract and the large range in the radiation sengtivity of thesetissues. The
model recognizes that the doses received by various tissues of the tract can vary substantidly,
depending upon the physica properties of the inhded materia. The variaion in dose among the
tissues called into question the organ average dose concept for the lung used in Publication 30. In
Publication 30 (1979a), the lung dose was computed asthetota energy depostionintheTB, P, and
LN regions (NP region not reflected in the lung dose) of the mode divided by the mass of the blood
filled lung (1 kg). The Publication 66 modd involves a cdculation of the dose to the cdls at risk
(reflecting their depth into the airways) in each region of the respiratory tract. These dosesarethen
weighted by an apportionment factor to derive the “lung” dose. The gpportionment factorsfor the
regions reflect their contributions to the overal risk of lung cancer. The dose to the lung, Hyyyg, is
computed as

Hlung " AggHeg % Ay Hpp % Ay Hy % ALNTH HLNTH



and the dose to the extrathoracic region, Hgy, is computed as
HEr ) AEFlHEl'l % AEFZHEl'z % ALNHHLNH

where the apportionment factors are:

Tissue Apportionment factor (A)
Extrathoracic Region
ET, (anterior nose) 0.001
ET, (posterior nasa passages, larynx,
pharynx, and mouth 1.0
LNgr (lymphetics) 0.001
Thoracic Region
BB (bronchid) 0.333
bb (bronchiolar) 0.333
Al (dveda-interditid) 0.333
LNy (lymphatics) 0.001

The doseto tissues other than thelung are computed in the manner of Publication 30 (ICRP 19794).
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3. GASTROINTESTINAL TRACT MODEL

The modd used to describe the behavior of radionuclides in the gastrointestina (Gl) tract is that
described in ICRP Publication 30 (ICRP 19794). Themodd, showninFig. 3, dividesthe Gl tract
into four segments or compartments. ssomach (&), smdl intestine (), upper large intestine (ULI),
and lower large intestine (LL1), and depicts first-order transfer of material from one segment tothe
next. Maerid isassumed to transfer from S to 9 at the fractiond rate of 24 d*, from S to ULI
at 6d? fromULI to LLI at 1.8 d*, and from LLI to the compartment FECES at 1 d™.

Absorption of ingested materia to blood generdly is assumed to occur only in . Absorption to
blood is described in terms of afraction f;. In the absence of radioactive decay, the fraction f; of
ingested materid moves from S to BLOOD and the fraction 1-f; moves from S to ULI and
eventudly is excreted in feces. The transfer coefficient from S to BLOOD is 6f,  (1-f;) d*.

Inthe cdculation of dosesfrom inhalation of radionuclides, dlowance is made for the absorption of
materid passng through the gastrointestind tract after clearance from the respiratory tract.
Radionuclides cleared from the respiratory tract may typicaly be present as minor congtituents of
the inhaled particles and the absorption fromthe gastrointestingl tract may depend on dissolution of
the particle matrix as well as the eemental form of the radionuclide (ICRP 1996). In ICRP
Publication 68 (ICRP 1994b) and hence in this report, the element-specific f; values gpplied to
uranium ingestion are gpplied to inhaation. For inhaed uranium of Type Fand M, adefaultf; vaue
of 0.02 isapplied and for Type Sadefault f; value of 0.002 is applied.

Ingestian

Respiratory
Tract

> 3t

| 24 o
< S|
l 6 d
Blaod UL
J1.&d
LLI
s 14d

Fecas

Fig. 3. Model of transit of material through the
gastrointestinal tract (ICRP 1979a).
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4. BIOKINETIC MODELS

A new physiologicaly-based mode of the behavior of uranium following its uptake to blood was
presented in Publication 69 (ICRP 1995). The model describes, in detail, the kinetics of uranium
in bone (the main Ste of systemic retention) and in the liver, kidneys, and other soft tissues. The
model takes account of the initial uptake of uranium onto the surfaces of bone, itstransfer from the
bone surface into bone volume, and recycle from bone and other tissues back to blood. The
movement of uranium between these Sites and into the routes of excretion are explicitly addressed
inthemodd. The new mode is shown in schematic form in Fig. 4a and its parameter vaues are

givenin Appendix F.

The Publication 30 uranium modd (ICRP 1979a), typica of a class of biokinetic models caled
retention models, was designed for caculation of time-integrated activities and characterigtically
falled to describe the behavior of uranium shortly after itsuptaketo blood. Itis, of course, just these
times that are important in bioassay gpplications. As seen in schematic of Fg. 4b, the old model
does not explicitly address the excretion pathways. Instead, it amply indicates, for example, that
uranium leaving “bone’ gppearsin urinewithout being transferred to the kidney and urinary bladder.
Thisis not physologicaly correct.

Figure 5acomparesthe expected urinary excretion indicated by the biokinetic modd s of Publications
54 and 78 (ICRP 1988b, 1997) following a hypothetica injection of uraniuminto blood. Figure5b
shows both the urinary and fecal excretion rate predicted by the model used in Publication 78. In
Publication 54, no fecd excretion of injected uranium was indicated. As seen from Fig. 5a, the
urinary excretion ratesindicated by the two modelsarein reasonable agreement with the discrepancy
a aday being only afactor of 4.
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Fig. 4. Biokinetic models of uranium used in the | CRP Publications. The physiologically-
based model of Fig. 4aisthe model that was introduced in Publication 69 and later used in
Publication 78. Note that this model explicitly details the excretion of systemic uranium,
including both urinary and fecal excretion. Fig. 4b illustrates the retention model used in
Publications 30 and 54. Notethat uranium leaving systemictissuesissimply taken to enter
urinary excretion.
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Fig. 5. Excretion of uranium followingitsintroduction into blood. Fig. 5acompares
the urinary excretion rateindicated in ICRP Publications54 and 78, thelatter being
based on the model of Publication 69. Fig. 5b showsthefecal and urinary excretion
rates predicted by the models of Publication 78.
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5. EXCRETION RATES

The expected urinary and feca excretion ratesfollowing inhaation of uranium compounds have been
caculated assuming acute intakes of various chemica forms using the old and new modes (see
Fg. 6). Theurinary excretion rates predicted by the two mode s are quite different, especialy those
for insoluble uranium (Class Y and Type S); however, little difference is indicated in the feca
excretion rates. For Type S uranium, the ratio of the amount excreted in urine to that in fecesis
considerably lower than that indicated by Class'Y uranium. Thisis, of course, just theissue evident
in the processing of the Y-12 bioassay data.

In interpreting the Y-12 bioassay data, it was observed that urinary and feca data were not
consstent with the predictions of the older model. The older mode indicated afecesto urineratio
that was smdller than observed (i.e,, it either underestimated feca excretion or overestimated urinary
excretion). The new mode was known to increase the amount of materid entering the Gl tract;
thus, it was clear that thismode might well be consggtent withthe'Y-12 observations. Thisisevident
in the panel of Fig. 6 that compares Class Y and Type S urinary and feca excretion.
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Fig. 6. Expected 24-hour urinary and fecal excretion of uranium following
an acute intake using the models of |CRP Publication 54 (AMAD = 1um)
and ICRP Publication 78 (AMAD =5 pm).
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6. DOSIMETRIC MODELS

Committed effective doses per unit intake for the various uranium isotopes based on the old (ICRP
Publication 30) and new (ICRP Publication 68) moddsarelisted in Table 4. Thevauesof the dose
coefficients for soluble forms of uranium (D and W compared to F and M, respectively) are not
sengtive to the changes between the old and new models. However, the dose coefficient for
insoluble uranium (Type S) based on the newer modd is about one-fifth of the earlier vaue for
Class Y uranium compounds.

Table 4. Inhalation dose coefficients for uranium.

ICRP Publication 30 ICRP Publication 68
Nudlide (AMAD =1 um) (AMAD =5 pm)
Class he, SV/Bq Type e(50), Sv/Bq

234 D 74E17 F 6.4E17
W 2.1E16 M 2.1E16

Y 3.6E!15 S 6.8E16

235 D 6.8E17 F 6.0E17
W 2.0E!6 M 1.8E!6

Y 3.3E15 S 6.1E16

28y D 6.6E17 F 5.8E17
W 19E!6 M 1.6E!6

Y 3.2E15 S 5.7E16
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7. Y-12INTAKE AND DOSE CALCULATION PRACTICES

For purposes of comparing intake and dose cal cul ations between old and new models, we adopted
the standard Y -12 Plant assumption that the mgority of the activity observed in uranium bioassay
samples is atributable to the 2**U isotope and therefore intakes and doses are calculated by
assuming al uranium is 24U (Snapp 1999). This assumption was adopted to reduce the length of
the computationd time required for completion of the dose assessment from the large number of
positive results due to the chronic low-level exposuresat theY-12 Plant. Attributing al the uranium
activity to 2*U in the dose assessment process, instead of assessing separate doses for 23U, 2%°U,
and %8, reduced the computationa time involved in the dose assessments by afactor of 1/3. For
dose assessments based on ICRP Publication 30 data for Class Y uranium, this assumption only
overestimates the dose by gpproximately 11% in the case of depleted uranium and by less than
approximately 0.2% in the case of highly enriched uranium (Snapp 1999).

The effect of this assumption for dose cal culations based on ICRP Publication 68 datafor Type M
and Suranium is conddered in Table 5. 1t is further assumed that the isotopic ditribution of the
depleted uranium is0.001%, 0.119%, and 99.8% by weight 2*U, 225U, and 28U, respectively, and
that the isotopic distribution of the enriched uranium is 1%, 93%, and 6% by weight ‘U, 2°U, and
238U, respectively (see, for example, Rucker and Johnson 1999). For Type S uranium, the
assumption that all activity is dueto 2*U overestimates the inha ation dose by approximately 0.3%
in the case of highly enriched uranium and 16% in the case of depleted uranium, and for Type M
uranium, the assumption that al activity is due to **U overestimates the inhdation dose by
goproximately 0.5% in the case of highly enriched uranium and 20% in the case of depleted uranium.
Because the computational speed of new computers no longer necessitatesthe practice of assuming
dl activity is due to 2*U and because the dose for depleted uranium exposures could be
overestimated with the new mode by as much as 20% with this assumption, it is recommended that
the isotopic bioassay results be used for assessment of dose from depleted uranium exposures.
However, since the overestimation of doses due to enriched uranium exposuresisminima with the
new mode (0.5%), it remains acceptable to continue usng the assumption that al activity comes
from 2*U for enriched uranium dose calculation purposes.

Table5. Comparison of committed effective doses for a total inhalation intake
of 1000 dpm of various uranium materials with an AMAD of 5 Fm.

_ _ Committed effective dose (mrem/1000 dpm)?
Uranium materia
TypeS Type M
All 234U material 11.33 3.50
Enriched uranium 11.30 348
Depleted uranium 9.79 2.80

aMultiply by 2.22E+3 to convert to mrem/FCi and by 6.00E! 7 to convert to Sv/Bg.
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Most bioassay samples at the Y-12 Plant are collected over a twenty-four hour period; thus, the
measurement of a samplée's activity is a measurement of the daily excretion. However, in some
instances, particularly fecd samples, it becomes necessary to normalize sampleswith asmdler than
expected Szeto the tandard 24 hour sample size. Thisisaccomplished by multiplying the observed
concentration by the standard or reference sample size for a 24 hour sample. The applicable
reference vaues are a urine volume of 1.4 liters and afecd massof 135 g (ICRP 1975).

The activity of naturally occurring uranium inthe diet must be consdered in theinterpretation of low-
level uranium exposures. Two items of information of generd interest in this particular sudy
concerned with the assessment of enriched uranium exposures at the Y-12 Plant are the 24U:28U
activity ratiointhe diet and the typical daily dietary intake of 28U inthe Oak Ridgearea. No studies
of thedaily intake of uranium for the Oak Ridge area.could be found (Snapp 1999). However, food
samples collected in the New Y ork City areawere used recently to determine the uranium isotopic
content in 19 different food typesin atypica diet (Fisenneet al. 1987) and the Oak Ridge National
Laboratory (ORNL) Officeof Environmental Compliance routindy samplesloca resident drinking-
water wellsinthe Oak Ridge area. By the use of these well-water datafor 1992 through 1995 and
the data for foodstuffs from Fisenne et al. (1987), the daily intake in the Oak Ridge area was
estimated to be 1.7 dpm of 2*U and 1.2 dpm of 28U, and the*U:>%U activity ratio was estimated
to be about 1.4 (Snapp 1999). The observed uranium activity in the feca samples of individuds
exposed to only enriched uranium provides an independent set of data to assess the dietary intake
of 28U sincethefractiona absorption of ingested uraniumissmall (see Section 3).  Figure 7ashows
aplot of the distribution in the 28U concentration in the feces of a set of unexposed subjects at the
Y-12 Plant and Fig. 7b shows the data for workers exposed to only enriched uranium at the Y-12
Plant. The log-norma digtributions of these data as shown in Figs. 7aand 7b are Smilar. The
geometric mean of 0.0087 dpm/g and the standard fecal mass of 135 g indicates adaily excretion
of about 1.2 dpm of 22U. Thisvaueis consstent with the vaue estimated for the Oak Ridge area
population usng levels observed in New Y ork City foodstuffs and in Oak Ridge areawells. The
scatter plot in Fig. 8 shows the 2%*U:28U activity ratio observed in the fecal samples from the
unexposed subjects and indicates a mean value of 1.4 which is dso in agreement with the value
suggested by the estimated Oak Ridge intakes.

In its interpretation of the bioassay data for subjects exposed to enriched uranium, Y-12's RCO
subtractsfrom the observed totd uranium activity in feca samplesavaue corresponding to twicethe
observed 22U activity. The factor of two assumes that the 2*U activity in the diet isin equilibrium
with that of 28U. The data of Fig. 8 indicates that the equilibrium ratio is greater than one; hence,
the subtraction of only twicethe?8U activity is a conservative gpproach. Thedataof Fig. 7 clearly
demonstrates that the observed 238U activity in feces of a subject exposed to enriched uraniumisa
valid measure of the subject’ s dietary intake. Thus, these procedures are valid.
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8. Y-12 CASE STUDIES

Exposure histories of 15 employeesat the Y-12 Plant were selected for usein thisstudy. These 15
employeesare designated here smply asEmployees” A" through"O" (see Appendix A). All of these
employeeswere exposed to enriched uranium aerosol s during the recent restart of enriched uranium
cagting and machining operations at the Y-12 Plant on June 8, 1998. With the exception of
Employee"H", the selected employees were restricted from working at their norma jobs and were
reassigned to other jobsin non-radiologica areasat various dates between September 4, 1998 and
December 3, 1998. Therestrictionswere necessary o that follow-up bioassay samplesin response
to results that had exceeded Y -12 established trigger levels could be obtained for purposes of dose
caculations without interference from additiona exposures. The exposures of Employee “H” were
restricted by methods other than job reassgnment starting on September 16, 1998 and ending
around November 1, 1998.

Threetypesof bioassay measurementsare maderoutingy at the Y -12 Plant: lung counting, urindysis,
and fecd andysis. Depending on the Stuation, any combination of the three methods may be used
to determine an employee’ sdose. In addition, air sampling measurements are made using both area
and persond monitoring devices. The 1998 data sdlected for evauation were the lung counts and
the bioassay datathat were collected between the start up of the enriched uranium operations (June
8, 1998) and the date the employeewasreleased from restriction (September 4 through December
3, 1998). Five of the 15 employees aso wererestricted from their norma jobsfor brief periods of
time during the first four months of 1999. Therefore, to make an assessment of intakes and doses
under norma conditionswithout the interruption caused by restriction, the other 10 employeeswere
selected for evauation of their 1999 data. The 1999 data are of interest because the monthly
collection of bioassay samples was initiated and the collection of air samples usng persond ar
monitor (PAM) devices was expanded. The PAM devices are used to sample air in the breething
zones of the individud employees.

8.1 StudiesUsing 1998 Bioassay Data. The estimated intakes derived in this sudy using the
new mode (TypeM & Suranium, AMAD =5 um) andin previous Y -12 studiesusing the old mode
(ClassY uranium, AMAD = 1 um) are compared in Table 6. Theold model calculationsare based
in some instances on the feca data (all cases used in this study except Employees“C” and “M”), in
some instances on the urine data (Employees“C” and “M”), and in some instances on both (other
cases where individuals were monitored for insoluble exposure but were not included in this sudy)
(Snapp 1999). The new modd caculations are based on thefeca data, unlessthe estimated intake
based on feca datais larger than that based on urine data assuming exposure to pure Type S
uranium. In these cases, an average value based on both the fecal and urine datais used, along with
the assumption of exposure to only Type S uranium. For example, the estimated intake for
Employee"K" isthe average of the estimated intake rates of 286 dpm/d based on thefecd dataand
120 dpm/d based on the urine data (see Fig. B-11 of Appendix B) or 203 dpm/d multiplied by his
exposure period of 60 days (see Table A-11 of Appendix A) or 1.22 x 10* dpm (5.49 x 103 FCi).
In other cases, the intake was based on an average of the intake rates derived from the fecal data
assuming either Type M or Type S uranium (see Eg. G-3 of Appendix G). For Employee "B", the
estimated
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Table 6. Estimates of intakes from 1998 uranium exposur es
based on old (ICRP-30) and new (I CRP-66) models.

I Uranium intake (FCi)?
Employee
Old mode New model®

A 6.42E13 5.89E!3
B 6.14E13 6.64E!13
C 8.49E!3 1.66E!12
D 343E!3 11913
E 291E!3 5.19E!3
F 4.62E13 157E12
G 5.23E!3 9.79E!3
H 5.02E!3 742E13
I 5.05E!13 9.04E!13
J 6.61E!3 9.39E!3
K 6.15E!13 549E!3
L 4.03E!3 2.18E!3
M 7.91E!13 8.51E!3
N 2.03E!3 243E!3
@] 4.35E13 3.97E!3

aMultiply by 3.7E+4 to convert to Bg.

b ntakes are based on fecal data predictions assuming exposure to Class Y uranium with an
AMAD of 1 um, except for Cases “C” and “M” where an intake based on the urine data prediction
assuming exposure to Class Y uranium with an AMAD of 1 pmis used.

“Intakes are based on fecal data assuming exposure to a mixture of Type M and S uranium
with an AMAD of 5 um, except for Cases “K” and “O” where an average intake rate based on both
the urine and feca data predictions assuming exposure to only Type S uranium with an AMAD of 5
M is used.

intakeisaverage of the estimated intake rates of 98 dpn/d assuming Type S uranium and 108 dpnv/d
assuming Type M uranium (see Fig. B-2 of Appendix B) or 103 dpm/d multiplied by his exposure
period of 143 days(see Table A-2 of Appendix A) or 1.47 x 10* dpm (6.64 x 102 FCi). It should
be noted that the intakes based on the new modd aretypically larger than those based on the older
modd.

The egtimated doses derived in this study using the new model and in the previous Y-12 studies
using the old modd are compared in Table 7. To illustrate the calculation of the newer doses, the
examplesin the above paragraph are used. For Employee"K", it was assumed that his exposure was
due to Type S uranium (see Appendix G) and the TypeM fraction, f™, for his exposure was zero
(see Table 7). The dose coefficient for pure Type S uranium is 11.33 mren/1000 dpm or 1.133 x
102 mrem/dpm (see Table 5), and the estimated dose for Employee"K" is this dose coefficient
multiplied by his estimated intake of 1.22 x10* dpm (see above paragraph) or 138 mrem
(1.38 mSv). For Employee "B", the Type M fraction, f M, is 0.134 (see Table 7), and his dose
coefficient is0.134 multiplied by the dose coefficient of 3.50 mren/1000 dpm for Type M uranium
(see Table 5) plus 0.866 (i.e., f °) (see Appendix G)
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Table7. Estimates of committed effective dose from 1998 uranium exposures
based on old (ICRP-30) and new (I CRP-60) models.

Committed effective dose (mrem)? TypeM
Employee fraction,
Old model® New model® M
A 850 148 0.4%°
B 813 151 13.4%
C 1124 399 6.1%
D 454 25 23.6%
E 386 128 3.1%
F 612 388 24%
G 693 246 0
H 665 187 0.1%
I 669 227 0.2%
J 875 235 0.9%
K 814 138 0
L 533 47 19.3%
M 1,048 201 8.8%
N 244 59 4.7%
O 576 100 0

Multiply by 1E15 to convert to Sv.

BAssumes an exposure to Class Y uranium with an AMAD of 1 Fm.

€Assumes an exposure to a mixture of Type M and S uranium with an AMAD of 5 Fm.
dFraction of intake due to Type M uranium in new model (see Appendix G).

multiplied by the dose coefficient of 11.33 mrem/1000 dpm for Type S uranium or 10.28
mrem/1000 dpm (1.028 x 102 mrem/dpm). The estimated dose for Employee “B” is this dose
coefficient multiplied by hisestimated intake of 1.47 x 10* dpm (see above paragraph) or 151 mrem
(151 mSv). The new dose estimatesin Table 7 are smdler in site of the fact that the new mode
caculationstypicaly predicted larger intake vaues than the old modd calculations (see Table 6).
Asde from differencesin estimated intakesin Table 6, the new dose estimates are smaler on the
average by afactor of about 5 because the dose coefficientsfor insoluble uranium (Type S) used in
the new dose cdculationsare one-fifth the earlier vauesfor Class'Y uranium compoundsused inthe
older model caculations (see Table 4). The new mode caculations alow adjustments for the
mixtureof soluble (Type M) andinsoluble (Type S) uranium involved in the Y -12 exposures, but the
adjustments result in smal reductions of less than 15% in the dose estimates because the 1998
exposures considered in this study were dominated by Type S uranium (see Table 7).

8.2 StudiesUsing 1998 L ung Counts. A comparison of measured and calcul ated valuesfor 25U
activity in the lungsis provided in Table 8. The measured vaues are pecified as less than some
minimum detectable leve of 2°U activity for the various employees. The caculated valuesfor each
employee are based on the new modd assuming a continuous exposure to Type S uranium with an
AMAD of 5 um gtarting on June 8, 1998 and ending on
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Table 8. Comparison of measured and calculated values for 22°U activity in the lungs.

235 Jung activity (nCi)2
Employee Date
Measured Calculated
A 09/22/98 <1.62E!1l 791E!13
B 10/29/98 <199E!1 8.44E13
C 09/23/98 <228E!1 2.18E12
D 09/28/98 <220E!1 141E13
E 11/09/98 <4.75E!l 6.34E13
F 12/04/98 < 3.24E!1l 192E12
G 09/28/98 <223E!1 1.32E12
H 10/12/98 <222E!'1 8.27E!3
I 09/24/98 <248E!1l 121E12
J 09/08/98 <228E!l 120E12
K 09/22/98 <158E!1 1.58E12
L 10/30/98 <279E!11 2.75E13
M 10/06/98 <157E!l 111E12
N 09/23/98 <158E!1l 3.25E13
O 09/22/98 <169E!1 7.69E13

aMulitply by 3.7E+1 to convert to B,

the lung counting date for the employee (see Table8). The caculated vauesaso assumetheinhded
uranium was highly enriched uranium containing 93% by weight 2°U (see Section 7). These
caculated values are consarvative because the Y -12 exposuresinvolved primarily Type S uranium,
and Type Suranium has adower dissolution rate and lower leve of asorption to blood than Type
M uranium in the lung (see Section 2.3). The calculated and measured values are considered to be
consistent because the calculated >*U lung activities are at least an order of magnitude smaller than
the minimum detectable limits of the lung counting measurements. Even though lung counting lacks
the necessary andytica sengtivity to serve asthe basisfor assessang chronic low-levd intakes; it can
provide information that is useful (e.g., the “less than” result serves to cap an intake amount by
predicting the amount that could be observed in the lungs).

8.3 Studies Using 1999 Bioassay Data. Intakes based on the new modd were caculated for
10 employeeswho were exposed continuoudly to enriched uranium aerosolsat the'Y-12 Plant during
the firgt four months of 1999 (see Tables C-1 through C-10 of Appendix C). The 10 employees
were sdlected from the group of 15 who wereincluded inthe Y -12 case studies using 1998 bioassay
data (see Section 8.1 and Appendix A). Five of these 15 employees were restricted from their
norma jobsfor brief periods of time during the first four months of 1999. Therefore, in an effort to
make an assessment of intakes and doses under norma conditions without the interruption caused
by restriction, the other 10 employees were selected for evauation of their 1999 data. The
exposures during this period of timewere modeled as a continuous exposure starting on the date the
employee was released from redtriction in 1998, except for employee "H" (see Appendix A).
Because Employee “H” was not restricted from his normal job in the latter part of 1998, his
exposure was modeled, based on other considerations, as a continuous exposure starting on

23




November 1, 1998. The ending date for al exposures was taken to be April 30, 1999, and the
intakes and doses were calculated for the 120 days between January 1 and April 30, 1999.

The estimated intakes and doses derived in this study using the newer model and 1999 bioassay data
aresummarizedin Table9. Thesenew modd ca culaionsfor the 1999 exposures are more complex
thanthose for the 1998 exposures (see Fig. C-1 of Appendix C). For example, the excretion from
the earlier 1998 exposures must be taken into account in the derivation of intakes and doses from
the 1999 exposures. The excretion contributionsfrom the 1998 exposures are significant in the case
of Employee“H” whose estimated intake rate in 1999 was only 27.3 dpm/d compared to hisearlier
1998 intake rate of 165 dpm/d (see Fig. C-1 of Appendix C). The excretion contributions from
earlier 1998 exposures arelessimportant in the case of Employee” A” whoseintake rateswere quite
amilar in both 1998 and 1999. The most interesting aspect of the 1999 exposuresisthat they are
dill dominated by Type Suranium likethe earlier 1998 exposures at the Y -12 Plant (see Table 10).
The only exception is Employee “C”, whose 1999 exposures appear to be about 50% Type M
uranium and 50% Type S uranium. To better characterize the current inhalation exposures a the
Y-12 Plant, it is necessary to expand the current cohort to include more employees and to follow
this expanded group of employeesthrough the end of 1999. Of course, the expanded cohort should
be carefully sdected to include employees working in as many different crafts and job types as
possible. Thecurrent cohort of 15 employeesincludes 1 radiation control technician, 2 supervisors,
2 materid handlers, 3 machinigts, 3 pack and ship operators, and 4 casting operators. Thus, the
number of employeesin any one craft or job typeistoo smal and the 1999 bioassay datafor these
employees are too limited to draw any generdized conclusionsregarding their exposuresto soluble
(Type M) and insoluble (Type S) uranium in the workplace.

Table9. Estimated intakes, doses, and Type M fractions based on 1999 bioassy data and
new model for exposureto a mixture of Type M and S uranium with an AMAD of 5 Fm.

Employee Intake Dose Type M
(uCi)? (mrem)® fraction, f™

A 6.46E!3 113 0

B 1.57E13 32 29.3%
C 1.33E!3 22 50.3%
D 1.11E!3 23 24.3%
G 5.44E14 13 5.9%
H 1.46E13 36 1.2%

I 1.69E13 33 16.3%
J 1.91E!3 47 3.1%
K 6.31E14 16 5.6%
N 4.29E13 107 0.6%

aMultiply by 3.7E+4 to convert to Bg.
Mulitply by 1E15 to convert to Sv.
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Table 10. Comparison of the Type M fraction, f ™, for enriched uranium exposures
of Y-12 employees during 1998 and 1999.

TypeM fraction, f M
Employee
1998 exposures 1999 exposures

A 0.4% 0

B 13.4% 29.3%
C 6.1% 50.3%
D 24.7% 24.3%
G 0 5.9%
H 0.1% 1.2%
I 0.3% 16.3%
J 0.9% 3.1%
K 0 5.6%
N 4.7% 0.6%

8.4 Studies Using 1999 Personal Air Monitoring Data. The commercidly available persond
ar monitoring (PAM) devices used at the Y-12 Plant consist of apump that attachesto aworkers
bdt with a flexible hose between the pump and air sampling head (Thomas 1999). The pump
contains alaminar flow dement and adifferentid pressure sensor to measure and maintain aflow rate
of 3 liters per minute. The air sampling head, containing a membrane filter, istypicaly attached to
the worker's lapel or as close to the worker's breathing zone as possible. The uranium aerosolsare
collected on the membranefilter (mixed cellulose eter, supported membranefilter) with adiameter
of 47 mm (1.85 inches). The counts of uranium activity on the air filter are used to etimate a
worker's exposure in terms of the Derived Air Concentration (DAC) as required in 10 CFR
835.209. The PAM data are not used for dose estimation purposes, because 10 CFR 835.209
requires that the estimation of internal dose shall be based on bioassay data rather than air
concentrations values unless bioassay dataare: (1) unavailable; (2) inadequate; or (3) interna dose
estimates based on representative air concentrations are demonstrated to be as accurate or more
accurate. The PAM data are important, however, for planning purposes and for obtaining early
information on ar concentration changes in the work place.

Poor correl ations between intakes based on PAM data and bioassay data have been noted in other
sudies by Alvarez et al. 1994, Birchal et al. 1991, and Johnson and Kalos 1989. The poor
correaions have been dtributed in some instances to particle size distributions and in other
ingancesto high ventilation ratesin theimmediate work areas of theemployees. Thus, acomparison
of intakes calculated for Y -12 empl oyees based on the new models and bioassay date and on their
PAM datafor thefirst four months of 1999 are providedin Table11. ThePAM datafor Employee
“A” are provided as an example in Table D-1 of Appendix D, the cumulative DAC-hours of
exposure for each worker during the first four months of 1999 are provided in Table D-2 of
Appendix D, and the conversion of the cumulative DAC-hours for an employee to an intake is
discussed in the text of Appendix D. The intake estimates based on PAM data are 49% on the
average of the values derived using the bioassay data (see Table 11). The estimated intakes based
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Table11. Comparison of intakes calculated using the new | CRP model and 1999 bioassay
and those calculated using the older | CRP-30 model and portableair monitoring (PAM) data.

Intake (FCi)? Ratio of PAM
Employee to bioassay
e Bioassay PAM values
A 6.64E!13 6.98E!4 0.11
B 157E13 1.74E13 111
C 1.33E!3 8.81E14 0.66
D 1.11E13 1.90E!4 0.17
G 5.44E14 1.82E14 0.30
H 1.46E13 4.34E14 0.29
I 1.69E!13 5.38E14 0.31
J 191E!13 8.33E14 043
K 6.31E!4 8.71E14 1.38
N 4.29E13 4.70E14 0.11
Average 0.49

aMultiply by 3.7E+4 to convert to B,

on the PAM data range from alow of 11% to ahigh of 138% of the intakes based on the bioassay
data. In the current study, the poor correlations may also be due in part to the use of the
conservative low vaues of 25 and 50 to account for the respiratory protection provided by the use
of apowered air purifying respirator and afull-face air purifying respirator, respectively (see Table
D-1 of Appendix D). To better understand the overal uncertainties in the PAM data, it seems
necessary to expand the current sample population to include more employees and to follow these
employees through the end of 1999. As discussed previoudy, the expanded sample should be
caefully selected to include employeesworking in as many different craftsand job typesas possible
(see Section 8.3).

Derived air concentration (DAC) vaues provided in Appendix A to 10 CFR 835 and specified for
use in controlling workers' exposures to airborne radioactive materias et DOE facilities are based
on the older Class Y data for uranium from ICRP Publication 30 and Federa Guidance Report
No. 11 (Eckerman et al. 1988). The continued use of these old DAC vaues in controlling
exposures of Y-12 workersisaso of interest here. Thus, the doses for each employee based on
their bioassay data (and the new ICRP model) and on their PAM data (and the older ICRP
Publication 30 modd) for the firgt four months of this year are compared in Tablel2. The doses
based on the 1999 bioassay data are from new mode cal culations assuming exposure to amixture
of Type M and S uranium with an AMAD of 5 um (see Section 8.3) and the doses based on the
1999 PAM dataassume exposureto the older ICRP-30 mode and ClassY uraniumwithan AMAD
of 1 um (see Appendix D). Theintakes based on the PAM data are, on the average, haf those
derived from bioassay data using the newer models (see Table 11) and the effective dose coefficient
used in the derivation of the DAC (Class Y, AMAD = 1 um) of 10 CFR 835 isabout five timesthat
indicated by the newer models (see Table 4). Thus, dose estimates derived from the PAM data
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Table12. Committed equivalent doses calculated using the new | CRP model and 1999
bioassay and those calculated using the older ICRP-30 model and portable air monitoring
PAM) data.

Committed equivalent dose (mrem)? Ratio of PAM

Employee to bioassay

Py Bioassay” PAM® values

A 113 73 0.65

B 32 181 5.66

C 2 92 418

D 23 20 0.87

G 13 19 1.46

H 36 45 125

I 38 56 147

J 47 87 185

K 16 91 5.69

N 107 49 0.46
Average 2.35
aMultiply by 1E-5 to convert to Sv.

PBased on new model and assumption of an exposure to amixture of Type M and S uranium
withan AMAD of 5Fm. See Table 9 for alisting of the Type M fraction used in the assumed mixture.

“Based on exposureto Class Y uranium with an AMAD of 1 Fm and assumption that 2.5 mrem
isequal to 1 DAC-hour.

usng theold DAC vaue are about 2.5 times higher than those derived by interpreting biocassay data
withthe new models (see Table 12). The use of the older DAC vaues for uranium in Appendix A
of 10 CFR 835 may ill be operationally appropriate, since these older DAC vaues are ill
adequate for controlling aworker’ s exposure to airborne uranium materias even though thereisa
poor correlation between intakes based on the PAM and bioassay data (see Table 11).

27




9. SUMMARY AND CONCLUSIONS

Following the restart of enriched uranium operations at the Y-12 Plant it became gpparent that the
exposures involved insoluble uranium rather than soluble uranium which had characterized earlier
plant operations. Furthermore, the feca and urine bioassay samples gppeared to beincons stent with
the standard regulatory models used to interpret the bioassay data. This study was undertaken to
review the proceduresfollowed to assessintakes and to apply state-of-the-art methodsto the Y-12
Pant stuation. Thefollowing isasummary of our findings.

Faced with workplace conditions that apparently differ from that characteridtic of earlier plant
operations, the RCO set forth appropriate measures to assess the Stuation. These included an
increased frequency of fecd sampling which isthe preferred bioassay techniquefor assessng intakes
of insoluble uranium. We find that RCO staff took gppropriate actions in addressing the situation.
Furthermoretheir gpproach to normdization of thefecd samples, correction for dietary uranium, and
andysis of the plant stuation was found to be technicaly vdid.

Our gpplication of the newer models and methodsfor assessing intakes from bioassay measurement
data did indeed confirm that the current enriched uranium exposuresinvol ve an insol uble component.
Furthermore, the newer methods yielded results which were broadly consistent with the bioassay
data. Thisisapparently because the newer methods were formulated with the objective of serving
the needsfor assessing both intake and dose. For the Y -12 Plant to be ableto perform state-of -the-
art assessments of workers exposureit isnecessary to use these newer models. 1t dways hasbeen
the practice that the best available information be used in assessing intakes by workers and thus one
need not be limited to use of aregulatory modd. Mgjor differences exist in the structure of the old
and new models which necessitate that the same mode be used in both the interpretation of the
bi oassay measurements and the assignment of doses. Thus, DOE gpprova should be sought onthe
gpplication of these newer modd s within the existing regulatory framework.

We have outlined an approach by which one can estimate the fraction of the uranium intake that
might best be characterized as soluble uranium (absorption Type M in terms of the new respiratory
tract modd). This procedure involves development of independent estimates of the intake rate
(assuming chronic intakes) based on the feca and urine samples. The procedure does not require
that the bioassay samples be obtained on the same date but only that the samples be representative
of the period of interest. The procedure wasillugtrated in our assessment of the intakes and doses
among the set of Y-12 workers congdered in thisstudy. Derivation of the fraction of the uranium
intakeindicated to be soluble should provide a more stableindex of the exposuresthan examination
of theratio of feca to urine excretion indicated by samples collected on the same date.

The Y-12 bioassay program should continue to involve both urinary and fecd sampling. Further
information on the soluble and insoluble nature of uranium exposures may eventualy engble
characterizing the workplace environment and eventudly suggest adefault mixture for the stabilized
workplace.
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Although beyond the scope of thisstudly, it issuggested that the cursory review of the Y-12 persond
ar monitoring program in this study be expanded to include moreworkerswho are currently weering
PAM devices. Whileworkers' intakes can best be determined by bioassay methods, air sampling

isaprimary indicator of the potential exposure of aworker to airborne materials and can provide
early information on changes in workplace conditions.
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APPENDIX A
SUMMARY OF 1998 BIOASSAY DATA FOR SELECTED EMPLOYEES

This appendix provides summaries of bioassay datafor 15 selected employees who were exposed to
enriched uranium following the restart of enriched uranium operationsat the Y-12 Plant on June 8, 1998.
The 15 employees are designated here as Employee "A" through Employee "O" (see Tables A-1
through A-15). With the exception of Employee “H”, the sdlected employees were restricted from
working at their normal jobs and were reassigned to other jobsin non-radiologica areasat variousdates
between September 4, 1998 and December 3, 1998. The bioassay data summarized here starts on
June 8, 1998 and ends when the employee was released from restriction.  The regtrictions were
necessary so that follow-up samples in response to results that had exceed Y-12 established trigger
levels could be obtained for purposes of dose cd culationswithout interference from additiona on-going
exposures. The exposures of Employee “H” were restricted by methods other than job reassgnment
darting on September 16, 1998 and ending around November 1, 1998. It needsto be noted, however,
that these employees tota inhaation doses of record for 1998 are based on their entire exposure history
for 1998 rather than the partial bioassay data set provided in Tables A-1 through A-15.
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Table A-1. Summary of bioassay data from 1998 for Employee" A"

Date P(_ariod of Number of Fecal samgle Urine samgle
intake days (dpmv/d) (dpmv/d)

06/08/98 Start 0

07/19/98 * 41 8.77E12 (2.71E!12)

09/13/98 * 97 7.25E+1 (6.40E+0) 2.54E11 (4.36E12)

09/18/98 End 102

09/20/98 104 4.90E+0 (3.35E11) 1.92E11 (4.11E12)

09/27/98 111 4.68E-1 (8.80E!12)

09/28/98 112 4.63E12 (2.63E!2)

@Normalized result minus background contribution with uncertainty for each result in parenthesis.

Table A-2. Summary of bioassay data from 1998 for Employee " B"

Date P(_ariod of Number of Fecal samgle Urine samgle
intake days (dpmv/d) (dpmv/d)

06/08/938 Start 0

06/28/98 * 20 9.29E12 (3.83E12)

09/26/98 * 110 1.16E+0 (LO1E11)

10/11/98 * 125 6.38E11 (6.99E!2)

10/21/98 * 135 5.05E+1 (3.64E+0)

10/29/98 End 143

11/02/98 147 1.34E+0 (2.61E11) 7.79E'1 (7.85E12)

11/08/98 153 3.16E!11 (5.01E!12)

11/09/98 154 9.46E11 (9.76E12)

11/16/98 161 2.90E11 (1.02E11)

11/17/98 162 1.08E11 (3.59E!12)

Normalized result minus background contribution with uncertainty for each result in parenthesis.




Table A-3. Summary of bioassay data from 1998 for Employee" C"

Date P(_ariod of Number of Fecal samgle Urine samgle
intake days (dpmv/d) (dpmv/d)

06/08/98 Start 0

07/25/98 * 47 1.19E+0 (1.08E!1)

09/12/98 * % 8.47E+1 (8.10E+0) 1.72E+0 (1.48E11)

09/14/98 End 98

09/19/98 103 6.90E!1 (7.67E!12)

09/20/98 105 8.90E+1 (9.60E+0)

09/24/98 109 2.18E+0 (2.22E11)

09/26/98 110 459E11 (5.96E12)

09/29/98 114 9.93E+0 (6.13E!1)

10/10/98 124 451E11 (6.11E12)

10/20/98 135 1.64E+0 (2.21E11)

Normalized result minus background contribution with uncertainty for each result in parenthesis.

Table A-4. Summary of bioassay data from 1998 for Employee" D"

Date P(_ariod of Number of Fecal samgle Urine samgle
intake days (dpnvd) (dpnvd)

06/08/98 Start 0

06/28/98 * 20 1.97E11 (4.94E12)

09/17/98 * 101 3.73E+0 (5.60E11) 1.16E11 (3.56E12)

09/21/98 * 105 4.15E+0 (1.20E+0) 2.69E!1 (4.97E12)

09/28/98 End 112

10/05/98 119 9.76E+0 (9.50E11)

10/13/98 127 1.12E+0 (2.24E11) 1.45E11 (3.45E!12)

10/18/98 132 2.13E11 (4.31E12)

10/22/98 136 2.82E+0 (5.56E11)

Normalized result minus background contribution with uncertainty for each result in parenthess.




Table A-5. Summary of bioassay data from 1998 for Employee" E"

Date P(_ariod of Number of Fecal samgle Urine samgle
intake days (dpmv/d) (dpmv/d)

06/08/98 Start 0

07/20/98 * 42 2.35E11 (3.52E!2)

10/04/98 * 118 1.57E11 (3.31E12)

10/11/98 * 125 9.00E!12 (3.32E!2)

10/21/98 * 135 2.06E+1 (1.85E+0)

10/30/98 End 144 4,56E+1 (2.77E+0)

11/02/98 147 2.98E!1 (5.10E12)

11/06/98 151 2.75E+0 (3.95E11)

11/08/98 153 6.36E12 (3.37E!2)

11/18/98 163 3.16E+0 (7.98E11)

11/22/98 167 1.39E11 (3.74E12)

Normalized result minus background contribution with uncertainty for each result in parenthesis.

Table A-6. Summary of bioassay data from 1998 for Employee " F"

Date P(_ariod of Number of Fecal samgle Urine samgle
intake days (dpm/d) (dpm/d)

06/08/98 Start 0

07/19/98 * 41 1.20E!1 (3.12E12)

10/12/98 * 126 1.89E12 (2.91E12)

11/06/98 * 151 1.07E+1 (251E!])

11/08/98 * 153 2.50E12 (2.61E12)

11/20/98 * 165 1.35E+2 (LO2E+1)

11/23/98 * 168 7.49E11 (7.95E!12)

12/03/98 End 178

12/04/98 179 8.62E+1 (3.73E+0)

12/06/98 180 1.40E+0 (1.18E11)

@ormalized result minus background contribution with uncertainty for each result in parenthesis.




Table A-7. Summary of bioassay data from 1998 for Employee" G"

Date P(_ariod of Number of Fecal samgle Urine samgle
intake days (dpmv/d) (dpmv/d)

06/08/98 Start 0

07/20/98 * 42 1.28E!11 (3.20E!2)

09/18/98 End 102

09/20/98 104 4.21E+1 (2.35E+0)

09/21/98 105 1.96E!1 (4.03E!2)

09/26/98 110 1.03E+0 (1.53E11)

09/27/98 111 2.32E11 (4.26E12)

10/04/98 118 1.52E+0 (3.32E11) 1.16E11 (3.25E12)

Normalized result minus background contribution with uncertainty for each result in parenthess.

Table A-8. Summary of bioassay data from 1998 for Employee " H"

Date P(_ariod of Number of Fecal mgle Urine samgle
intake days (dprmvd) (dpm/d)

06/08/98 Start 0

08/30/98 * 83 2.04E11 (4.03E!2)

09/16/98 End 100

09/20/98 104 9.11E+0 (5.64E11) 1.39E11 (3.54E12)

09/27/98 111 1.61E11 (4.09E12)

09/29/98 113 1.67E+0 (8.20E!2)

10/18/98 132 1.20E+0 (5.90E12) 4.40E12 (2.74E12)

Normalized result minus background contribution with uncertainty for each result in parenthesis.
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Table A-9. Summary of bioassay data from 1998 for Employee" "

Date P(_ariod of Number of Fecal samgle Urine samgle
intake days (dpmv/d) (dpmv/d)

06/08/98 Start 0

08/29/98 * 82 1.59E11 (3.82E12)

09/11/98 * % 2.96E11 (4.79E12)

09/12/98 * % 1.08E+2 (2.98E+0)

09/18/98 End 102 5.83E+1 (8.40E11)

09/19/98 103 2.14E11 (4.15E12)

09/27/98 111 6.11E+0 (1.93E!1)

09/28/98 112 8.82E12 (3.06E12)

11/25/98 170 2.29E11 (4.04E12)

@Normalized result minus background contribution with uncertainty for each result in parenthesis.

Table A-10. Summary of bioassay data from 1998 for Employee " J"

Date P(_ariod of Number of Fecal samgle Urine samgle
intake days (dpm/d) (dpm/d)

06/08/98 Start 0

08/19/98 * 72 1.23E+2 (2.50E11)

08/22/98 * 75 5.27E11 (6.57E12)

09/04/98 End 88

09/06/98 90 2.44E11 (5.43E12)

09/07/98 91 2.36E+0 (3.00E11)

09/12/98 96 1.10E+0 (1.98E11) 1.32E11 (3.75E12)

09/26/98 110 6.32E11 (2.81E11)

09/27/98 111 340E!12 (2.91E!12)

@Normalized result minus background contribution with uncertainty for each result in parenthesis.




Table A-11. Summary of bioassay data from 1998 for Employee" K"

Date P(_ariod of Number of Fecal samgle Urine samgle
intake days (dpmv/d) (dpmv/d)

07/20/98 Start 0

07/25/98 * 5 1.94E11 (3.86E12)

09/13/98 * 55 1.15E+2 (9.79E+0) 8.14E12 (2.87E12)

09/18/98 End 60

09/20/98 62 6.01E+1 (1.41E+0) 4.33E12 (2.75E12)

09/26/98 68 1.73E+0 (8.26E12)

09/28/98 70 11.73E12 (1.99E12)

@Normalized result minus background contribution with uncertainty for each result in parenthesis.

Table A-12. Summary of bioassay data from 1998 for Employee" L"

Date Pgriod of Number of Fecal samgle Urine &amgle
intake days (dpnvd) (dpnv/d)

06/08/98 Start 0

06/14/98 * 6 1.68E12 (2.54E12)

09/13/98 * 97 4.29E11 (6.04E12)

10/11/98 * 125 3.39E!11 (5.18E12)

10/21/98 * 135 1.51E+1 (1.93E+0)

10/29/98 End 143

11/01/98 146 2.71E11 (4.44E12)

11/02/98 147 1.16E+0 (1.81E11)

11/08/98 153 1.74E11 (4.64E12)

11/09/98 154 6.02E11 (1.52E11)

11/15/98 160 9.12E12 (3.15E!12)

11/16/98 161 5.17E11 (1.45E!1)

@ormalized result minus background contribution with uncertainty for each result in parenthesis.




Table A-13. Summary of bioassay data from 1998 for Employee" M"

Date P(_ariod of Number of Fecal samgle Urine samgle
intake days (dpmv/d) (dpmv/d)

06/08/98 Start 0

06/21/98 * 13 4.27E11 (6.06E12)

09/20/98 * 104 8.48E!11 (8.28E!12)

09/27/98 * 111 6.07E+1 (4.59E+0) 6.37E11 (7.19E!12)

10/05/98 End 119

10/11/98 125 6.82E+0 (4.71E11) 3.03E11 (5.20E!12)

10/17/98 131 4.05E+0 (2.02E11)

10/18/98 132 5.02E11 (6.10E12)

10/26/98 140 2.49E+0 (3.63E!11)

10/28/98 141 3.82E11 (4.82E12)

11/05/98 150 5.66E+0 (3.27E11)

11/06/98 151 4.36E11 (6.32E!2)

@Normalized result minus background contribution with uncertainty for each result in parenthesis.

Table A-14. Summary of bioassay data from 1998 for Employee " N"

Date Pgriod of Number of Fecal samgle Urine samgle
intake days (dpnvd) (dpmvd)

06/08/98 Start 0

06/23/98 * 15 2.15E11 (4.75E12)

09/12/98 * % 2.10E+1 (1.41E+0)

09/13/98 * 97 1.87E11 (357E12)

09/18/98 End 102

09/20/98 104 9.85E+0 (6.03E! 1)

09/21/98 105 4.49E12 (2.99E12)

09/26/98 110 8.66E12 (3.69E!2)

09/29/98 113 1.24E+0 (3.35E11) 0.72E13 (2.66E12)

@ormalized result minus background contribution with uncertainty for each result in parenthesis.




Table A-15. Summary of bioassay data from 1998 for Employee" Q"

Date P(_ariod of Number of Fecal samgle Urine mgle
intake days (dpm/d) (dpm/d)

06/08/98 Start 0

06/09/98 * 1 4.63E12 (2.89E12)

09/07/98 * 91 5.19E+1 (2.56E+0)

09/09/98 End 93

09/12/98 96 1.98E+1 (1.08E+0)

09/15/98 99 2.13E12 (2.65E12)

09/22/98 106 1.97E+0 (2.20E11)

10/02/98 116 3.16E12 (2.64E12)

Normalized result minus background contribution with uncertainty for each result in parenthess.




APPENDIX B
PLOTS OF 1998 BIOASSAY DATA AND ESTIMATED INTAKE RATES

The figures of this appendix illustrate the bioassay data and estimated intakes rates for 15 selected
employees who were exposed to enriched uranium following the restart of enriched uranium casting and
machining operations on June 8, 1998 (see Figs. B-1 through B-15). Each of the figures shows the
intakes rates derived from the fecal and urine data assuming exposure to Type S uranium with an AMAD
of 5 um. The fecal sample data and estimated intake rate based on the fecal samples are shown by solid
dots and upper curves in the figures, and the urine sample data and estimated intake rates based on the
urine samples are shown by open dots and lower curves in the figures. The fecal sample data, the urine
sample data, and the exposure times can be found in Tables A-1 through A-15 of Appendix A. The
only data point not used is the negative urine-sample value in Table A-11. Intake rates also were
derived for a few employees assuming exposure to Type M uranium with anAMAD of 5 um (see, for
example, Fig. B-2b) because of the poor agreement in the intake rates predicted by their fecal and urine
data and the assumption of exposure to Type S uranium. The results for these employees clearly suggest
that some Y-12 Plant exposures probably involved both Type M and S uranium.

The intakes based on the new model were calculated assuming a continuous exposure to enriched
uranium aerosols at the Y-12 Plant starting on June 8, 1998 and ending on the dates given in the tables
of Appendix A. The ending dates correspond to the date that the employee was restricted from their
normal jobs and reassigned to other jobs in non-radiological areas of the Y-12 Plant. For purposes of
comparing the new model calculations with the old model calculations, the same intake model
parameters were used. In other words, whatever was assumed in the old model calculations was also
assumed in the new model calculations. There were no attempts to adjust the starting or ending dates
of the intake periods in an effort to obtain the best fit to the bioassay data using the new model. The
intake rates and y? variables for fits of the bioassay data to the new model were calculated using the
ACTLITE code and equations discussed in Appendix E.

The intake rates derived from the urine and fecal measurements assuming exposure to Type S uranium

with an AMAD of 5 Fmand the ) statistic for the estimated intake rates are summarized in Table C-1.
We note that Y-12's RCO makes use of the ) test” in Microsoft’s EXCEL.™ The y? test and the
¥ statistic used here are not the same quantities. The ¥ statistic is useful as a test to decide whether
the measured and expected excretion rates are close enough so that we can conclude they come from
the same distribution function. For this reason, the test is called a "goodness-of-fit" test. When the fit

is good, the “y? test” is small and approaches zero (see Appendix E). While % statistic can be used to
obtain the best fit to an expected excretion distribution, it is of limited utility in deciding whether to base

the recorded estimated intake on the urine data or on the fecal data. For example, the estimated intakes

based on the new model and the fecal data provide relatively stable intake values even if one has no

knowledge of the solubility of the uranium involved in the Y-12 exposures (see Figs. B-2, B-3, B-4, B-

12, and B-13).
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Table B-1. Summary of estimated intake rates using available 1998 bioassay data and
the new ICRP-66 model for exposure to Type S uranium with an AMAD of 5 Fm.

Type of

Number of

Intake rate

Employee samples samples (dpm/d) X

A Urine 4 1.43E+2 1.36E&1
Feces 3 1.23E+2 1.99E+1

B Urine 6 4.78E+2 1.08E+0
Feces 4 9.82E+1 6.08E+0

C Urine 5 1.01E+3 7.38E&2
Feces 5 3.57E+2 6.88E+2

D Urine 5 1.80E+2 2.14E&1
Feces 5 2.27E+1 1.66E+2

E Urine 6 1.47E+2 3.84E&1
Feces 4 7.68E+1 1.09E+1

F Urine 5 3.22E+2 4.78E+0
Feces 3 1.89E+2 1.03E+2

G Urine 4 2.14E+2 1.43E&1
Feces 3 2.12E+2 6.26E+0

H Urine 4 1.71E+2 5.75E&2
Feces 3 1.45E+2 1.78E+0

I Urine 5 2.10E+2 3.45E&1
Feces 3 1.90E+2 1.54E+1

J Urine 4 2.99E+2 1.30E&1
Feces 4 2.27E+2 2.53E+1

K Urine 3 1.20E+2 1.36E&1
Feces 3 2.86E+2 7.32E+0

L Urine 6 2.11E+2 2.51E&1
Feces 4 3.22E+1 2.51E&1

M Urine 7 5.43E+2 2.29E&1
Feces 5 1.51E+2 6.72E+0

N Urine 5 1.22E+2 1.56E&1
Feces 3 5.09E+1 3.32E&l

0 Urine 3 5.41E+1 8.03E&3
Feces 3 1.36E+2 8.17E+0
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Fig. B-1. Plot of 1998 bioassay data and estimated intakerate for Employee“A” assuming
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Fig. B-3a. Plot of 1998 bioassay data and estimated intake rate for
Employee“ C” assuming Type S uranium.
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Fig. B-3b. Plot of 1998 bioassay data and estimated intake rate for
Employee“ C” assuming Type M uranium.
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Fig. B-4b. Plot of 1998 bioassay data and estimated intake rate for
Employee “D” assuming exposureto Type M uranium.
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APPENDIX C
SUMMARY OF 1999 BIOASSAY DATA FOR SELECTED EMPLOYEES

This gppendix provides summaries of bioassay datafor 10 employeeswho were exposed continuoudy
to enriched uranium aerosols at the Y-12 Plant during the first four months of 1999 (see Tables C-1
through C-10). The 10 employeeswere sdlected from the group of 15 who wereincluded inthe Y-12
case studies using 1998 bioassay data (see Section 8.1 and Appendix A). Five of these 15 employees
were restricted fromtheir normd jobsfor brief periods of time during thefirst four months of 1999, and
the other 10 employeeswere used hereto make an assessment of intakes and doses under more normal
working conditions. The bioassay data summarized here starts on January 1, 1999 and ends on April
30, 1999. The exposures during this period of time were modeled as two periods of continuous
exposure; one starting in 1998 and ending with the work restriction and the second starting on the date
the employee wasreleased from restriction in 1998 and extending to April 30, 1999. Intake rateswere
derived for these two periods. The dose estimatesfor 1999 reflect only the intake from the sart of the
year to April 30, 1999. Figure C-1 graphicaly illustrates the nature of these ca culationsfor Employees
“A” and“H".

Employee A Employee H
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Fig. C-1. Plot of the 1998 and 1999 (to April 30, 1999) bioassay data and
estimated intake rates for Employees“A” and “H” assuming chronic exposur es
during 1998 and 1999. Employee“A” was placed on work restriction on day 102
and released for work on day 121. Duringthefirst 102 daystheanalysisindicated
the intake was a mixture of Type M and S (0.4% M) while intakes after day 121
were pureTypeS. Theexposuresof Employee“H” wererestricted between day
100 and day 146. Duringthefirst 100 daystheanalysisindicated theintakeswere
amixtureof TypeM and S(0.1% Type M) and those after day 146 also involved
amixture (1.1% Type M).




Table C!1. Summary of bioassay data from 1999 for Employee" A"

Date P(_ariod of Number of Fecal samgle Urine samgle
intake days (dpmv/d) (dpmv/d)

10/07/98 Start 0

01/11/99 * 9% 133E!Il

01/25/99 * 110 4.92E+1

02/13/99 * 129 4.42E+1

02/15/99 * 131 162E11

03/13/99 * 157 6.88E+1

03/15/99 * 159 106E!1

04/17/99 * 192 8.21E12

04/30/99 End 205

@ormalized result minus background contribution.

TableC!2. Summary of bioassay data from 1999 for Employee " B"

Date P(_ariod of Number of Fecal samgle Urine samgle
intake days (dpm/d) (dpm/d)

11/18/98 Start 0

01/04/99 * 47 351E!1

01/20/99 * 63 1.14E+1

02/02/99 * 76 7.67E!1

02/03/99 * 77 197E+1

03/07/99 * 109 6.34E+0

03/08/99 * 110 513E!1

03/29/99 * 131 1.49E+1

04/30/99 End 163

@Normalized result minus background contribution.




Table C!3. Summary of bioassay data from 1999 for Employee" C"

Date P(_ariod of Number of Fecal samgle Urine samgle
intake days (dprm/d) (dprm/d)

10/23/98 Start 0

01/03/99 * 72 440E11

01/04/99 * 73 8.60E!'1

02/13/99 * 113 5.66E!1

02/15/99 * 115 4.31E+0

03/20/99 * 148 1.73E+0

03/22/99 * 150 3.55E+1

04/17/99 * 176 4.63E!1

04/19/99 * 178 5.83E+0

04/30/99 End 189

ormalized result minus background contribution.

Table C!4. Summary of bioassay data from 1999 for Employee " D"

Date Pgriod of Number of Fecal samgle Urine &amgle
intake days (dpnvd) (dpmvd)

10/26/98 Start 0

01/14/99 * 80 1.28E!11

01/18/99 * &4 191E+1

01/30/99 * 96 1.03E+1

02/14/99 * 111 132E11

03/14/99 * 139 494E11

03/15/99 * 140 5.96E+0

04/03/99 * 159 491E!1

04/12/99 * 168 397E!l

04/30/99 End 186

Normalized result minus background contribution.
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Table C15. Summary of bioassay data from 1999 for Employee" G"

Date P(_ariod of Number of Fecal samgle Urine samgle
intake days (dpmv/d) (dpmv/d)

10/14/98 Start 0

01/15/99 * 93 5.78E+0

01/24/99 * 102 138E!1

02/12/99 * 121 8.07E+0

02/21/99 * 130 4.33E12

03/07/99 * 144 8.76E12

03/10/99 * 147 4.37E+0

03/14/99 * 151 1.89E!11

03/18/99 * 155 5.78E+0

04/18/99 * 186 6.97E12

04/21/99 * 189 1.37E+0

04/30/99 End 198

@Normalized result minus background contribution.

Table C16. Summary of bioassay data from 1999 for Employee" H"

Date Pgriod of Number of Feca samgle Urine mgle
intake days (dprm/d) (dprm/d)

11/01/98 Start 0

01/18/99 * 78 1.63E!1

01/22/99 * 82 6.42E+0

02/10/99 * 101 5.37E12

02/11/99 * 102 2.89E+1

03/16/99 * 135 147E+0

03/23/99 * 142 107E!11

04/30/99 End 180

Normalized result minus background contribution.




Table C!7. Summary of bioassay data from 1999 for Employee" "

Date P(_ariod of Number of Fecal samgle Urine samgle
intake days (dpmv/d) (dpmv/d)

11/18/98 Start 0

01/17/99 * 60 108E!1l

01/20/99 * 63 2.50E+1

02/20/99 * A9 8.46E!1

02/21/99 * 95 2.19E+1

09/13/99 * 115 5.17E+0 142E11

04/06/99 * 139 4.65E+0

04/07/98 * 140 175E11

04/30/99 End 163

@ormalized result minus background contribution.

Table C18. Summary of bioassay data from 1999 for Employee " J"

Date Pgriod of Number of Fecal samgle Urine &amgle
intake days (dprmvd) (dprm/d)

10/01/98 Start 0

01/09/99 * 100 4.00E11

01/11/99 * 102 155E+1

01/29/99 * 120 1.14E+1

01/31/99 * 122 1.82E11

02/28/99 * 150 125E11

03/01/99 * 151 161E+1

03/28/99 * 178 122E11

03/29/99 * 179 2.10E+1

04/25/99 * 206 8.44E12

04/30/99 End 211

@Normalized result minus background contribution.
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Table C19. Summary of bioassay data from 1999 for Employee" K"

Date P(_ariod of Number of Fecal samgle Urine samgle
intake days (dpmv/d) (dpmv/d)

10/13/98 Start 0

01/18/99 * 97 4.62E12

01/19/99 * 98 3.86E+0

02/16/99 * 126 151E11

02/17/99 * 127 4.66E12

03/01/99 * 139 6.14E11

03/02/99 * 140 202E11

03/30/99 * 168 177E+1 5.68E12

04/30/99 End 199

@ormalized result minus background contribution.

Table C110. Summary of bioassay data from 1999 for Employee " N"

Date P(_ariod of Number of Fecal samgle Urine mgle
intake days (dprmvd) (dpmvd)

10/14/98 Start 0

01/20/99 * 98 172E+1 181E!1

02/18/99 * 127 3.55E+1 261E!1

03/21/99 * 158 6.47E+1 127E11

04/12/99 * 180 2.10E+1

04/15/99 * 183 165E11

04/30/99 End 198

@ormalized result minus background contribution.
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APPENDIX D

SUMMARY OF 1999 PERSONAL AIR MONITORING DATA
FOR SELECTED EMPLOYEES

The ar sampling datafor Employee A" from the first four months of 1999 are summarized in Table D-
1. These ar sampling datawere obtained using the personnd ar monitoring (PAM) devices discussed
in Section 8.4. The counts of the 2*U activity on the air filter of these devices and other data such as
the air sampling time and air flow rate were used to determine the worker's exposure to enriched
uranium aerosols in terms of the Derived Air Concentration (DAC) for a Class Y aerosol of 234U
assumingan AMAD of 1 Fm (see 10 CFR 835). TheDAC-fractionand DAC-hour vauesin TableD-
1 have been reduced by an appropriate respirator protection factor if a respiratory was worn by the
employee during the exposure. A respiratory protection factor of 1 indicatesthat the employeewas not
wearing arespiratory; thus, no reduction was made in the DAC-fraction or DAC-hour vauesin Table
D-1. The DAC for aClassY aerosol of 2*U is2 x 10°** FCi/em? (see 10 CFR 835) and the DAC-
hour for aClass Y agrosol issimply 2 x 10 FCi-hr/cm?. To convert a DAC-hour to a%*U activity
intake, we use avaue of 2 x 10 FCi-hr/ecm?® multiplied by a breathing rate of 1.2 mé/hr (1.2 x 10°
cmé/hr) for light exercise (ICRP 1975) or 2.4 x 10° FCi, and to convert a DAC-hour to a dose, we
useavaueof 2.5 mrem which followsfrom the definition of aDAC (see 10 CFR 835). Thetotal DAC-
hour exposure to Employee "A™ during the first four months of 1999 based on the PAM datais 29.1
(see Table D-2). Thus, the estimated tota dose to Employee "A" for the first four months of 1999
assuming exposure to a Class Y aerosol of 2*U withan AMAD of 1 Fmis29.1 multiplied by 2.5 mrem
or 73 mrem (0.73 mSv), and hisestimated total intake of 22*U for the first four months of 1999 is 29.1
multiplied by 2.4 x 10° FCi or 6.98 x 10* FCi (2.58 x 10' Bq).
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TableD-1. Summary of 1999 air sampling data for Employee™ A" .

. Protection Sampletime DAC
Date Respirator factor (minutes) fraction DAC-hour

1/04/99 Yes 50 112 014 0.26
1/04/99 No 1 111 <0.06 <012
1/06/99 Yes 50 217 0.08 0.29
1/07/99 Yes 50 205 011 0.38
1/08/99 No 1 217 <0.03 <012
1/11/99 Yes 50 96 <0.07 <012
1/11/99 No 1 87 <0.08 <012
1/11/99 Yes 50 131 0.07 014
1/12/99 Yes 50 96 <0.07 <012
1/12/99 Yes 25 103 0.17 0.29
1/13/99 Yes 50 142 0.38 0.89
1/13/99 Yes 50 207 0.09 0.31
1/14/99 Yes 25 42 0.17 012
1/14/99 No 1 165 0.22 0.60
1/15/99 Yes 50 281 0.09 041
1/19/99 Yes 50 115 0.10 0.19
1/19/99 Yes 50 142 <0.05 <012
1/20/99 Yes 50 92 0.08 012
1/20/99 Yes 50 111 0.09 0.17
1/21/99 Yes 50 104 047 0.82
1/21/99 No 1 133 0.72 159
1/21/99 Yes 50 144 0.10 0.24
1/22/99 Yes 50 29 0.15 0.24
1/25/99 Yes 50 29 0.12 0.19
1/26/99 No 1 450 0.06 0.48
1/27/99 No 1 182 <004 <012
1/27/99 No 1 240 0.22 0.87
1/28/99 No 1 24 021 0.09
1/28/99 No 1 130 0.19 041
1/28/99 Yes 50 110 014 0.26
1/29/99 Yes 25 292 051 250
2/01/99 Yes 50 216 0.15 055
2/01/99 Yes 25 137 0.09 0.22
2/02/99 Yes 25 128 011 0.24
2/02/99 Yes 25 283 051 240
2/03/99 Yes 25 142 2.32 550
2/04/99 No 1 100 0.30 0.50
2/08/99 Yes 25 409 0.18 122
2/09/99 Yes 50 139 0.06 0

2/09/99 Yes 25 275 0.22 0.04
2/10/99 Yes 50 119 0.30 0.01
2/10/99 Yes 25 289 044 0.09
2/12/99 Yes 25 252 031 0.05
2/15/99 Yes 25 253 <0.03 0

2/16/99 Yes 25 86 0.08 0

2/16/99 Yes 50 140 0.09 0

2/17/99 Yes 25 229 0.50 0.08
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Table D-1. Continued.

Protection

Sampletime

DAC

Date Respirator factor (minutes) fraction DAC-hour
2/18/99 Yes 25 284 012 0.02
2/19/99 Yes 25 270 012 0.02
2/22/99 No 1 24 0.18 0.07
2/22/99 Yes 25 133 012 0.01
2/23/99 Yes 25 257 0.10 0.02
2/24/99 Yes 50 128 <0.05 0
2/24/99 No 1 146 0.08 0.19
2/25/99 Yes 25 217 <0.03 0
2/25/99 No 1 46 <015 <012
2/26/99 Yes 25 210 <0.03 0
3/01/99 No 1 129 <0.05 <012
3/01/99 Yes 25 270 0.23 004
3/02/99 No 1 32 0.36 0.19
3/02/99 Yes 25 137 0.05 0
3/02/99 Yes 25 151 <0.05 0
3/03/99 Yes 25 256 0.56 0.09
3/03/99 Yes 25 139 0.19 0.02
3/04/99 Yes 25 279 011 0.02
3/04/99 Yes 25 129 0.09 0.01
3/05/99 Yes 25 226 0.22 0.03
3/08/99 Yes 25 273 013 0.02
3/09/99 Yes 25 135 014 0.01
3/09/99 Yes 25 240 0.08 0.01
3/10/99 No 1 125 0.15 0.32
3/10/99 Yes 25 233 0.13 0.02
3/11/99 No 1 106 <007 <012
3/11/99 Yes 25 119 <0.06 0
3/12/99 Yes 25 110 031 0.02
3/12/99 Yes 50 110 014 0.01
3/15/99 Yes 25 124 0.4 0.03
3/15/99 Yes 50 116 053 0.02
3/16/99 Yes 25 144 312 0.30
3/16/99 Yes 50 122 0.22 0.01
3/17/99 Yes 50 199 014 0.01
3/17/99 Yes 25 144 0.05 0.01
3/18/99 Yes 50 115 <0.06 0
3/20/99 Yes 25 125 0.28 0.02
3/20/99 Yes 25 114 0.74 0.06
3/22/99 Yes 25 169 0.14 0.02
3/22/99 Yes 50 279 0.14 0.01
3/23/99 Yes 25 229 0.23 0.03
3/24/99 Yes 25 269 0.76 014
3/25/99 Yes 25 120 0.76 0.06
3/25/99 No 1 86 0.20 0.29
3/29/99 No 1 85 0.09 013
3/29/99 Yes 25 74 114 0.06
4/01/99 Yes 25 86 0.13 0.01
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Table D-1. Continued.

. Protection Sampletime DAC
Date Respirator factor (minutes) fraction DAC-hour

4/05/99 Yes 25 214 004 0.01
4/06/99 Yes 25 267 1.86 0.33
4/07/99 Yes 25 276 114 021
4/08/99 Yes 25 136 0.06 0.01
4/12/99 No 1 162 <004 <012
4/13/99 Yes 25 503 0.28 0.09
4/14/99 Yes 25 161 057 0.06
4/14/99 Yes 25 106 011 0.01
4/14/99 Yes 25 141 041 (0X0%)
4/15/99 Yes 25 420 0.23 0.06
4/16/99 Yes 25 95 0.60 (0X0%)
4/19/99 Yes 25 212 <0.03 0

4/20/99 Yes 25 7 195 0.10
4/20/99 No 1 107 0.07 013
4/20/99 No 1 125 0.06 013
4/21/99 Yes 25 29 012 0.02
4/22/99 Yes 25 101 011 0.01
4/22/99 Yes 25 147 051 0.06
4/26/99 No 1 125 0.15 0.32
4/26/99 Yes 25 162 0.33 004
4/27/99 Yes 25 144 104 0.10
4/27/99 No 1 144 0.20 051
4/28/99 No 1 83 012 0.16
4/29/99 Yes 25 155 <004 0

4/30/99 No 1 215 <0.08 0.27

Table D-2. Cumulative DAC-hour values

for first four months of 1999.

Employee

DAC-hour

ZXoe—IOO0O0Owm>

29.12
72.3
36.7
79
7.6
181
24
347
36.3
19.6

8DAC-hour for Class Y aerosols of 2*U with an AMAD
of 1 umand avalueof 1.2 x 10°** uCi-hr/cm?:




APPENDIX E
ACTLITE CODE LISTING

This gppendix contains a listing of the ACTLITE code that was used in the caculation of the uranium
intekes tabulated in this report. The code, written in FORTRAN, was compiled using the
WATCOM™ compiler from Sybase, Inc., and run within a DOS window on a PC with a
Windows95™ operating system. Verification of ACTLITE scaculation was carried out by comparing
its output with values derived usng ORNL’s DCAL code system and with values published by the
ICRP and others.

Estimates of the intake rates<,> and <>are calculated for both urinary and fecal excretion,
respectively, as.

'&u(ti)

<p>'
u

i Z i Z

Eu(ti)

A(t)

E.(t)

T

where Au(ti) and A(t,) represent the measured activity excreted per day at timet, in the urine and feces
andE (t;) andE(t;) are the expected excretion rates in urine and feces at timet, as predicted by the
modds given aunit intake rate. The ¢? values for the fit of the expected urinary excretion rates to the
observed urinary excretion rates were calculated as

C AL & <PAE )

N
C2 - _
_! <pu>Eu(ti)

A corresponding equation appliesto the fecd data. The above equation for theintake rateisbased on
aweighted least squarefit of the excretion mode to thedata. The observations are weighted assuming
their variance is proportional to the mode predictions (Skrable et al. 1994). Thec? vaues provide a
measure of the goodness of fit, but they are of limited utility in deciding whether to base the recorded
estimated intake on the urine or on the fecd data
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The ACTLITE code aso caculates the lung burden q,,,.,,(t) of uranium as afunction of time for a unit
intake rate. The predicted lung burden at the time of an measurement, <q,,,, (t)>, is computed as

<q|ung(t)> - f235 <p> qlung(t)

The quantity ... representsthefraction of the uranium activity associated with 225U whichisthe uranium
isotope condder in thein vivo measurements. Thisequation was gpplied in deriving the va uestabul ated
in Table 8.

The committed effective dose, E(50), is computed as
E(50) = <P> t e(50)

where <>isthe esimated intake rate, t the duration of the intake, and e(50) is the committed effective
dose coefficient (see Table4). The commitment period istaken to be 50 years, thus, the dose assgned
to anintakeinthe periodt isthe dose expected to be delivered in afifty year period following theintake.
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*

Program ACTLITE

An age-independent, parent-only, stnped down version of ACTACAL
for use in Y-12 bioassay calculafions. . Eckerman 05/10/99.

L I

* %

common/ timit/ deltl, delt2,

implicit integer (i-n)
include ‘actlite.cmn’
include 'iolist.cmn’
include 'FSUBLIB.FI'
character*128 arg
character*8 filel caset

real*8
real*8)(/iem delt2 delt3 delt4, delt5

integer sdate, edate
dimension sdate(5), edate(5)
logical ex

dimension exuf ( mwrite, 3? iz*mcomp) itimeu(30), itimef(30),
: meas

umeas(30), 30), itimer(30),eu(3 ) ef(30)
delt3, delt4, delt5,

mcycl, meyc2, mcyc3, mcycd

. common/iconds/y(mcomp), yw(mcomp)

equivalence (y(l) aél)), (yw(1), a(mcomp + 1))
parameter (zero ='0.0d0)
call cls

write(*,' (" ACTLITE:"", t11, ''Activity calculations'"' ,/ t11,

" Authors:'', t11, ''K. F. Eckerman & R. W. Leggett'’,
/t11, "'Oak Rldge National Laboratory

Jt11, "Oak Ridge, TN 37831-6383' 1))

get the input file names from the command line
rgumarg iargcl

(numarg .It. ; then
write(*,*) 'Usage: ACTLITE Filel w/o extensions. File1,'

write(*,*) " extension DAT, is the name of the'

write(*,*)" bioassay data file. The output files'

writeg*,*; ' are filel.log and *.EUF where * is'

write(*,*)" the name of the subjects in filel.'
else

narglen = igetarg(1, arg)
filel = arg(1:narglen)
end if

! bioassay data file

Inquire if files exist

inquire  (file=filel(:lentrim(filel)) // ‘.dat, exist = ex)
if  (not.ex) then
wnte(* )" Error The data file ', file1(:lentrim(file1)) /

'.dat, 'does not exist.
write(*,*) ' Please correct the input.'
write(*,*)
stop
end if
calculate some machine constants
call epsilon

open the log file

open(olog, file=filel(:lentrim(filel)) // 'log)
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read the time step information to be used by the solver
call timin

oPen£39, file=file1(:lentrim(file1)) // '.dat’) ! open data file
nf=
do while (nf .ne. 0)
call datrec( itimeu, umeas, itimef, fmeas, itimer, sdate,
edate caset, iyearO nu, nf, nr, ns, ne)

wnte%* ,*) ‘Bioassay Cage: ', caset
open(oact, file=caset(: Ientrlm(caset)) 1".euf)

write(olog,*) ' Bioassay Case: ', caset
write(oact,*) ' Bioassay Case: ', caset

do iset = 1,ns
iyear = (iset - 1) + iyearO
iendyr = julday0(12, 31, iyear)

! Do over the start/stops

do i = 1,2*mcomp ! zero the arrays & get kinetic
a(l) = zero ! data.
end d
do i = 1, mcomp
cname(i) ="'
isorlst(i 0) =
do j=1, mcom
|rmatr|x(| j)—
end do
end do
call moddat('utypesc5’) ! 1st assume Type S

wnteéolog )) '‘Model: UTypeSC5 Year: iyear
write(oact,*) 'Model: UTypeSC5 Year: iyear

call trace ! process the model and
call comprake ! compartment definitions
write(olog, ‘('* Number of compartment ="', i4)') ncomp

call printc()

call compute(exuf, edate, sdate, iset) ! do the computations

jpath=1
istart = sdate(iset)
if (nu .gt. 0) then !'if we have urine data then . . .
call intakes( exuf, umeas, itimeu, iyear, istart, zus,
chiu, jpath,  nu)

! process the results. . .

end if

dose =0.01133 * zus * real(edate(iset) - istart)

write(oact,*) 'Dose (mrem) =", dose

jpath =2

if (nf .gt. 0) then !'if we have feces data then . . .

call intakes(exuf, fmeas, itimef, iyear, istart, zfs,
chif, Jpath nf)

end if
dose = 0.01133 * zfs * real(edate(iset) - istart)
write(oact,*) 'Dose (mrem) =", dose

if (zus/zfs .It. 1.05) Vifurine : fecal ratio forS is
zintake = zfs ! less than 1.05 then pure S is
fm=0.0 ! assumed.
else
SumEuS = 0.0 Vifurine : fecal ratio greater than
sumAu = 0.0 ! 1 05 then assume some M is present
! compute some S data for latter use
do i=1, nu ! for urine and fecal samples.

if (itimeu(i).gt.istart .and. itimeu(i).It.iendyr) then
itm = |t|meu(|) istart
SUMEUS = sumEuS + exuf(itm, 1)



sumAu = sumAu + umeas(i)
end if
if (itimeu(i).gt. istart) then

itm = itimeu(i) - istart

eu(i) = exuf(itm, 1)
end if

end do
do i=1,nf
if (itimef(i).gt.istart) then
itm = |t|mefE|) - istart

ef(i) = exuf(itm, 2)
end if

end do
do i = 1,2*comp ! zero out the arrays and get the

a(l) = zero ! type M data
end d
do i = 1, mcomp

cname( i) ="

isorlst(i 0) =0
do. j=1, mcomp
|rmatr|x( i, )

end do

end do

call moddat (‘utypemc5’) ! read the Type M data file

wnteEoIog g ‘Model: UTypeMCS Year: ', iyear

write(oact, *) 'Model: UTypeMC5 Year: ', iyear

call trace

call comprake

write(olog,' ("' Number of compartment ="', i4)') ncomp

call printc( )

call compute(exuf, edate, sdate, iset)

jpath = 1

istart = sdate(iset)

if (nu . gt. 0) then

chiu, jpath,
end if
istart = sdate(iset)
jpath = 2
if (lnf .gt. 08 then .1 ifwe have feces data then .
| intakes(exuf, fmes, itimef, iyear, istart, fintake,
chif, jpath, nf)
end if ! intake for mixture is average
zintake = (zfs + fintake) / 2.0 ! of Sand M fetal values.
wnte%* ,*¥) 'Mixed intake target - ', zintake
write(oact,*) 'Mixed intake target—, zintake
sumEuM = 0.0
do i=1, nu

if (itimeu(i).gt.istart .and. Itimeu(i).le.iendyr) then
itm = itimeu(i) - istart
SUMEUM = sumEuM + exuf(itm, 1)

end if
end do
fm= (sumAu / zintake - sumEuS) / (SUmEuUM - sumEuS)
write((*,*)’ Fm = ',Fm
write(oact,*) ' Fm=",Fm

sumEum = 0.0
do i=1,nu
if (itimeu(i).gt.istart and |timeu(i).|e.iendyr)then

itm = itimeu(i) ist; . .
write(oact, *) |t|meu(|) istart, umeas(i), eu(i),

exuf(itm, 1)
SUMEUM = sumEuM + fm * exuf(itm, 1) + (1.-fm)*
eu(i)
end if
end do

! if we have urine data then . . .
call intakes(exuf, umeas, )itimeu, iyear, istart, uintake,
nu
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zintake = sumAu/sumEum

write(*,*) 'Intake =' zintake

write(oact,*) 'Intake ="', zintake
end if

if (iset .eq. 1.and. ns.gt. 1.and. fm .eq. 0.0) then
write(oact,*) 'Correcting future measurments:'
write(oact,*) 'Urine:'
do i=1, nu
if (itimeu(i) .gt. sdate(2)) then
itm = itimeu(i) - zintake * exuf(ltm 1)
umeas(i) = umeas(i) - sdate(1)
if (umeas(i) .It. 0.0) umeas(i) = 0.0
write(oact, '(i4, i4, 1p2e10.3))) itm,
itimeu(i)-sdate(2), umeas(i), exuf(itm, 1)
end if
end do
write(oact,*) 'Feces:'
do i=1,nf
if (itimef(i) .gt. sdate(2)) then
itm = itimef(i) - sdate(1)
fmeas(i) = fmeas(i) - zintake * exuf(itm, 2)
if (fmeas(i) .It. 0.0) fmeas(i) = 0.0
write(oact, '(i4, i4, 1p2e10.3))itm,
itimef(i)-sdate(2), fmeas(i), exuf(itm, 2)
end if
end do
elseif (iset .eq. 1.and. ns.gt. 1)then
write(oact,*) '‘Correcting future measurments'
erte(oact *) Urlne
do
|f (|t|meu(|) .gt. sdate(2)) then
itm = itimeu(i) - sdate(1)
umeas(i) = umeas(i) - zintake * (fm * exuf(itm, 1)+
(1. -fm) * eu(i))
if (umeas(i) .It. 0.0) umeas(i) = 0.0
write(oact, (i4, i4, 1p3e10.3)) itm,
itimeu(i)-sdate(2),umeas(i),exuf(itm,1),eu(i)
end if
end do
write(oact,*) 'Feces:'
do i=1,nf

if (itir’nef(i) .gt. sdate(2)) then
itm = itimef(i) - sdate(1)
fmeas(i) = fmeas(i) - zintake * (fm*exuf(itm, 2)+

. ) @oAmeeti)
if (fmeas(i) .It. 0.0)fmeas(i) = 0.0
write(oact, (4, i4, 1p3e10.3)’)itm,
itimef(i)-sdate(1),fmeas(i),exuf(itm,2),ef(i)
end if

end do
end if

if (iset .eq. 2) then

istart = juldayO(1, 1, iyear)
else

istart = sdate(iset)
nd if

dose = zintake * real (edate( iset)- istart) *
((1.0 - fm) * 0.01133 + fm * 0.0035)
write(oact,'('' Total Intake (uCi)="', 1pE9.2)) zintake *

4.505E- O7*(real(edate(|set) istart))
write(oact,*) ‘Dose (mrem) = *, dose

if (nr .gt. 0) then ! if we have lung measurements
write(*,*) 'Lung burden estimates:'

write(oact,*)'  Lung burden estimates:'
doi=1,nr



* %
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* ok o X X Ok F

itm = itimer(i) - sdate(1)
if (nu .gt. 0)then
bl = uintake * exuf(itm, 3)
write(*,'(" Atday ', i4,'" based on urine ="'
1pe 10.3)’ |tm bl
write(oact, (4x tday" i4,
'*: based on urine ="', 1pe 10.3)) itm, b1
end if
if (nf .gt. 0) then
bl = fintake * exuf(lt
write(*,'("" Atday i4, " based on feces ='
1pel0.3)’) |tm bl
write(oact,'(4x, ''‘Atday'', i4,

"' : based onfeces =", 1pel0.3)) itm, bl
end if
end do
end if
end do
close(unit = oact) ! close the case output file

end do ! loop of additional subjects

shut down

write(olog, '(a)) 'Computations ended normally.'
cIose?unlt = oact%

close(unit = olog

end

subroutines follow in alphabetical order followed by function routines

subroutines actvty

author: k. f. eckerman

date: 10/04/94

purpose: routine to compute activity a and integrated activity aw
assuming initial content y0, inflow rate p, removal rate r, and time t.

implicit integer (i-n)

real *8 y0, p, 1, t, a, aw, one, rt, g, por, half, eps, eps1,

zero, over

.common/activity/ yo,p, 1, t, @ aw

common/epsilons/ eps, epsl
parameter (zero=0.l 0d0, half=0.5d0, one=1.0d0, over=1.0d- -25)
n=r*t
if (rt .eq. zero) then

a yo+p*t

W =t* (y0 + half *p * t)
elself (rt .It. "epsl) then
=t* (one - half * rt)

a =y0*dexp(-rt) + p*q

aw=y0*q+half*p*t*t
elseif (rt .gt. 50.0d0) then

por=p/r

a = por

Ww = (yO + por*(rt- one)) / r

else

por =

q= dexp( rt)

a = (y0 - por) * q + por

aw = ((yO - por) * (one-q)+p*t)/r
end if

if (a .It. over)a=zero
return
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end

subroutine bldvect(clist, citem, ilen, n)

author: k. f. eckerman
date: 02/13/95
purpose: routine builds character vector clist(n). ilen should be

set to the length of character variable citem for which the
comparison is to be made. citem is added to vector.

implicit integer (i-n)
character*(*) citem, clist(*)
if (n 1.eq. 0) then

n=

clist(n) = citem(:ilen)

else
do i=1,n
itest = lentrim(clist(i))
if (itest .eq. ilen) then
if (clist(i) .eq. citem(:ilen)) return
end if
end do
n =n+1
clist(n) = citem(:ilen)
end if
return
end

subroutine cls

author: k. f. eckerman
date: 01/13/92

purpose: routine to clear screen
write(*,*) char(27),'[2)
return

end

subroutine comprake

author: k. f. eckerman
date: 03/13/94
purpose: map biokinetic compartment to anatomical source regions.

routine defines vector csour(nsor) which contains the names of the
source regions and the array isorlst(nsor, 0: mcomp) containing the

index of compartments representing the source regions. note the ith
source region is composed of isorlst(i,0) compartments of name
cname(isorlst(i,j)), j=1 to isorlst(i,0).

implicit integer (i-n)
include ‘actlite.cmn’
include ‘iolist.cmn’
character*10 cxname

nsor= 0

do i = 1, ncomp
cxname = cname(i)
ilen = lentrim(cxname)

|fﬁcxname(llen 1:ilen-1) .eq. '_"ilen=ilen-2
call bldvect(csour, cxname, ilen, nsor)



.end do

ipos = invect(csour, cxname(:ilen), nsor)
isorlst(ipos, 0) =isorlst(ipos, 0) + 1
isorlst(ipos, isorlst(ipos, 0)) =i

end do

write out the mapping of compartment to source region

write(olog, '(1x,80al1)') (-, i = 1,75)
Write(olog, '(” Source Biokinetic Compartments'')")
doi =

write (olog, (1X a8,''<-'", 8(al0, 1x))) csour(i),
(cname(isorlst(i, j)), ]—l, isorlst(i,0)

write(olog, '(1x, 80al)') (-, i =1, 75)
return
end

*

subroutine compute(exuf, edate, sdate, is)

* % F X X

author: k. f. eckerman and r. w. leggett
date: 05/01/99

purpose: the ode solver

implicit integer (i - n)

include ‘actlite.cmn’

include ‘iolist.cmn'

integar timex, edate,
dimension exuf(mwrlte 3) edate(s) sdate(5)

real*8 days, y0, p, r, dt,a aw, zerod, y, yw
character*7  Ingreg(8)
dimension aol(mcomp), ilung(8)

common/iconds/y(mcom wmcom
integer ifeed, }lléut nfggdy ( P)

common / feed /ifeed(mtran, mcomp),lout(mtran,mcomp), nfeed(mcomp),

nout(mcomp), nentry

‘real*8 deltl, delt2, delt3, deltd, delts
common/timit/ deltl, delt2, delt3, delt4, delt5,

mcycl, meyc2, meyc3, meycd

.common/activity/ yo, p, 1, dt, a, aw

logical test
parameter (zero=0.0, zerod=0.0d0)

_datalngreg i)sal ' 'bbe-gel, ‘bbe-sol', bbe- seq/,

i-gel, 'bbi-sol, "bbi- -seq, 'In-th

do some start up tasks

iprt=1

howold = 7300.

write(olog, (' 'Total number of transfers ="', i3)’) nentry
iurine = invect(csour, 'ub_cont', nsor)

illi = invect(csour, ‘illi_cont, nsor)

ilng =0

do i =1,8

iur = invect(csour, Ingreg(i), ncomp)
if (iur .gt. 0) then

ilng = ilng+1

ilung(ilng) =iur
end if

end do

nlung = ilng

nex =0

iex —mvect}cname ‘excreta’, ncomp)
iur = invect(cname, 'urine’, ncompgj
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writel

ifc = invect(cname, ‘feces, ncomp)
if (iur .ne. 0) nex =nex+1
if (iex .ne. 0) nex =nex+ 1
if (ifc .ne. 0) nex =nex+1

begin calculations: 1st set the initial conditions

days = zerod
do icomp =1, ncomp
icom dble(a0(icom
*((y(lcgr)np) ne(0§ p))
write(*,*) cname(lcomp), y(icomp)
end if
end do
WI’IteE* )
*, ’(t5, ''Computations started; time post intake ="
f9.2, ' d.)') days

write(oact,*)Time  Eu Ef Ring'

do j=1, nsor

aol(j) =
do |comp— 1 isorlst(j, 0)

aol(j) = aol(j) + y(isorlst(j, icomp)
end do
end do

start timer and begin the cycling through the compartment

itme = timex( )
ptime = 1.0d0
texp = dble(edate(is sdate is
do T, 1000 |c(ycle —( 1) 1000 ( )
exhaust = zero
if (Icycle .le. mcycl) then

dt = deltl

elself (|ca/cle le. mcyc2) then

elself (icycle .le. mcyc3) then
dt = delt3

elseif (icycle .le. mcyc4) then
dt = delt4

elseif (icycle .gt. mcyc4) then
dt = delt5

end if

days = days + dt ! elasped time since start of intake

do 750 icomp = 1, ncomp ! loop over the compartments

set initial condition yO and compute inflow p to compartment.
the inflow into icomp consists of:

1 inflow from outside the system if p0 (icomp) <> 0, and
2. inflow from all donor compartments.

y0 =y(icomp)
if (days .It. texp) then

| p = dble(pO(icomp)) * dt
else

p = zerod
end if
doi =1, nfeed(icomp)
jcomp = ifeed(i, icomp)
index = |rmatr|x(Jcomp icomp)
p = p + dble(rmatrix(index)) * dble(yw(jcomp))
end do
p=p /dt
if (y0.ne. zerod .or. p .ne. zerod) then



*
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750
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determine total removal constant from icomp.

if (icomp .eq. iex .or. icomp .eq. iur .or.
icomp .eq. ifc) then

1000
*

1001

""halted."")')
goto 1001
end if
end if
continue

end of the icycle loop.
itme = timex( )
Write(*, (t5, ''System of ', i3,
compartments& i4,"'" transfers solved in (100s) ="', i5,
') ncomp, ntrans, itme

r = zerod
else
r=rad *
else if
doi =1, nout(icomp)
r =r + dble(rmatrix(iout(i, icomp))
end do
call actvty *
else
a = zerod
aw = zerod C
else if

Save the activity, cumulative activity, and nuclear

return

end

subroutine datrec(itimeu, umeas, itimef, fmeas, itimer, sdate,
: edate, caset, itme0, nu, nf, nr, ns, ne)

transformation for current time step.

* X X X0

y(icomp) =a

yw(icomp) = aw

if (icomp .le. ncomp-nex) then
exhaust = exhaust + a

end if
continue

end of the incomp loop

increment howold to the right hand of the time period.

howold = howold + dt
test = .false.
if (days .gt. ptime -0.00001) test = .true.
if (test) then
ptime = ptime + 1.000
write(*,'(Lhr+, t5, ' 'Computations started; time post ',
"intake ="', f9.2)') days

add up activities in compartments of source region using
isorlst array defined in routine comprake

do j=1, nsor

aol(j) = zero

do icomp = 1, isorls (z

aol(j) = aol(J) + y(isorlst(j, icomp)

end do
end do
sumr =0.0
do j=1,nlung

sumr = sumr + aol(ilung(j))
end do
exuf(iprnt, 1) = 12.*aol(iurine)
exuf(iprnt, 2) = aol(illi)
exuf(ipmt, 3) = sum
write(oact, '(i4, 1p3e11 4) ") iprnt, (exuf(iprnt,j), j=1,3) c
iprnt=iprnt + 1
if (exhaust .eq. zero) then

write(olog,' (' Compartments are exhausted, quit.'")")

goto 1001 .
elseif(days .gt. Tend-real(sdate(is)-1)) then
write(olog,' (' Time exceeding Tend, quit."")')

goto 1001
end if
if (howold .gt. 36500.) then
write(*, '(t5, "' Attained age > 100 y; computations'', c
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author: k. f. eckerman

date: 04/10/99
purpose: read the bioassay data records

implicit integer (i -n)

include ‘actlite.cmn’

integer  sdate, edate

dimension |t|meu(30) itimef(30), umeas(30), fmeas(30),
dimension sdate(5), edate(5)

character*80 Ls

character*8 caset
tend =0.0
nu=0

nf =0

nr =0

ns=0

ne=0
read(39, '(A80)") Ls
caset = Ls(:8)
read(39, '(a80)') Ls
read (Ls(7:8), (i2) ) iy
item0 = 1900 + i
do while (Ls(: 3) .ne. 'END)
if (Ls(17:21) .eq. 'Start) then
ns =ns+1
read (Ls(:2), '(i2)') mm
read ?—554:5; (i2) )id
read (Ls(7:8), '(i2)") iy
iy =1900 + iy
sdate(ns) = juldayO(mm, id, iy)
else if (Ls(17:19) .eq. 'End) then
ne=ne+1
read (Ls(:2),'(i2)') mm
read (Ls(4:5),'(i2)') id
read (Ls(7:8), '(i2)') iy
iy =1900 + iy
edate(ne) = éuldayo mm, id, iy)

read (Ls(25:27), "(f3.0)' )texp
else
if (Ls(33:39) .ne. ' ') then
nf =nf+1
;ggg((llss((33)39 (;7 g)) ) fmeas(nf)

read (Ls(4:5), '(i2)" ) id

read (Ls(7:8), '(i2)') iy

iy =1900 + iy )
R 2527, () e

itmer(30)



*

* Ok ok % % % %

* %

* % ok ok F *

end if
if (Ls(57:63) .ne. ' ) then
nu =nu+1
read(Ls(57:63), '(f7.0)') umeas(nu)
read 2),'(i2
read SLSE ?3)( 2)) id
read (Ls(7:8), '(i2)") iy
iy =1900 + iy
itimeu(nu)= juldayO(mm, id, iy)
dread(Ls(25 :27),'(i3)") itimeu(nu)
en
if (Ls(17:20) .eq. 'Lung’) then
nr=nr+1
read (Ls(:2),'(i2)') mm
read ?—554 5; (i2)) id
read (Ls(7:8), '(i2)") iy
iy =1900 + iy
itimer(nr) = juldayO(mm, id, iy)
read(Ls(25:27), '(i3)") itimer(nr)
end if
end if
read(39, '(a80)') Ls
end do
if (real(itimeu(nu)) .gt. Tend) Tend = real(itimeu(nu))
Tend = real(itimeu(nu))
if (real(itimef(nf)) .gt. Tend) Tend = real(itimef(nf))
if (Tend .It. 200.) Tend = 200.
itmeO = julday0(1, 1, itme0)
write(*,*) Tend =, tend-real (sdate(1))
return
end

subroutine epsilon

author: k. f. eckerman
date: 10/04/96
purpose: compute some machine constants

implicit integer (i-n)
real*8 one, two,eps, epsl
common/epsilons/eps, epsl
parameter (one = 1.0d0, two =2.0d0)
eps =one
do while (eps + one .gt. one)

eps =eps / two

end do
epsl = dsqrt(eps)
return
end

subroutine moddat ( fname )

*

author: k. f. eckerman
date: 10/04/94

Purpose read input data
name is the root name of biokinetic data file, extension INP assumed.

implicit integer (i-n)

include ‘actlite.cmn’
include 'iolist.cmn’
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character*80 card

character*12 fname12

character*10 Icase, dmmy1, dmmy2, unscore
character*8 fname

character*1 cchar
real*8 t12

logical ex
texp = 0.0d0

fname12 = fname(:lentrim(fname)) / ".bio' ! open file
inquire (file=fname12, exist = ex)
if (.not. ex) then
write(*,*) ' Error: The data file', fname12, ' does not exist.'
write(*,*) " Please add this file to the directory.'
write(*,*)
stop
end if
open(igit, file =fnamel2, status='old")

ncomp =0 ! first read through file to
read(igit, '(@80)') card 1 assemble array of compartments.
do while (card(:3) .ne. ‘COM”)
read(igit, '(280)") card
end do

read(i glt '(a80)' zjcard
do while (card(:5) .ne. ENDL")
read(card, '(a10)' ) dmmy1
dmmy1 = unscore(lcase(dmmy1))
i1 = lentrim(dmmy1)
call bldvect(cname, dmmy1, i1, ncomp)
read(igit, '(a80)' )card
end do
read(igit, '(@10)') dmmy1
read( igit, '(@80)' )card
do while (card%:? E g
read(card 0, 2x, alO) dmmy1, dmmy2
dmmy1 = unscore( Icase(dmmy1) )
il = lentrim(dmmy1)
call bldvect(cname, dmmyl, i1, ncomp)

dmmy2 = unscore( Icase(dmmy2) )
il ="lentrim(dmmy2)

if (dmmy2(:i1) .eq. ‘feces') then
cname(mcomp-1) = dmmy2
elseif ~ (dmmy2(:il) .eq. 'excreta’) then
cname(mcom, Zf—dmmyz,
elseif  (dmmy2(:il) .eq. 'urine') then
cname(mcomp) = dmmy2
else
call bldvect(cname, dmmy2, i1, ncomp)
end if
read(igit, '(a80)') card
end do
close( unit = igit)

if (Ientnm(cname(mcomp 2)) .gt. 0) then Imoveexcretloncom artments
ncomp = ncomp I up from end of list.

cname(ncomp) = cname(mcomp 2)
cname(mcomp-2) =

end if

if (Ientnm(cname(mcomp 1)) .gt. 0) then
ncomp = ncomp
cname(ncomp) = cname(mcomp 1)
cname(mcomp-1) =

end if

if (Ientrlm(cname(mcomp)) .gt. 0) then
ncomp =ncom



o

cname(ncomp) = cname(mcomp)

cname(mcomp) = "'
end if
fname;Lz:fnamegzlentrim(fname)) /1 'bio' 1 reopen file and read the
open(igit, file = fnamel2, status = 'old") I transfer data.
rad = 0.0d0

read( igit, '(a80)") card
do while (card(:3) .ne. 'COM'’
if (card(:5) .eq. THALF) then
read(card, '(5x, €16.0)") T12
rad = 0.6931471d0/ t12
elseif (card(:4) .eq. TEXP') then
read(card, '(5x,€16.0 )'%Texﬁ
elseif (card(:4) .eq. 'TEND') then
read(card, '(5x,€16.0)") Tend
end if
read( igit, '(@80)") card
end do
read( igit, '(a80) ') card
do while (card(:5) .ne. 'ENDL')
read(card, '(@10)') dmmyl
do i=1, 10
card(izi) ="'
d do

! blank out the 1st 10 spaces

n=lentrim(card)

do i=11,n
cchar = card(i:i)
cardEi_—_l :i-10) = cchar
card(izi)=""

end do

read(card, *) x, y

dmmy1 = unscore(lcase(dmmy1) )

il = lentrim(dmmy1)

ip = invect(cname, dmmy1, ncomp)

ao(ip) = x

pO(ip) =y

read( igit, '(@80)") card
end do

read(igit, '(@10)') dmmyl
ntrans =0
read(igit, '(@80)') card
do while (card%::? .ne. 'EOF‘i
read(card, '(a10, 2x, al10, €16.0)') dmmy1, dmmy2, r
ntrans =ntrans + 1
rmatrix(ntrans) =r
dmmyl =unscore(lcase(dmmy1l))

dmmy2 = unscore(lcase(dmmy2) )
il =’nvect(cname, dmmy1, ncomp)

i2 = invect(cname, dmmy2, ncomp)
irmatrix(il, i2) = ntrans
read( igit, '(a80)') card

! read transfer rates between the
I compartments. Ntran is number of
! transfers.

end do

close(unit = igit)

if (rad .ne. 0.0d0) write(*,'('' Thalf (d)="", 1pell.4)')t12
write(*,*) 'Compartments: '

write(*, ' (6(3x, a10))') (cname(i), i =1, ncomp)

return

end

subroutine printc
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author: k. f. eckerman

date: 10/04/94

purpose: echo back the complete kinetic model
implicit integer (i-n)

include 'actlite.cmn’

include ‘iolist.cmn’

doi = 1, ncomp
do j =1, ncomp
ic =irmatrix(i, j)
if (ic .ne. 0) then
write(olog, '(@10, ''(',i2,')-->"",a10,"'("",i2,"")"",
1p10e10.3)') cname(i), i, cname(j), j, rmatrix(ic)
end if
end do
end do
return
end

*

subroutine timin

R T R I

author: k. f. eckerman
date: 10/04/94
purpose: read the time steps need by the solver

implicitinteger (i-n)

include 'actlite.cmn’

include ‘iolist.cmn’

logical ex

real*8 deltl, delt2, delt3, delt4, delt5

_common/timit/ deltl, delt2, delt3, delt4, delt5,

mcycl, mcyc2, mcyc3, meycd

inquire (file ='timin.dat’, exist = ex)
if (.not. ex) then
writeg*,*g ! Error: The data file TIMIN.DAT does not exist. '

write(*,* Please add this file to the directory.’
write(*,*)
stop

end if

open(itim, file = ‘timin.dat', status="'old"

read(itim, *) deltl, delt2, delt3, delt4, delt5
read(itim, *) mcycl, mcyc2, mcyc3, mcycd
close( unit = itim)

*

LN I N

return
end
subroutine trace
author: k. f. eckerman
date: 10/04/94

purpose: determine the interconnection of compartments so that the
computations need only consider the feeder compartments.
also compartments with nonzero removal are identified.

implicitinteger  (i-n)
include ‘actlite.cmn’

integer ifeed, iout, nfeed, nout
include ‘iolist.cmn’
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ok o X X Ok F

common [feed / i feed(mtran, mcomp), iout(mtran, mcomp), nfeed(mcomp),
nout(mcomp), nentry

this block establishes information needed to determine the removal

coefficients from each compartment. The matrix iout(i, j) contains the
index in matrix of the ith removal pathway from the jt compartment

the number of nonzero removal coefficients from the jth compartment is
nout(j).

nentry =0
doicomp =1, ncomp
n =0
do jcomp = 1, ncomp
index = irmatrix (icomp, jcomp)
if (index .ne. 0) then
n=n+1
if (n .gt. mtran) then
write (olog, ("' The number of outflows from '', al0,
"' exceeds mtran! ')’ )cname(icomp)
write (olog, ‘("' Fatlal err)or) please check biokinetic "'

write (*, '( "' The number of outflows from '', al10,
''exceeds mtran!'") ') cname(icomp)
write (*, ("' Fatal error, please check biokinetic ',

" files.'")")
stop
end if
iout (n, icomp) = index
end if
end do
nout (icomp) = n
nentry = nentry +n
end do

This block establishes information needed to determine the inflow
rate into the compartment from donor compartments. The matrix

i feed(i, j) contains the index in rmatrix of the ith compartment
feeding the jth compartment. The number of compartments feeding
the jth compartment is nfeed(j).

do jcomp = 1, ncomp

n =20
do icomp = 1, ncomp
index = irmatrix(icomp, jcomp)
if (mdex .ne. 0)then
n = + 1

if (n .gt. mtran) then
write(olog,'( "' The number of inflows into'',al0,
"' exceeds mtran!'")") cname(jcomp)

write(olog, ' ("' lf:?tal e)rrg)r please check biokinetic''
"' files

write(*,' ("' The number of inflows into '', al0,
"' exceeds mtran!'')") cname(icomp)
write(*,'("'* Fatal error, please check biokinetic'',

" files.'")")
stop
end if
ifeed(n, jcomp) = icomp
end if
end do
nfeed(jcomp) =
end do
return
end

* O Ok Ok % % X

integer function invect(clist, citem, n)

author: k. f. eckerman

date: 10/04/94 . . . .

purpose: function returns the index of citem in the array clist(m).
if citem is not in clist a zero is returned.

implicit integer (i-n)
character*( * gcitem, clist(*)
then

if (n .eg.
write(*,' ("' Error in invect, no elements in array'')")
stop 1
else
ilen = lentrim(citem)
do i=1n
itest = lentrim(clist(i) )

if (itest .eq. ilen) then
if (clist(i) .eq. Citem(:ilen)) then

invect= 1
return
end if
end if
end do
invect= 0 ! return O when item is not
end if ! found
return
end

*

integer function juldayO(mm, id, iyyy)

LR T R I N R

author: from Numerical Recipes
date: 996

purpose: compute Julian days.

Routine computes the JULIAN day given the month (MM), day (ID) and
year (IYYY). The routine was obtained from: NUMERICAL RECIPES by

WH Press, BP Flannery, SA Teukolsky and WT Vet. Published by
Cambendge University Press, 1986, (FORTRAN version).

implicit integer (i-n)
parameter (igreg = 15 + 13 * (10 + 12 * 1582))
integer id, mm, iyyy iy, im
it (lyyy .eq. O)then
write (*,*) ' Thereis no year zero.'

stop 1
end if
if i . 0) i =iyy + 1
N E R
Iy =iy
jm=mm+ 1
else
Iy =iy - 1
}m = mm+ 13
end if

juldayd = int(365.25%jy)+ int(30.6001*jm) + id + 1720995
if (id + 31*(mm + 12*iyyy) .ge. igreg) then

ja = int(0. Ol*dj

julday0 = julday0 + 2 - ja + int(0.25*ja)
end if
return

end




* % ok ok X ¥

* %k

* % ok ok X ¥

* %k

* % ok ok X ¥

character*(*) function Icase (a)

author: k. f. eckerman
date: 10/04/94 .
purpose: convert character variable a to lower case.

implicit integer (i-n)
character*(*)a
Icase = a
doi = 1, lentrim(Icase)
ix = ichar(lcase(i:i))
if (ix .gt. 64 .and. ix .It. 91) then
Icase(i:i) = char (ix +32)
end if
end do
return
end

character*(*) function ucase (a)

author: k. f. eckerman
date: 10/04/94 .
purpose: convert character variable a to upper case.

implicit integer (i-n)

character* (*) a

ucase = a

doi = 1, lentrim(ucase)
ix = ichar(ucase(i:i))
if  (ix .gt. 96 .and. ix .It. 123) then

ucase(i:i) = char(ix - 32)

end if

end do

return

end

character*(*) function unscore (a)

author: k. f. eckerman
date: 08/20/93
purpose: replace blank by underscore character

implicitinteger  (i-n)

character* (*) a

unscore = a

doi = 1, lentrim(a)
if (unscore(i:i) .eq. '') unscore(i:i) ="'

*

* ok o X X Ok F

end do
return
end
integer function timex ()
author: k. f. eckerman
date: 03/13/94

purpose: function returns the elapsed time between calls in 100th

of asecond. this procedure is only valid for elapsed times
less that 24 hours. the following statement can be used to
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* % X %
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print the elapsed time after the second call to timex:
write(*," ("' elapsed time (100s)="",i8)") timex( )

implicit integer (i-n)

integer*2 ihr imin, isec, i100s
integer*4 idelt, itold, isecd, itme
logical first

parameter(isecd = 8640000 )

save first,itold

data first / .true. /

call gettim (ihr, imin, isec, i100s)
itme = i100s + 100 *(isec + 60* (imin+ 60* ihr))

if first set idelt to zero, first to false, store itme as
itold and return. if not first compute elapsed time, idelt.

if (first) then

idelt =0

first = .false.

itold= itme
else

if (itme .It. itold) then

if current time is less than time of previous call,
a new day has begun, thus add isecd to current itme.

idelt = itme + isecd - itold
else
idelt = itme - itold
end if
itold= itme
end if
timex = idelt
return
end

subroutine intakes (exf, u, it, iyr, istart, uin, chi, jpath, n)

author: k. f. eckerman
date: 06/12/99
purpose: compute intake rate

implicitinteger  (i-n)

include ‘actlite.cmn’

include ‘iolist.cmn’

integer it, iyr, istart, jpath, n
dimension exf(mwrite,3), u(30),it(30)
sumu = 00

sume = 00

iendyr = juldayO(12, 31, iyr)

if (jpath .eq. 1) then

| write(oact, *) ' Urine samples:’
else

write(oact, *) ' Fecal samples:'

end if
write(oact,*) * Day  A(t) Eu(t)'
i=1n
if (it(i) .gt. istart .and. it(i) .le.iendyr) then
itm = it(i)- istart
sumu = sumu + u(i)
sume = sume + exf(itm, jpath)
dvyfrite(oact,’(Zx, i4,1p2E11.4)") itm, u(i), exf(itm, jpath)
end i



end do
uin = sumu /sume

chi= 0.0
do i =1,n
if (it(i) .gt. istart .and. it(i) .le. iendyr) then
itm = it(i) - istart

chi= chi+ (u(i) - uin*exf(itm, jpath))**2/
(uin*exf(itm, jpath))
end if

end do
if (jpath .eq. 1) then

write(*,*) 'Intake estimate based on urine samples:’
else

write(*,*) ‘Intake estimate based on fecal samples:’
end if

write(*,' ("' Intake = "', 1pel0.3,"" Chi 2 ="'¢10.3)')

: uin, chi

write(oact,'(4x, ''Intake =", 1pel0.3, '' Chi 2 ="
: 1pe10.3)") uin, chi

return

end

86



APPENDIX F
URANIUM BIOKINETIC DATA FILES
This appendix lists the uranium biokinetic data files used by ACTLITE for Type S uranium (see page 88)
and Type M uranium (see page 89). The files give the values of the transfer coefficients which define the

rate at which material is transferred from one compartment to another in the lung, gastrointestinal, and
systemic models. The deposition values for an aerosol withan AMAD of 5 um are also given in the files.
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This file is UTypeSC5.INP. This case is an inhalation of stable U as

Type S material; AMAD - 5 micron.
COMPARTMENTS A(0)

Al_1
Al_2
Al_3
bbe-gel
bbe-sol
bbe-seq
BBi-gel
BBi-sol
BBi-seq
ET2-sur
ET1-sur
ET2-seq
END LIST
TRANSFERS
Al_1
Al_1
Al_1l
Al_2
Al_2
Al_2
AI_3
Al_3
Al_3
Al_3
bbe-gel
bbe-gel
bbe-gel
bbe-sol
bbe-sol
bbe-sol
bbe-seq
bbe-seq
bbe-seq
BBi-gel
BBi-gel
BBi-gel
BBi-sol
BBi-sol
BBi-sol
BBi-seq
BBi-seq
BBi-seq
LN-Th
LN-Th
ET2-sur
ET2-sur
ET2-sur
ET2-seq
ET2-seq
ET2-seq
LN-ET
LN-ET
ET1-sur
Al_4
Al_4
A5
Al_5
Al_6
Al_6
Al_6
bbe-gel_t
bbe-gel_t
bbe-sol_t

0.0 1.596E102

0.0 3.191E102
0.0 5.319E!03

0.0 6.569E103
0.0 4.384E103
0.0 7.721E105

0.0 1.171E102
0.0 5.921E!03

0.0 1.243E104
0.0 3.989E!101
0.0 3.385E!101
0.0 1.996E104

(1d)

->bbe-gel 2.0000E 102
-=>Al_4 1.0000E%02
->Blood 1.0000E101
->bbe-gel 1.0000E103
->Al_5 1.0000E%02
->Blood 1.0000E101
->bbe-gel 1.0000E104
->LN-Th 2.0000E 05
->Al_6 1.0000E%02
->Blood 1.0000E101
->BBi-gel 3.0000E102
->bbe-gel_t 1.0000E%02
->Blood 1.0000E101
->BBi-gel 2.0000E%00
->bbe-sol_t 1.0000E%02
->Blood 1.0000E101
->LN-Th 1.0000E!102
->bbe-seq_t 1.0000E%02
->Blood 1.0000E101
->ET2-sur 1.0000E%01
->BBi-gel_t 1.0000E%02
->Blood 1.0000E101
->ET2-sur 3.0000E102
->BBi-sol_t 1.0000E%02
->Blood 1.0000E101
->LN-Th 1.0000E102
->BBi-seq_t 1.0000E%02
->Blood 1.0000E101
->LN-Th_t 1.0000E%02
->Blood 1.0000E101
->St_Cont 1.0000E%02
->ET2-sur_t 1.0000E%02
->Blood 1.0000E101
->LN-ET 1.0000E103
->ET2-seq_t 1.0000E%02
->Blood 1.0000E101
->LN-ET_t 1.0000E%02
->Blood 1.0000E101
->Excreta 1.0000E%00
->bbe-gel_t 2.0000E!02
->Blood 1.0000E104
->bbe-gel_t 1.0000E103
->Blood 1.0000E104
->bbe-gel_t 1.0000E104
->LN-Th_t 2.0000E 05
->Blood 1.0000E104
->BBi-gel_t 2.0000E%00
->Blood 1.0000E104
->BBi-gel_t 3.0000E102

<- Delimiter for initial condition block

<- Delimiter for end of block
<- Delimiter for start of transfer data

bbe-sol_t
bbe-seq_t
bbe-seq_t
BBi-gel_t
BBi-gel_t
BBi-sol_t
BBi-sol_t
BBi-seq_t
BBi-seq_t
LN-Th_t
ET2-sur_t
ET2-sur_t
ET2-seq_t
ET2-seq_t
LN-ET_t
Blood

Blood
Blood
Blood

Blood
Blood

Blood
Blood
Blood

Blood
Blood
Other_0
Blood_1
Kidneys_1
Kidneys_2
Liver_1
Liver_1
Other_1
Other_2

T _Bone-S
T_Bone-S
C_Bone-S
C_Bone-S
Liver_2

T Bone-V
C_Bone-V

->Blood
->LN-Th_t
->Blood
->ET2-sur_t
->Blood
->ET2-sur_t
->Blood
->LN-Th_t
->Blood
->Blood
->St_Cont
->Blood
->LN-ET_t
->Blood
->Blood
->Other_0
->Blood_1
->UB_Cont
->Kidneys_1
->Kidneys_2
->ULI_Cont
->Liver_1
->Other_1
->QOther_2
->T_Bone-S
->C_Bone-S
->Blood
->Blood
->UB_Cont
->Blood
->Blood
->Liver_2
->Blood
->Blood
->Blood
->T_Bone-V_e
->Blood
->C_Bone-V_e
->Blood

->Blood
->Blood

T_Bone-V_e ->T_Bone-S
T_Bone-V_e ->T_Bone-V
C_Bone-V_e ->C_Bone-S
C _Bone-V_e ->C Bone-V

St_Cont
SI_Cont
SI_Cont
ULI_Cont
UB_Cont
LLI_Cont

EOF Data

->S[_Cont
->Blood
->ULI_Cont
->LLI_Cont
->Urine
->Feces

88

1.0000E!04
1.0000E!02
1.0000E!04
1.0000E%01

1.0000E!04
3.0000E102

1.0000E!04
1.0000E!02
1.0000E!04

1.0000E!04
1.0000E%02

1.0000E!04
1.0000E103
1.0000E!04

1.0000E!04
1.0500E%01

2.4500E101
1.5430E%01
2.9400E%00

1.2200E102
1.2200E!01

3.6700E101
1.6300E%00
7.3500E102

2.0400E%00
1.6300E%00

8.3200E%00
3.4700E101
9.9000E102

3.8000E104
9.2000E102

6.9300E103
3.4700E102
1.9000E!05

6.9300E102
6.9300E102

6.9300E102
6.9300E102
1.9000E!04

4.9300E104
8.2100E105

1.7300E102
5.7800E103
1.7300E!02
5.7800E103
24.0

0.012024
6.

18

12.

1.

<-f1 = 0.002; 6 * f1 / (1 - 1)



This file is UTypeMCS.INP. This case is an inhalation of stable U as

Type M material; AMAD - 5 micron.
COMPARTMENTS A(0)

Al_1
Al_2
Al_3
bbe-gel
bbe-sol
bbe-seq
BBi-gel
BBi-sol
BBi-seq
ET2-sur
ET1-sur
ET2-seq
END LIST
TRANSFERS
Al_1
Al_1
Al_1l
Al_2
Al_2
Al_2
AI_3
Al_3
Al_3
Al_3
bbe-gel
bbe-gel
bbe-gel
bbe-sol
bbe-sol
bbe-sol
bbe-seq
bbe-seq
bbe-seq
BBi-gel
BBi-gel
BBi-gel
BBi-sol
BBi-sol
BBi-sol
BBi-seq
BBi-seq
BBi-seq
LN-Th
LN-Th
ET2-sur
ET2-sur
ET2-sur
ET2-seq
ET2-seq
ET2-seq
LN-ET
LN-ET
ET1-sur
Al_4
Al_4
A5
Al_5
Al_6
Al_6
Al_6
bbe-gel_t
bbe-gel_t
bbe-sol_t

0.0 1.596E102

0.0 3.191E102
0.0 5.319E!03

0.0 6.569E103
0.0 4.384E103
0.0 7.721E105

0.0 1.171E102
0.0 5.921E!03

0.0 1.243E104
0.0 3.989E!101
0.0 3.385E!101
0.0 1.996E104

(/d)
->bbe-gel 2.0000E 102
->Al_4 9.0000E%01
->Blood 1.0000E%01
->bbe-gel 1.0000E103
->Al_5 9.0000E%01
->Blood 1.0000E%01
->bbe-gel 1.0000E104
->LN-Th 2.0000E 05
->Al_6 9.0000E%01
->Blood 1.0000E%01
->BBi-gel 2.0000E%00
->bbe-gel_t 9.0000E%01
->Blood 1.0000E%01
->BBi-gel 3.0000E102
->bbe-sol_t 9.0000E%01
->Blood 1.0000E%01
->LN-Th 1.0000E!102
->bbe-seq_t 9.0000E%01
->Blood 1.0000E%01
->ET2-sur 1.0000E%01
->BBi-gel_t 9.0000E%01
->Blood 1.0000E%01
->ET2-sur 3.0000E 102
->BBi-sol_t 9.0000E%01
->Blood 1.0000E%01
->LN-Th 1.0000E102
->BBi-seq_t 9.0000E%01
->Blood 1.0000E%01
->LN-Th_t 9.0000E%01
->Blood 1.0000E%01
->St_Cont 1.0000E%02
->ET2-sur_t 9.0000E%01
->Blood 1.0000E%01
->LN-ET 1.0000E103
->ET2-seq_t 9.0000E%01
->Blood 1.0000E%01
->LN-ET_t 9.0000E%01
->Blood 1.0000E%01
->Excreta 1.0000E%00
->bbe-gel_t 2.0000E!02
->Blood 5.0000E!103
->bbe-gel_t 1.0000E103
->Blood 5.0000E!103
->bbe-gel_t 1.0000E104
->LN-Th_t 2.0000E 05
->Blood 5.0000E!103
->BBi-gel_t 2.0000E%00
->Blood 5.0000E!103
->BBi-gel_t 3.0000E102

<- Delimiter for initial condition block

<- Delimiter for end of block
<- Delimiter for start of transfer data

bbe-sol_t
bbe-seq_t
bbe-seq_t
BBi-gel_t
BBi-gel_t
BBi-sol_t
BBi-sol_t
BBi-seq_t
BBi-seq_t
LN-Th_t
ET2-sur_t
ET2-sur_t
ET2-seq_t
ET2-seq_t
LN-ET_t
Blood

Blood
Blood
Blood

Blood
Blood

Blood
Blood
Blood

Blood
Blood
Other_0
Blood_1
Kidneys_1
Kidneys_2
Liver_1
Liver_1
Other_1
Other_2

T _Bone-S
T_Bone-S
C_Bone-S
C_Bone-S
Liver_2

T Bone-V
C_Bone-V

->Blood
->LN-Th_t
->Blood
->ET2-sur_t
->Blood
->ET2-sur_t
->Blood
->LN-Th_t
->Blood
->Blood
->St_Cont
->Blood
->LN-ET_t
->Blood
->Blood
->Other_0
->Blood_1
->UB_Cont
->Kidneys_1
->Kidneys_2
->ULI_Cont
->Liver_1
->Other_1
->QOther_2
->T_Bone-S
->C_Bone-S
->Blood
->Blood
->UB_Cont
->Blood
->Blood
->Liver_2
->Blood
->Blood
->Blood
->T_Bone-V_e
->Blood
->C_Bone-V_e
->Blood

->Blood
->Blood

T_Bone-V_e ->T_Bone-S
T_Bone-V_e ->T_Bone-V
C_Bone-V_e ->C_Bone-S
C _Bone-V_e ->C Bone-V

St_Cont
SI_Cont
SI_Cont
ULI_Cont
UB_Cont
LLI_Cont

EOF Data

->S[_Cont
-=>ULI_Cont
->Blood
->LLI_Cont
->Urine
->Feces
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5.0000E103
1.0000E!02
5.0000E103
1.0000E%01

5.0000E103
3.0000E102

5.0000E103
1.0000E!02
5.0000E103

5.0000E103
1.0000E%02

5.0000E103
1.0000E103
5.0000E103

5.0000E103
1.0500E%01

2.4500E101
1.5430E%01
2.9400E%00

1.2200E102
1.2200E!01

3.6700E101
1.6300E%00
7.3500E102

2.0400E%00
1.6300E%00

8.3200E%00
3.4700E101
9.9000E102

3.8000E104
9.2000E102

6.9300E103
3.4700E102
1.9000E!05

6.9300E102
6.9300E102

6.9300E102
6.9300E102
1.9000E!04

4.9300E104
8.2100E105

1.7300E102
5.7800E103
1.7300E!02
5.7800E103
24.0

6.
0.012024
18

12.
1.

<-f1 =0.002; 6 *f1 / (1 -fl)



APPENDIX G
ANALYSIS OF INTAKE CONTRIBUTIONS FROM TYPE M AND S URANIUM

Experience indicates that inhalation exposures at the Y-12 Plant may involve both soluble and insoluble
uranium. As discussed in Appendix E , the uranium intake rates <ﬁu> is calculated for both urinary and

fecal excretion using an equation of the form:

Nu

. AW

<P> — (G-1)
j Eu(tl)

whereﬁu(ti) represent the measured activity excreted per day at time ¢, in the urine, E (1) is the expected
excretion rate at time ¢, in urine per unit intake rate as predicted by the mathematical models, and N is the
number of bioassay measurements during the period of interest. For exposure to a mixture of Type M and

S uranium Eq. (G-1) becomes

Nu

3§ A,)

< ﬁ > " , (G—2)

LMEM) % fSES(t)]

~.h| =

where fMand f* represent the fraction of the intake attributed to Type M and Type S uranium,
respectively. A similar equation can be written for fecal excretion. Fecal excretion of Type M and S
uranium is primarily a consequence of mechanical processes within the respiratory tract which transfer the
deposited uranium to the GI tract. Although the mechanical processes act in competition with the
absorption rates in the new lung model (ICRP 1994a), the mechanical removal rates dominate the
clearance of Type M and S uranium. Thus, the estimated intake rates based on fecal excretion are largely

independent of absorption Type. The separation of the clearance processes is a major feature of the new

lung model.

Assume that both fecal and urine bioassay data are available for a worker chronically exposed to Type

M and S uranium. As noted above, similar estimates of the intake rate will be indicated by the fecal samples

91



regardless of the absorption type. This can be seen graphically in Fig. 2 of the text and is also evident in
the figures of Appendix B (see, for example, Figs. B-2, B-3, B-4, B-12, and B-13). If the exposure
involves only Type S uranium, then the urinary excretion data and the fecal excretion data should yield
similar estimates of the intake (see, for example, Fig. B-1 and B-7). If the intake rates derived from the
urinary excretion data, assuming Type S uranium, are numerically larger than those based on the fecal data,

then the exposure may involve a mixture of Type M and S uranium.

If the intake rate derived from the urine samples <ﬁu5> is greater than the value indicated by the fecal
samples <€,S>, then we seek the fraction of the intake rate attributable to Type M uranium, such that the
intake rate estimated for the mixture based on the urinary data might agree with that indicated by the fecal
data. We set the left-hand side of Eq. G-2 to the average value of the intake rate derived from the fecal

excretion <P> assuming either Type M and S uranium, that is

<p> - (<f}?> % <B'>)/2 (G-3)

and solve for /™ noting that /% S * 1. The resulting expression for f is

N

u

At) & i EXt,)

=

(G-4)

NU
EN1) & § EXt)

L

e <P>

J 9

3

and /5 * 1& ™. If the intake rate derived from the urine samples <puS> is less than the value indicated by
the fecal samples <8CS> (see, for example, Figs. B-11 and B-15 ), then we simply take the average of these

two values as the intake rate and assume the exposure was due entirely to Type S uranium (i.e., /5 =1
and /M =0).
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