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ABSTRACT

The Hanford Internal Dosimetry Program, administered by Pacific
Northwest Laboratory{2) for the U.S. Department of Energy, provides routine
bioassay monitoring for swployees who are potentially exposed to radio-
nuclides in the workplace. This report presents the technical basis for
routine bicassay monitoring and the assessment of internal dose at Hanford.
The radionuclides of concern include tritium, corrosion products (58Co, 60Co,
54mn, and 59Fe), strontium, cesium, iodine, europium, uranium, plutonium, and
americium, Sections on each of these radionuclides discuss the sources and
characteristics; dosimetry: bioassay measurements and monitoring; dose
measurement, assessment, and mitigation; and bioassay follow-up treatment.

(a) Pacific Northwest Laboratory i3 operated by Battelle Memorial Institute
for the U.S. Department of Energy under Contract DE-ACOG-76RLO 1B30.
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MATHEMATICAL SYMBOLOGY{2)

body water concentration of tritium at time it post intake
fractional excretion based on the fraction of uptake to hlood
fractional upiake urinary excretion

fractional intake urinary excretion

tissue dose equivalent in year 1 post intake

first-year tissue dose eguivalent

cumulative or committed tissue dose equivalent through year t
post intake

effective dose equivalent in year t post intake
50-year committed effective dose equivalent
intake

decision level; the level above which an analyte is determined
te be present in a sample

measured urinary excretion at time T (not fractional)
the retained quantity at time t (not fractional)

fractional uptake systemic retention at time t including
systemically fed organs and tissuss

uptake through time t

total uptake., Note: concerning uptake to blood, U(w) is the
presystemic deposition

effective dose equivalent weighting factor for tissue T
resuit of a measurement

uncertainty associated with the result X3

(a)

The symbology used in this document generally follows that used in
Publication 54 of the International Commission on Radiological
Protection {1888},
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GLOSSARY

annual effective dose equivalent, Hg: the sum of the products of the annual
tissue dose equivalent, Hy, to organs and tissues of the body and the
respective weighting factors as designated in DOE 5480.11 (DOE 1988).

annual tissue dose equivalent, HT: unweighted dose egquivalent to a specific
organ or tissue.

a priori: presupposed by experience. 1n the context of counting statistics,
it refers to estimated or general capabilities determined prior to an
actual sample count.

bioassay: measurement of amount or concentration of material (usually radio-
active material) in the body or in biological material excreted or
removed from the body and analyzed for purposes of egtimating the
quantity of material in the body (from ANSI 1987).(a

burden: the instantaneous activity of a radionuclide in a systemically fed
organ or tissue, the lung, or in the whole body excluding the activity
at the entry site and tymph system (lung, wound site, and/or in material
passing through the GI tract.) For nontransportable activity obtained
by inhalation, both the body burden and the lung burden would be
required to completely characterize the situation at a given time.
Using ICRP 54 (1988) terminology, burden is the same as retained
quantity.

comnitted: refers to a total or time-integrated amount for 50 years post
intake or onset of a chronic intake {(or for a different period if so
specified).

committed dose equivalent, H$,50: dose equivalent to a organ or tissue
comitted for a 50-year period following an acute intake or onset of
chronic intake. 1t does not include contributions from external dose
(DOE 1988) .

comnitted effective dose equivalent, H? 5p: the effective dose eguivalent
committed for a 50-year period following an acute intake or onset of
chronic intake. It does not include contributions from external dose
(DOE 1988) .

corrosion products: elements that are present in the structure of the
reactor or the fuel rods that become activated by neutrons, as opposed
to fission products that result from fission.

(a) American National Standards Institute (ANS1). 1987. Performance
Criteria for Radiobioassay. Draft ANSI Standard N13.30, New York,
New York.
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deposition: the total input to an organ or tissue for a specified period of
time. Deposition can also refer to material deposited at an entry site.
See also systemic deposition,

detection level: a general term relating to the smallest amount of material
detectable as a function of the measurement method and instrument
background. {The precise way that detection level has been defined has
changed over the yegars.)

detection limit: synonymous with detection level,

injection: any means whereby the radicactive material is placed in direct
contact with the bleod, excluding through the lung or B! tract.

intake: the amount of material taken into the body by inhalation, absorption
thrc?gh the skin, injection, ingestion or through wounds (from NCRP
1887} .

in vivo: refers to measuring radiocactivity dir&ctig on a living organism.
In vivo is synonymous with the word "direct” when used in the phrase
“direct bicassay”,

minimum detectable activity, MDA: the smallest activity of a radionuclide in
a sample {or organ} that will be detected with a specified level of
confidence. See Appendix € for details,

positive level: a level of a bioassay measuremeni at which the Hanford
Internal Dosimetry Program considers the analyte to be detected (as
opposed to being detectable),

presystemic deposition: a mathematical or schematic component (or
components} of the deposition at the entry site that is available for
translocation to the blood. It excludes material that is permanently
retained at the entry site or by the lymph system,

preview counter: a standup whole body counter consisting of § Nal detectors.
It is the principal counter used for routine whole body counts and
ingident screening counts, provided good resclution of photopeaks is not
needed.

readily transportable: being readily transferred from the site of initial
deposition to the blood., As applied to material in the lung, readily
transportable material would be class D. It is gemerally eguivalent to
the terw “soluble™ as applied fo human physiclogy, but it is not
necessarily equivalent to chemical solubility in agueous solutions.

retained quantity: synonymous with burden.

retention: the retained quantity (or burden) as a fraction of the uptake or
intake. It can apply to an organ or to the whole body.
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specific effective energy, SEE: the energy, suitably modified for quality
factor, imparted per gram of a target tissue as a consequence of the
emission of a specified radiation from a transformation occurring in a
sourge tissue. The units are Mev per gram-transformation (from ICRP
1979).

super Y: an inhalation class in which the radioactive material is more
tenaciously retained in the pulmonary region of the lung than class Y
material; i.e., the clearance half-time from the puimonary region of the
lung is greater than 500 days. For purposes of prospective analyses in
this document, super Y was assumed to be characterized by a 10,000-day
clearance half-time for pathways a, ¢, e, and i as shown in Figure D.1.

systemic deposition: activity retained for an extended period of time in all
systemic organs and tissue. Differs from uptake in that activity that
stays in the transfer compartment and is ultimately excreted without
going to systemic organs (for instance, because of chelation) is
included in the term uptake but not in the term systemic deposition.

time-integrated activity or cumulative activity: the integral over time of
the instantaneous activity in an organ or in the whole body. The units
are activity times time, such as nanocurie-days. When multiplied by the
SEE factor and appropriate unit conversion factors, the time-integrated
activity provides the dose equivalent to the target organ.

transfer compartment: a mathematical or schematic representation of the
blood circulation system through which radioactive material is
transported to organs, tissues, or excretion.

uptake: quantity of a radionuclide taken up by the systemic circulation,
e.g., by injection into the blood, by absorption from compartments in
the respiratory or GI tracts, or by absorption through the skin or
through wounds in the skin (from NCRP 1987), or taken up by a specified
organ or tissue via the blood.
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1.0 INTRODUCTION

The Hanford Internal Dosimetry Program, administered by Pacific North-
west Laboratory (PNL) for the U.S. Department of Energy (DOE), provides
internal dosimetry support services for operations at the Hanford Site.
These operations include the production and purification of plutonium,
the fabrication of uranium fuel elements, the operation of large thermal
(presently in standby status) and fast reactors, the processing of
radioactive wastes, and research and development.

Nearly 8,000 of the approximately 15,000 workers employed at Hanford by
DOE and its contractors participate in routine biocassay monitoring programs,
Radionuclides of particular interest are the fission and activation product
radionuclides, uranium, and plutonium.

This report describes the technical basis for the design of the routine
bioassay monitoring program and upon which assessment of internal dose is
performed. The purposes of this report are to:

+ provide assurance that the Hanford Internal Dosimetry Program
derives from a sound technical base

* promote the consistency and continuity of routine program
activities

* provide a historical record
* serve as a technical reference for radiation protection personnel
* aid in identifying and planning for future needs.

Internal dosimetry at Hanford is based on the concepts of effective dose
equivalent described in Publications 26 and 30 of the International Commis-
sion on Radiological Protection (ICRP 1977, 1979) and modified to apply to
annually received dose as prescribed by DOE 5480.11 (DOE 1988). The annually
received effective dose equivalent is the basis for evaluating compliance
with regard to the 5 rem/yr DOE Radiation Protection Standard (RPS). Fifty-
year committed dose equivalents (both tissue and effective dose equivalents)
are also calculated and reported.
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This document consists of a number of sections and appendixes. Each
section deals with a specific radionuclide or a related group of radio-
nuclides. The appendixes provide information that is general to all of the
sections. Radionuclides not specifically mentioned are rarely encountered
in amounts of dosimetric concern. The basis for dosimetry for other radio-
nuclides will be added to this document if the need arises,

Occasional revisions to the contents of this document are made via
Program Change Records maintained in the Hanford Radiation Protection
Historical Files, Affected portions of the document will be periodically
revised and redistributed.
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2.0 TRITIUM

This section provides information on the sources and biokinetics of
tritium and summarizes the technical basis used for the internal dosimetry
of tritium (3H) at Hanford. This section is not intended to be an all-
encompassing technical basis for any type of tritium exposure, but rather
to provide the approach to be used for routinely encountered exposures at
Hanford. For additional information, models, and approaches suitable for
types of tritium exposures other than those addressed here, refer to the
references listed in Section 10.0.

2.1 SOURCES OF TRITIUM

Tritium exists as part of the natural background of environmental radia-
tion (National Council on Radiation Protection and Measurements [NCRP]
197%a). It can be assumed that the tritium concentration of the body water
of nonoccupationally exposed persons should be reasonably close to that of
their drinking water. The Environmental Protection Agency (EPA) has reported
that background tritium concentrations in U.S. drinking water range from
100 to 400 pCi/L (EPA 1985}, which corresponds to about 0.2 to 1.0 dpm/mL.

In addition, the EPA has promulgated a limit for tritium in drinking water of
20 nCi/L, based on 4 mrem/yr {EPA 1976), although an upward revision of this
1imit seems technically justifiable {Moghissi and Cothern 1986).

It is also worth noting that tritium has been widely distributed in the
public domain as a source of luminosity for various “glow-in-the-dark" appli-
cations, such as the faces of watches, clocks, instruments, and exit signs.
Breakage or other loss of containment in such devices could result in tritium
fevels in urine being substantially above background without occupational
exposure.

Tritium at Hanford is encountered at levels of potential occupational
dose concern primarily in the decontamination and deconmissioning (D&D) of
former tritium production facilities, laboratories associated with such
facilities, radioluminescent lights being developed by PNL, and as a tracer
or labeling compound for biological research projects.
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Tritium in the human body can be routinely detected at levels well below
those of any dosimetric concern. Therefore, in addition te its use for
dosimetry, tritium bicassay can be readily used as a workplace monitoring
technique supplemental to air sampling or contamination surveys.

2.2 BIOKINETIC BEHAVIOR OF TRITIUM

This section describes the bickinetic models and assumptions used for
the behavior of tritium, with the emphasis on tritium in the form of triti-
ated water.

2.2.1 Chemical Form

Unless otherwise specified, exposure to tritium is assumed to occur as
exposure to tritiated water., Routine Hanford dosimetry is based on this form
of tritium because it is the typical form encountered., Dosimetrically, trit-
iated water is also substantially mere Timiting than exposure o elemental
tritium,

Organic compounds containing tritium can be substantially more limiting
than tritiated water (by as much as a factor of 50). Uosimetry for exposure
to elemental tritium or organic forms of tritium requires further knowledge
of the nature of the material and the circumstances of exposure. Because
elemental and arganic forms are not in widespread use at Hanford, they are
not addressed in this technical basis. If special circumstances warrant,
this technical basis can be sxpanded.

2.2.2 Transportability

Tritium in the form of tritiated water or vapor 1s assumed {o be instan-
taneously and uniformly mixed with body water immediately following intake.
Although the NCRP suggests that 2 or more hours may be reguired for this
distribution and mixing to occur {KCRP 1976}, from a practical standpoint the
process is quite rapid and an approximate equilibrium condition will probably
be reached by the time a sample can be collected. The collection of
overnight urine samples provides reasonable assurance that an equilibrium
condition in the body has been achieved.
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2.2.3 Metabolic Model

The metabolic model used for tritium is described in ICRP 30 (1979).
Tritiated water is assumed to he uniformly distributed among all soft tissues
at any time following intake. Its retention {rz} is described as a single
exponential with an effective clearance half-time of 10 days. Thus, the
fraction of tritium taken into the body as tritiated water, which i3 retained
in the body at time t days later, is given by

{-0.693/10}¢ -0.0693t

2 - ex - exp @1

This retention function has been well established and is considered appropri-
ate for exposures to tritiated water. It can be expected that the retention
of tritiated water in individuals will vary from this, and if sufficient data
are available to establish an alternate model for an individual worker's
exposurg, they should be used.

In addition to body water, I{RP 30 acknowledges the existence of two
arganically bound tritium compenents. However, the ICRP concludes that these
could be ignored for radiation protection purposes, and Johnson (1982}
estimates that these components would add approximately 10% to the committed
dose equivalent. Unless worker data specifically indicate the existence of
significantly longer-term components, the Hanford Internal Dosimetry Program
will follow the ICRP recommendation of single compartment retention.

The fraction of the initial uptake eliminated on any given day after
intake is derived by differentiating the retention function. Thus, the elim-
ination function based on Equation (2.1} is given by

~(.0583¢

e{t) = 0.0693 exp (2.2)

where e{t) is the fraction of uptake excreted on day t and t is the elapsed
time {days) post intake.

It must be recognized that Eguation {2.2) describes the total tritium
eliminated from the body. This elimination occurs via a number of pathways,
notably urine, feces, insensible loss {exhalation), and sweat. The ICRP 23
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(1974) Reference Man water balance, shown in Table 2.1, indicates that 47% or
approximately half of the water loss of the body occurs via urine. In apply-
ing the excretion function to uptake estimation based on urine sampling, the
fraction of an initial uptake excreted in urine on day (t) post intake is
then calculated to be

e2(t) = 0.47 e(t) = 0.033 exp0-06%3* (2.3)

The uniform concentration of tritium in body water and its single com-
ponent clearance rate allow for the estimation of uptake based on concentra-
tion rather than total daily excretion. Thus, the excretion functions, Equa-
tions (2.2) and (2.3), can be generally ignored, and the retention function,
Equation (2.1), can be directly used to estimate the initial body water con-
centration as follows:

-0.0693t

C(t) = C(0) exp (2.4)

where C(t) is body water concentration on day t, C(0) is initial body water
concentration, and t is elapsed time (days) post intake.

TABLE 2.1. ICRP 23 Reference Man Water Balance

Intakes Losses
Source mL/day  Fraction Pathway mL/day Fraction

Milk 300 0.10 Urine 1400 0.47
Tap water 150 0.05 Feces 100 0.03
Other 500 0.50 Exhalation 850 0.28

Total fluid 1950 0.65 Sweat 650 0.22
Food 700 0.23
Oxidation of

food _350 0.12 o .

Total intake 3000 1.00 Total loss 3000 1.00
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Once {0} has been determined, the uptake for an acute exposure can be
estimated by multiplying C{0) by the source organ (body water} mass as shown
in Equation {2.5):

U{0) = C{0} * M{s) (2.5}

where U{0} is the uptake in units of activity, C(0)} is initial body water
concentration, and M{s) is the source organ (body water} mass.

For airborne exposures, ICRP 30 suggests that the uptake rate for
tritiated water by inhalation and skin absorption pathways can be approxi-
mated by

B' = 1.86+6 * C{air) {2.6)

where §' is the uptake rate in gCi/h, and C{air) is the air concentration in
wlifce,

2.3 TRITIUM INTERNAL DOSIMETRY FACTORS

The general approach to tritium dosimetry, including basic dose calcula«
tions for acute, chroni¢, and other exposures to tritium, is discussed in the
following subsections.,

Z2.3.1 &eneral Approach

Determining the dose from tritium exposures involves calculating the
dose to soft tisswe from tritium that is assumed o he uniformly distributed
throughout the body water. The body water concentration can be determined by
the sampling of body fluids (typically urine}, followed by direct measurement
of tritium using liquid scintillation techniques. For acute exposure situa-
tions, the initial body water concentration can be estimated from the
retention function, and & total tritium uptake can be calculated using the
Reference Man body water wass from ICRP 23 (1974). From this uptake, the
soft tissue dose eguivalent can be calculated for any pertinent time period.
For chronic exposure situations, an equilibrium body burden of tritium ¢can be
estimated from body water concentration, and a dose equivalent can be calcu-
iated for any pertinent time period using a dose rate factor.
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Historically, the approach to tritium dosimetry used in ICRP 2, ICRP 10,
and American Rational Standards Institute {ANSI} N13.14-1983 was to calculate
the dose to body water as the critical organ (ICRP 1959, 1969; ANSI 1983). A
body water mass of 42,000 g was assumed for ICRP 23 Reference Man {1974). It
was assumed that the dose to body water was essentially the same as the dose
to soft tissue. This approach was guite conservative.

in ICRP 30, a more realistic approach to tritium dosimeiry is recom-
mended. The body water mass of 1CRP 23 Reference Man (42,000 g) is recog-
nized to be essentially uniformly distributed throughout the body mass of
soft tissue (63,000 gj. Conseguently, tritium is considered to be uniformly
distributed throughout soft tissue, and it is the soft tissue mass that is
irradiated rather than merely the body water. The net effect is to
distribute the decay energy over a larger mass of tissue, resulting in a
lowered total dose. Although Jess conservative, this approach is more
accurate from a bioclogical and technical point of view and thus provides
a better technical basis for the Hanford Internal Dosimeiry Program.

Internal dosimetry calculations for tritium at Hanford will henceforth
use the ICRP 23730 soft tissue mass of 63,000 g as the target organ mass.

Other factors used for tritium dosimetry are shown in Table 2.2.

2.3.2 Dose Calculation for an Acute Exposure

The dose calculation for acute uptakes of tritium is as follows:

e , = 51.15 U(0) SEE (1-exp™0-%%%3%)/0.0603 (2.7)

¥

where Hy y = the soft tissue dose equivalent in rem
He)
SEE

it

the initial uptake in microcuries

i

the ICRP 30 specific effective energy per transformation
{9.0E-8 MeV/dis-g)

t = the time interval (in days} following uptake over which
the dose is caleulated,
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TABLE 2.2. Tritium

Radiological half.life
Biological half-life
Effective half-life

Effective energy per
transformation

SEE factort®)

Quality factor

Weighting factor

Source organ

Source organ mass

Target organ

Target organ mass

Intake dose equivalent factor

Dose equivalent per unit
concentration factor

Dose rate per unit
concentration factor

Dosimetry Factors

12.35 yr
10 days
10 days

5.7 keV (0.0057 MeV)

3.0E-08 Mev/g-transformation
1.0

1.0

Body water

42,000 g

Soft tissue

63,000 g

0.063 wrem/uli

2.8 mrem per xCi/l

0.19 mrem/day per pCi/L

{a} SEE = specific effective energy.

Because the weighting factor used for total body soft tissue is 1, the soft
tissue dose egquivalent is equal to the effective dose equivalent, or

committed dose being delivered within about 100 days.

HE"_'H»{

(2.8}

The 10-day effective half-life of tritium results in the total 50-year

Thus, there is rno

significant difference between the first-year dose and the 50-year committed
The 50-year committed dose eguivalent from an acute {ritium intake can
be calculated by solving Equation (2.7) for a period of 18,250 days, giving

the following:

dose,

c
Hg 5 = 0.064 U(0)

2.7
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where HE 55 is in mrem and U(0) is in microcuries or, alternatively,
¥

xgt&} = 2.8 * £(0) (2.10)

where C{0} is in xCi/L.

Because the dose from tritium is delivered in a relatively short time
with regard to a calendar year, it may be a reasonable practice for record-
keeping purposes to credit the total committed dose from an acute tritium
exposure to the year of intake.

2.3.3 Dose Calculation for a Chronic Exposure

For chronic exposure, or a series of continuing acute exposures, an
equilibrium concentration in body water is assumed. The dose equivalent
rate during the period when the concentration is maintained can be calculated
by

H' = 51.15 Q{e)} SEE {2.11}
where B' is the dose equivalent rate in rem/day, ({e) is the equilibrium

activity in soft tissue (microcuries), and SEE is the specific effective
energy.

Because Q(e)} can be calculated as the product of the body water equi-
1ibrium concentration, C{e), multiplied by the body water mass, M(s}, Equa-
tion {2.11) can be transformed to

B' = 51.15 C(e) M{s) SEE (2.12)
Substituting constants for body water mass {42,000 g} and unit conversicn
factors gives the following relationships for dose equivalent rate to body
water concentration:

B = 0.19 * (Cle) {2.13}

where H' is in mrem/day and C{e} is in gCi/l; and,
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H' = 8.7E~5 ({e} {2.14}

where H' 1 in mrem/day and C(e} is in dpm/mL (the units in which biocassay
results are typically reported by the Hanford bicassay laboratory).

The dose equivalent for the time period during which the equilibrium
body water concentration s maintained can then be calculated by

%¥ =H * 1 (2.15)

where t is duration of exposure in days.

The total committed dose resulting from a chronic exposure interval
consists of the dose incurred during the interval {as calculated by Equa-
tion [2.15]1} and the dose incurred following the termination of intake. This
latter component can be calculated using the equation for an acute exposure
{Equation [2.101) where C{0} is equal to C{e) as follows:

H{total) = (H' * ¢t} + [2.8 C(0}] (2.16)

2-3.4 Dosimetry Based on Multiple Sample Results

When data from routine mwonitoring indicate that wmultiple acute intakes
or combinations of acute and chronic exposure conditions may exist, dosimetry
may be performed by integrating the boudy water concentration over time and
muliiplying by the dose rate per unit concentration factor listed in
Table 2.2 (as shown in Equation {2.17]). This method is particularly useful
if samples are obtained frequently enough to provide an accurate estimate of
the integral value.

HE = 0.19 fc(t) dt (2.17)

where Hg is in mrem and C{t) is in uCi/L.
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2.3.5 Dosimetry for Other Exposure Conditions

Dosimetry calculations for other exposure conditions, forms of material,
or monitoring techniques will be addressed as specific needs arise. The
previously cited references, Brodsky (1983), and the Canadian Environmental
Health Directorate's Guidelines for Tritium Bioassay (1983) provide useful
models and techniques that can supplement or be adapted to the Hanford dosim-
etry techniques discussed previously. The NCRP has also addressed the issue
of dosimetry for tritium-labeled organic compounds incorporated into genetic
material in NCRP 63 (NCRP 1979b).

2.4 BIQASSAY MONITORING

The general approaches to routine monitoring, capabilities of bioassay
monitoring, and optimum bioassay sampling intervals are discussed in the
following subsections.

2.4.1 General Approach to Bioassay Monitoring

Bioassay monitoring for tritiated water is relatively simple and
involves sampling body fluid. Any body fluid can be used, but from a pract-
ical standpoint urine is the medium of choice. Because dosimetry can be
readily performed using concentration data and because the models are quite
simple, a single voiding (spot) urine sample is sufficient to obtain an
adequate volume for analysis. Only a few milliliters are actually used in
the Tiquid scintillation analysis procedure. Sufficient time should pass
following exposure to allow for uniform distribution throughout body fluids.
The NCRP suggests that 2 or more hours may be required for this (NCRP 1976).
For this reason, it is usually recommended that tritium samples be collected
at home using a multiple voiding sampling protocol to obtain an average
concentration,

The Hanford bioassay analysis laboratory's liquid scintillation proced-
ure involves direct mixing of a small quantity (1 mL) of the urine sample
with the scintillation cocktail solution. The sample is then counted in a
liquid scintillation analyzer. The sensitivities of the available urine
procedures are shown in Table 2.3. It should be noted that the sensitivities
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are well-established and anticipated exposures are relatively small, longer
sampling intervals (e.g., monthly) may be suitable. However, the uncertain-
ties with dose estimates associated with longer sampling intervals become
much higher. Because of the 10-day effective half-life, sampling intervals
greater than 90 days are specifically not recommended.

2.4.5 Special Monitoring

Special monitoring may be required after unplanned or unusual exposures.
When an unusual exposure has been suspected or reported, arrangements should
be made to collect a urine specimen within a reasonably short period of time
following the exposure. For potentially high exposures, this sample might
be a single voiding sample collected at the workplace. For less serious
exposures, an overnight (simulated 12-hour) or simulated 24-hour sample pro-
vides confidence that body equilibrium has been achieved and may be more
convenient.

Follow-up sampling should be performed to confirm the initial sample
results. Additional follow-up samples may be warranted to verify the
applicability of the 10-day retention half-time in the individual, or to
assess a more suitable half-time. To adequately determine the degree of
agreement between observed and anticipated retention may require only two or
three samples over a period of about 3 weeks, or it may involve a more
extended sampling program. The evaluator must exercise judgment in deter-
mining the number of samples warranted. If the exposed worker is already on
a routine (e.g., biweekly) monitoring frequency, additional special sampling
for follow-up may not be required.

Once an exposure has been evaluated, elevated urine samples might be
expected for some time (several months). If the worker returns to work that
involves potential tritium exposure, a more frequent sampling program may be
required until normal baselines are re-established. During this time period,
consideration may need to be given to the possibility that additional low-
level uptakes of tritium might occur, which could be undetectable due to
tritium retained from the earlier intake.

2.13



2.5 ASSESSMENT CGF INTERNAL DOSE

This section provides summary procedures for the assessment of occu-
pational internal dose. As such, it applies the concepts described in Sec-
tion 2.3 to the Hanford lnternal Dosimetry Program.

2.5.1 Simplified Dose Assessments

Simplified dose assessments use the standard models and parameters dis-
cussed in the previous sections to provide an estimate of committed effective
dose equivalent. Simplified dose assessments may be most suitable when deal-
ing with Timited data {e.g., single urine sample results) or when the dose
estimates are Tow with regard to radiation protection standards or limits.
The simplified dose assessment procedures that follow are based on the dise
cussion contained in Section 2.3, and are adiusted to reflect the units in
which Hanford bioassay results are typically reported.

Acute Exposure Simplified Dose Assessment

To calculate the committed effective dose equivalent from an acute
intake of tritium based on a single urine sample result, proceed as followss

1. Calculate the sample concentration, C(t), in dpm/mL

_ Reporled Resylt, dpm
Ct) = Sampie Volume, ml (2.18)

2. FEstimate the initial body water concentration, C{(0}, in dpm/mL

. C{t)
C0) = &5 120.0693  ©) (t = days post intake)  (2-19)

3. Calculate the committed effective dose equivalent, HE, in mrem

He = 1.3£-3 * C(0) (2.20)
Because the committed effective dose equivalent is delivered within a rela-
tively short time following the intake, the first-year and commitied dose

equivalents are considered equal.

Chroni¢ Exposure Simplified Dose Assessment

To calculate the dose equivalent resulting from a chromic exposure to
tritium {assuming the equilibrium condition), proceed as foliows:
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1. Calculate the body water eguilibrium concentration, ({e}, in
dpm/mi ¢

Cle) = Reported Result, in dom

Sample Valume, in ML (2.21}

2. Calculate the committed effective dose equivalent, HE, in mrem, for the
interval of exposure {t, in days):

%‘g = [{8.7E-5 * t) + 1.3£-3] * C(e) - {2.22)

Individual-Specific Dose Assessments

individual~specific dose assessments are made when there are signifigant
deviations from the metabolic or dosimeiric parameters described above, The
assumptions or methods used for these assessments are documented as part of
the evaluation.

2.6 MITIGATION OF DOSE FROM TRITIUM

The primary treatment for reducing internal dose from a tritium uptake
is to accelerate the turnover of body water. This can be done by sub-
stantially increasing the fluid intake rate of an individual through oral
or intravenous means, and/or using diuretics (NCRP 1980; IAEA 1978). Dose-
mitigating actions should be recommended by the Occupational Medicine
Department of the Hanford Environmental Health Foundation {HEHF} with the
consuitation of Internal Dosimetry.

Z2.15






SECTION 3.0

COBALT-60 AND OTHER
CORROSION PRODUCT RADIONUCLIDES



3.0 COBALT-B0 AND OTHER CORROSIGN PRODUCT RADIONUCLIDES

Corrosion product radicnuclides are created by neutron activation of
reéactor components such as piping or fuel elemeat cladding. The principal
sources of corrosion product radionuclides at Hanford are the K Reactor
and Fast Flux Test Facility (FFTF}. Corrosion product radionuclides are
generally gamma-emitters; therefore, bioassay monitoring can be readily
accomplished by whole body counting, This section provides background on the
sources, characteristics, and biokinetic behavior of 80Co and other corrosion
product radionuclides and summarizes the technical basis used for their
internal dosimetry at Hanford.

3.1 SQURCES ARD CHARACTERISTICS OF CORROSION FRODUCT RADIONUCLIDES

In recent years, the primary source of corrosion product radionuclides
at Hanford has been the N Reactor, and the most detailed characterization of
these radijonuclides has been performed fur N Reactor farilities (Weetman and
DeHaven 1982a, 1982b). In general, a major characteristic of these corrosion
product radionuclides, regardiess of origin, is the presence of several
radionuclides within & matrix of oxidized metal with 60Co the predominant
radionuc]ide.

The constituents of most corrosion product mixtures of an internal
dosimetry concern at Hanford have historically been 58Co, 60Co, 34Mn, and
59Fe. Other radionuclides may also be present in trace amounts, but they are
generally of 1ittle dosimetric significance. These radionuclides are all
associated with elements found in steel and alloys used in reactor compo-
nents. The relative abundance of the radionuclides varies from facility to
facility; however, B0Co is generally the predominant radionuclide in terms of
both activity and dose significance. With the shutdown of N Reactor in 1987,
the production of corrosion product radionuclides at Hanford is currently
Timited to FFTF. Based on historical experience, 8o is the best indicator
of an intake of mixtures of corvosion product radionuclides,

Studies at N Reactar indicate that airborne particulates containing
corrosion product radionuclides can be characterized by a lognormal distri-
bution with an activity median aerodynamic diameter (AMAD) ranging from
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0.5 to 2.5 um (Weetman and DeHaven 1982a). Unless specific information is
available, the assumption of a 1-um-AMAD particulate is recommended for
evaluations of internal exposure.

For mixtures containing corrosion product radionuclides, the pulmonary
retention of the individual radionuclides is probably influenced by the
contaminant carrier matrix; thus, pulmonary retention for all of the radio-
nuclides within a single carrier matrix will probably be similar. Oxides
characteristically represent the least transportable form of an element in
the lung. For purposes of a priori calculations of expected dose from
intake, the transportability class for the oxide form of the radionuclide is
assumed. Nevertheless, retrospective assessment of internal dose following
an intake should be based on actual observed retention in the lung.

3.2 BIOKINETIC BEHAVIOR OF CORROSION PRODUCT RADIONUCLIDES

The biokinetic behavior of corrosion product radionuclides in the body
is influenced by the physical and chemical properties of the host matrix, as
well as the individual elements composing the matrix. Thus, the actual
behavior of the material following intake is dependent on numerous complex
and competing factors. Although there have been several historical cases
involving inhalation intakes of corrosion products at Hanford, the intakes
involved have been too small to enable the specific radionuclide versus host
matrix characteristics to be accurately described. The approach taken here
regarding assumptions for distribution and retention of corrosion product
radionuclides is to assume that the radionuclide behaves according to the
most insoluble form established for the element in ICRP 30 (1979) unless
sufficient in vivo data are available and the intake is of sufficient
magnitude (e.g., potentially above 100 mrem/yr) to warrant evaluation of
individual specific retention.

ICRP 30 establishes default inhalation classes W and Y for cobalt, and
classes D and W for both manganese and iron. Therefore, for intakes
involving a mixture of corrosion products, assumed inhalation classes are
Y for cobalt and W for manganese and iron. Other radionuciides identified in
the host matrix should be evaluated in the same manner. The GENMOD computer
code (Johnson and Carver 1981) implements the biokinetic model prescribed in
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ICRP 30 and is wsed to assess expected biocassay compartment guantities
following intakes of the corrosion products. As described in Appendix A,
GENMOD also permits modification of biokinetic parameters to provide a better
agreement between observed and expected bicassay compartment values,

Section 3.7 summarizes default biokinetic parameters to be used for
assessing internal dose equivalents from intakes of corrosion product
radionuclides.

3.3 INTERNAL DOSIMETRY FOR CORROSION PRODUCTS

Section 3.7 provides radiological and dosimetric data for several tor-
rosion product radionuclides., Tables 3.5, 3.11, and 3.15 provide estimates
of the first-year and 50-year committed effective dose equivalents for
intakes of the radionuclides and Tables 3.6, 3.7, 3.12, and 3.16 give
expected activities remaining in the lung and whole body following an intake
sufficient to result in a firsteyear effective dose equivalent of 100 wrem.

Assessments of internal dose equivalents for intakes of mixtures of
corrosion product radionuclides must consider the contribution of all radic-
nuclides present in the wmixture. The variability of the relative contribu-
tion to internal dose eguivalent by the various radionuclides precludes the
establishment of any specific relationship between effective dose eguivalent
and organ doses for a generic mixture.

In vivo measurements permit the actual distribution and retention of the
radionuciides in the body to be estimated. In vive measurements are capable
of providing estimates of activity in the lung and in the total body follow-
ing an intake. Subtraction of lung activity from total body activity yields
an estimate of the activity in systemic compartments of the bedy for measure-
ments performed more than 1 week post intake (after clearance of any ingested
or inhaled material from the gastrointestinal [Gl] tract). Activity ip the
systemic compartments is distributed among several organs and assessment of
the activity in these compartments 15 normally not feasible using standard in
vivo measurement techniques. In lieu of specific information regarding the
inter-systemic partitioning of the radionuc¢lides, the organ deposition
fractions and retention rates provided in ICRP 30 are used. Thus, successive
whole body counts yield data from which lung and systemic organ cumulative
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activities {e.g., nCi-days) can be determined. The dose conversion factors
in Tables 3.3, 3.4, 3.10, and 3.14 may be applied to these cumulative
activities over the time periods of interest to assess organ and effective
dose aguivalents.

3.4 BIOASSAY FOR CORROSION PRODUCTS

The following subsections discuss bicassay wonitoring for corrosion
product radionuclides.

3.4.1 Bioassay Methods

In vivo and excreta measurements comprise the bicassay methods used in
moniitoring for corrosion product radionuclides.

In Vivo Measurements

All of the radionuclides included in this section are gamma-emitiers;
therefore, internally deposited activities can be measured directly using in
yivo techniques. Table 3.1 shows the detection levels for the radionuclides
using the standard three-minute preview counter measurement (Palmer et al.
1887} .

TABLE 3.1. Minimum Detectable Activity in a Yh?1e Body Count
{preview counter, 3-minute count)}(a

Radionuclide MDA, nCi
58¢0 3
§0¢o 3
S4un 3
SgFe 6

{a} MDA calculated as described
by Palmer et al. {1987) and
in Appendix C.

Excreta Measurements

Because the radionuclides are easily detectable using in vive tech-
niques, it is not expected that excreta measurements would be reguired in
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most internal exposure situations, HMeasurewent of radionuclides in early
fecal excretion can be used 25 a means for establishing the relative radio-
nuclide distribution in & corrosion product mixture; however, analysis of a
pasal or appropriate surface contamination smear sample is preferred if the
alements present may exhibit different absorption characteristics in the GI
tract,

3.4.2 Routine Biocassay Monitoring Program

Routine monitoring for gamma-emitting corrosion products is best accom-
plished by periodic whole body counting, Based on the tables in Section 3.7,
which show the capability of periodic bicassay measurements in terms of
annual and committed effective dose equivalent, a semiannual frequency
provides for detection of intakes in a year resulting in either an annual
or committed effective dose equivalent of 100 mrem for the radionuclides
specifically covered in this section. An amual freguency would enable
detection of annual effective doses of 100 mrem for a1l radionuclides
considered except 59Fe.

Because corrosion product mixtures are characterized by the dominant
presence of B0Co, a bicassay monitoring program for identifying intakes can
be based on the identification of B80Co. For this approach to be valid, the
presence of other radionuclides should be considered whenever 60Co is
detected,

Because intakes of activated corrosion products usually involve several
radionuclides, it is prudent tu assume, upon ipitial assessment of bicassay
measurement results, that the dose incurred from all radionuclides in the
corrosion product mixture will exceed somewhat the dose received from 60Co
alone. For example, if 60Co, 58Co, 5%Ma, and 59Fe were present at equal
activities in a mixture, then the first.year effective dose equivalent from
an intake of the mixture would be about 1.4 times the dose equivalent
received from the 60Co. However, because 60Co generally accounts for most
of the activity in the mixture, doses from all radionuclides in the mixture
are, in actual experience, less than 1.4 times the dose from the B0Ce alane.

1f 60Co or other radionuclides are detected in a routine measurement,
follow-up measurements generally should be performed. The measurements can
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usually be most conveniently performed immediately following the initial
measurement, while the subject is at the whole body counter facility. The
use of high-resolution germanium detectors for follow-up measurements is
preferred in order to identify other radionuclides possibly associated with
the exposure. Detection capabilities for the germanium detectors are com-
parabie to those obtained using the preview counter (Palmer et al. 1987).

If, at very low indicated activities, a contractor wishes to waive the
follow-up measurement, dose equivalents can still be calculated based on the
single initial count. Although the accuracy of a single count performed
using the preview counter is somewhat less than that obtained using germanium
detector systems, this higher uncertainty is not of much significance at low
doses.

3.4.3 Bioassay Measurements Following an Acute Intake

An in vivo examination should be performed following any indication of
an intake of activated corrosion product radionuclides. However, unless the
intake'appears to be of such magnitude that medical treatment to aid removal
of the material from the body is considered, the exam may be scheduled as
convenient, within several days of the intake. All radionuclides potentially
involved in the exposure should be considered during the follow-up
investigation.

The interpretation of in vivo measurements shortly after intake may be
complicated by early transport of material through the lung and GI tract.
Measurements performed after about 5 days post intake are more appropriate
for dose evaluation. Long-term foliow-up bioassay measurements should be
considered to monitor internal radioactivity levels and establish individual-
specific retention characteristics.

3.5 ASSESSMENT OF INTERNAL DOSE EQUIVALENT

The assessment of internal dose equivalent from corrosion products is
accomplished by evaluation of in vivo measurement results. Dose equivalents
are assessed for any confirmed internal exposure attributed to occupational
sources.
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Dose assessments include annual and committed dose equivalents, as well
as dose equivalents to specific organs of concern based on the criteria
presented in the Hanford Internal Dosimetry Program Manual.(d) (See also
Appendix B). Organs receiving the mest dose following intake are those
Tisted in Tables 3.3, 3.3, 3.9, and 3.13.

Several methods exist to evaluate in vivo results in order to assess the
internal dose equivalent. The simplest method, and one that is recommended
for initial evaluation of in vivo results, as well as for final evaluations
when doses are very low, iavelves fitting the in vivo measurement data to the
expected internal activity using the biokinetic model prescribed by the ICRP
in Publication 38. This model is implemented using GENMOD. Assumptions that
are used for this evaluation are that the material is in its most insolubls
form, as recommended in ICRP 30; that the intake date, if unknown, is assumed
to be the midpoint of the period during which the intake tould have occurred;
and that the intake consisted of inhalation of 3n aeroso] with l-um-AMAD
particles. The resulting retention function, calculated using GENMOD, fs fit
1o the observed in vivo measurement data using techniques described in
Appendix . The tables in Section 3.7 that show in vivo retention at various
times post intake can be used to estimate internal dose from whole body
counting data.

If the intake tould potentially result in an annual effective dose
equivalent exceeding 100 mrem, then an investigation should be performed to
determine the radionuclide composition of the involved corrosion product
mixture and to assess the dose equivalent from all radionuclides present in
the mixture. Additional in vivo measurements to confirm the assumed reten-
tion function, or to develop a case-specific retention function, should also
be performed.

For the purpose of developing an initial estimate of dose equivalent to
determine the extent to which followwup investigation is warranted, it should
be assumed that the total dose received from intake of the corrosion product

{a} Pacific Northwest Laboratory. 1989, Hanford Internal Dosimetry Program
Manual. PNL-MA-55Z, Richland, Hashington,
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mixture is 1.4(8) times the dose contributed by €0Co. This assumption
accounts for the fact that 60Co is usually part of a mixture of corrosion
product radionuclides and not all radionuclides in the mixture may have been
detected by the in vivo measurement.

A& simplified dose assessment procedure for use in the initial evalua~

tion, and as a final evaluation procedure for cases in which the annual
effective dose eguivalent is below 100 wrem, is as followst

1‘

Jetermine time of intake. Assume the midpoint of the period during
which the exposure could have occurred, if a specific intake date
is not known, For example, for the evaluation of measured activity
in an annual whole body count it might be assumed that the intake
occurred at the midpoint of the measurement period, provided the
worker could have incurred an intake at any time during the prior
year,

As an initial evaluation of dose, evaluate the biocassay measurement
results for each radionuclide detected using the ICRP 30 bickinetic
model and assuming a) the least scluble form of the radionuclide
recommended in ICRP 30, b) an inhalation intake, and ¢) an aerosol
AMAD of 1 mm.

1f 54Mn and other corrosion product radionuclides were detected by
the initial measurement{s), then assess the total annual dose
received from these radionuclides. If the calculated dose exceeds
a 100-mrem first-year effective dose equivalent, then determine if
other radionuclides, not detected by the in vivo measurement, were
also present at intake, Also, consider making additionai in vivo
measurements to confirm the retention characteristics of the
material and re-establish baseline internal activity levels.

1f 60Co was the only radionuclide detected and its annual effective
dose equivalent multiplied by 1.4 (to account for the possible
contribution of other radionuclides present in a mixture} exceeds
100 mrem, then other radionuclides potentially present at intake,
but not identified by the in vivo measurement, should be considered
in the evaluation,

Observed in vivo retention of the corrosion product radionuclides should

be used in place of the ICRP biokinetic mode] for evaluations of internal
doses that potentially exceed 100 mrem/yr when sufficient in vivo data are

{a)

Assumes egual intake of 80Co and 5%Mn. While other radionuclides may be
involved, experience at Hanford iundicates that the first-year dose is
contributed mﬁstig by these two radionuclides, and that the activity
ratio of 60Co to B4Mn is always greater than 1.0.
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available for such an analysis. This can be accomplished by either modifying
retention/distribution parameters in GENMOD to achieve better agreement
between the model and the observed in vive measurement data, or by graphi-
cally analyzing the in vive data to identify retention components for the
lung and for systemic organs.{8) The retention curves are then integrated to
obtain cumulative activity for the calendar years following intake, and the
cumulative activity is multiplied by the organ and effective dose eguivalent
conversion factors in Tables 3.3, 3.4, 3.1D, or 3.14 to obtain annual dose
equivalents, In order to provide a true assessment of the effective dose
equivalent, the activity deposited in the lung, systemic organs, and tissues
must be considered. Hodifications to default model parameters must be
documented in the internal/dose assessment report.

3.6 MANAGEMENT OF INTERNAL CONTAMIRATION CASES

Historically, activated corrosion product radionuciides have been the
most common type of interna) exposure at Hanford. However, exposures have
been minor and there is no knows instance in which special therapeutic
measures have been applied for mitigative purposes. Various options exist
for treatment to remove corrosion product radionuciides from the body and
these generally involve measures to minimize absorption into the blood,
including stomach lavage and administration of purgatives, emetics, or
phytates. Use of chelating agents may also he considered in significant
exposure cases. A primary consideration for all mitigatory actions 1s prompt
response because the effectiveness of treatment decreases rapidly with time
post intake. Hanford Environmental Health Foundation Occupational Medicine,
should be notified immediately wpon indication of a severe intake of corro-
sion product radionuclides,

3.7 QDOSIMETRY DATA FOR CORROSION PRODUCT RAQIONUCLIDES

This section provides bioassay and dose assessment information for the
principal corrosion product radionuclides: 58Co, 80Co, 5%Mn, and 59Fe.
Other radionuclides may sometimes be associated with intakes of mixed

{a) Activity in the systemic compartments of the body can be assumed to be
represented by the activity in the total body minus the lung.
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corrosion products; however, experience to date at Hanford has shown that
they are of aegligible dosimetric significance. If radionuclides other than
those provided in this section are encountered, dose assessment can be
accomplished using the methods discussed in this section.

3.7.1 Cobalt-58 and Cobalt-60

Cobalt-60 is the primary corrosion product radionuclide. 1n essentially
a1l internal exposure cases involving corrosion products at Hanford, the
internally deposited activity and the resulting internal dose are both
dominated by 60Co. Table 3.2 provides radiological data for 58Co and 60Co.
According to ICRP 30, inhalation classes are assigned as follows:

+« class Y--oxides, halides, nitrates, hydroxides
s ¢lass We-all other compounds.

As corrosion products, cobalt particulates exist in the oxide form and
are considered to exhibit retention characteristics of class Y compounds.
ITRP 30 considers cohalt to be relatively poorly absorbed by the 8] tract and
therefore assigns an absorption coefficient {f1) of 0.05 to both class W and
Y compounds.

0f the cobalt entering the blood stream, about half is excreted
directly, with the remaining half distributed in the body., Of the amount
distributed in the body, 10% is assumed to go to the liver and the remaining

TABLE 3.2. Radiological Data for 58(o and 60Co

58C¢ 60Co
Half«Tife 70.8 days 5.27 yr
Annual limit on intake{a)
Class W 1100 uCi 160 (i
{lass ¥ 800 a3 27 gl
whole body count MDA(D) 3 nCi 3 nCi

(a) From ICRP 30 (1979).
(b} MDA = minimum detectable activity (from Palmer
et al, 1987},



90% is distributed throughout the rest of the body. According to ICRP 30,
the material deposited in body organs {other than lung} is removed from the
organs at several rates. In the absence of reteation data on a case-specific
basis, the ICRP recommends that the following retention rates be applied to
the material in the liver and rest of body:

Fraction Retasined, % Biological Half-Life, days
&80 6
20 60
20 800

Because the retention characteristics are considered to be the same for the
Yiver as for the rest of the body, the relative distribution between the two
sources can he assumed to be constant at the following percentages of total
in the body {(except lung):

+ Jiver--10%
o rest of body~--G0%.,

Tables 3.3 and 3.4 provide dose conversion factors {DCFs) (in rem/nCi-
day) for 358Co and 50Co deposited in the lung and in systemic organs and
tissues. Table 3.5 gives predicted first-year and 50-year committed
effective dose equivaients per nanocurie of intake, and Tables 3.6 and 3.7
give the activity remaining in the lung and the fotal activity in the body at
various times after an acute inhalation intake. Table 3.8 gives the detect-
able first-year effective dose equivalent for measurements performed at
various times post intake.
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TABLE 3.3, Dose Conversion Factors for 58¢¢o

Site of Deposition Target Organia) BCF, rem/nCi-day
Lung Lung 4.2 E-B
Effective 5.0 E«7
Body (b} Gonad 2.6 E-7
Breast 2.6 E-7
Red marrow 2.8 E-7
Lung 2.8 E-7
Liver 8.0 £-7
Effective 3.1 E-7

(a) Organ doses included for organs contributing more than
10% to the total effective dose eguivalent.

(b} Excludes lung and assumes 10% in }iver and 90% in the
rest of the body. Factors can be applied directly to
whole body count data from which the contribution due
to activity in the lung has been subtracted.

TABLE 3.4. Dose Conversion Factors for 60¢o

Site of Deposition Target Organ(a) DCF, rem/nCi-day
Lung Lung 1.1 E-5
Effective 1.3 E-B
Body(b) Gonad 7.2 E-7
Breast 5.4 E~7
Red marrow 6.8 E-7
Lung 6.5 E-7
Liver 2.0 £-6
Effective 7.9 E-7

{a} Organ doses included for organs contributing more than
10% to the total effective dose equivalent.

{b) Excludes lung and assumes 10% in liver and 90% in the
rest of the body. Factors can be appiied directly to
whole body count data from which the contribution due
to activity in the lung has been subtracted.



TABLE 3.5. Predicted Effective Dose Eguivalents Resylting from an
inhalation Intake of 1-sm-AMAD 58Co or 50Co Particles

Fraction of 50-Yr
Comnitted Effec-

mrem/nCi ive Dose Equiva-
First-yr Effective Bo-7r Committed Tent Received in
Dose Eguivalent Pose Egquivalent First Year
58¢a
Class W 0.0065 0.0086 90%
Class ¥ 0.011 0.011 »45%
6000
{lass W 0.028 0.034 Bi%
flass Y £.080 0.22 37%

TABLE 3.6. Expected 58Co Activity Following an Acute Intake Resulting
in a First-Year Effective Dose Equivalent of 100 mrem{a]

Activity, nli

Days Post Class W {lass Y

Intake Tung Whole Body Lung Whole Body

7 2000 2600 1300 1400

14 1700 2000 1200 1200

30 1200 1400 980 1600

60 600 760 710 740

90 300 420 820 500

180 38 75 180 200

365 {b} 5 30 30

730 (b) (b} {b} {b}

{4} Intake = 15.4 u{i class W or 9.1 401 class Y, assuming 1-mm-AMAD
particles.
(b} HNegligible.
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TABLE 3.7. Expected 60Co Activity Following an Acute Intake Resulting
in a First-Year Effective Dose Equivalent of 100 mrem{a)

Activity, nli

Days Post Cilass W Class Y
Intake Cung Yhole Body Lung Whole Body
7 500 640 180 210
14 450 550 180 190
30 370 440 180 160
60 250 320 170 180
90 170 230 170 170
180 51 100 150 150
365 4 40 110 120
730G {b) 20 67 73
1825 (b) 19 19 20

(a) Intake = 3.6 &Ci class W or 1.25 4Ci class ¥, assuming 1-um-AMAD
particles.
{b) Negligible.

TABLE 3.8. Detectable Doses for In Vive Measurement of 58Co and
60Co Following Inhalation of a 1-um-AMAO Aerosol(d)

First-Yr Effective Dose Eguivalent, mrem/yr

Days Post 58{0 5820
intake Llass W lass Y Class W Ciass ¥

7 <1 «] <1 i

14 <l <] <1 2

30 <1 «1 <1 2

60 <1 %1 <1 2

90 <l <1 i 2

180 4 2 3 2
365 60 10 8 3

{a) Based on an MDA of 3 nli.
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3.7.2 Manganese-54

Manganese-54 (T172 = 312.5 days} is the principal radiocactive isotope of
manganese at Hanford from an internal exposure standpoint. However, because
of its relatively short effective half-1ife, it is usually only of minor
importance in cases involving intakes of activation products, In essentially
all internal exposure cases observed at Hanford that involve mixtures of
activation products produced in reactors, the activation product 60Co is the
predominant radionuclide, both in terms of activity and resulting dose,

Table 3.9 provides radiological data for 5%,

TABLE 3.9. Radiological Data for 34Mn

Half-life 313 days
Annual 1imit on intake{a)
Class D 810 #03
Class W BI10 pli
Whole body count MDALD) 3 nCi

{8) From ICRP 30 {(1979).
{b) WDA = minimum detectable activity
(from Palmer et al. 1987},

According to ICRP 30, cosmpounds of manganese are assigned the following
inhalation classes:

« class W--oxides, hydroxides, halides, nitrates
+ class D--all other compounds.

Although the transportability of manpanese present in & mixture of corrosion
products is likely to be influenced by the solubility, physical, and chemical
characteristics of the host matrix, it is appropriate to assume in a priori
dose calzuiations, an inhalation class W for corrosion product manganese.
ICRP 30 assigns a GI tract abserption coefficient, f{, of 0.1 for both
classes of manganese.

~ Once manganese enters the blood stream, it is distributed to the bone
surfaces, Yiver, and soft tissues of the body. ICRP 30 suggests that 65% of
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the deposited material is retained in soft tissues, including the liver, with
half-lives of 4 days for half of the material and 40 days for the other half.
The other 35% is retained in the bone surfaces with a half-1ife of 40 days.
For dosimetry purposes the 40-day component is most significant; its dis-
tribution in the body is as follows:

e hone surfaces--50%
o Tiver--20%
« soft tissue~-~-30%

Thus, the above distribution would pertain to 5%Ms observed in the body
{excluding lung) about 2 weeks post intake.

Table 3.10 provides DCFs {in rem/nCi-day) for 5%Mn deposited in the lung
and in systemic organs and tissues. Table 3,11 gives the predicted first-
year and 50-year committed effective dose eguivalent per nanocurie of intake,
and Table 3.12 shows the expected activity remaining in the lung and the

total activity in the body for various times after an acute inhalation
intake.

TABLE 3.10. Dose Conversion Factors for 54mn

Site of Target OCF,
Deposition rgan{a) rem/nCi-day
Lung Lung 2.3 E-6

Effective 3.7 E-7
Body (b} Gonad 8.7 E-7
Breast 5.4 E-7
Red marrow 3.3 £-7
Lung 1.7 E=7
Liver 1.5 E-7
Effective 2.6 E-7

(a) Organ doses included for organs contributing
more than 10% to the total effective dose
- equivalent.
{b} Excludes lung and assumes a tissue distri-
hution of 50% bones surfaces, 20% liver,
and 30% soft tissue.
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TABLE 3.11. Predicted Effective Dose Eguivalent Resuliing from
an Inhalation Intake of [-zm-AMAD 54Mn Particles

Fraction of 50-Yr
Committed Effec-

mrem/nCi ive Dose Equiva~
First-Yr Effective L0-Tr Committed Tent Received in
Dose Eguivalent Dose Eguivalent First Year
Class D £.0054 D.0054 100%
Class W £.0069 0.0069 100%

TABLE 3.12. Expected 59Mn Activity Following an Acute Intake Resu}ting
in a First-Year Effective Dose Equivalent of 100 mrem{a)

Activity, nli

Days Post Ciass © Ciass W

Intake Lung Whole Body Lung WhoTle Body

7 {b} 6600 2000 3300

14 {b} 5200 1800 2800

30 (b} 3600 1300 2200

&0 (b) 2000 890 1400

$0 {b} 1100 570 920

180 {b} 190 i50 250

365 43); 5 8 17

(a) Intake = 18.5 aCi class D or 14.5 uli class W, assuming
inhalation of 1-gm-AMAD particles.
(b} Negligible,

3.7.3 Iron-5%

Iron-58 is a relatively minor component of typical corrosion product
mixtures--contributing, for example, about 10% of the activity at N Reactor.
Because of its relatively short half-life (44.5 days}, its relatively greater
transportability from the lung, and its general distribution throughout the
body, it contributes less than 10% of the totel effective dose eguivalent in
most corrosion product exposure cases.

Table 3.13 lists radiological data for S9%e,
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TABLE 3.13. Radiological Data for 59Fe

Half-1life 44.5 days
Annual Timit on intake(a)
Class D 270 wuCi
Class W 540 uCi
Whole body count MDA(b) 6 nCi

(a) From ICRP 30.
(b) MDA = minimum detectable activity
(from Palmer et al. 1987).

According to ICRP 30, inhalation classes are assigned to compounds of
iron as follows:

¢+ class W--oxides, halides, hydroxides
e class D--all other common compounds.

The extent of absorption of iron by the GI tract depends on a number of
factors, including the amount of iron in the diet, its chemical form, the
body's iron needs, and the presence of interfering substances in the diet.
For the a priori calculation of dose from iron intakes, the ICRP 30
recommends an absorption coefficient (f}) of 0.1 to both class D and ¥
compounds.

0f iron entering the blood stream, the assumption of the following organ
distribution is recommended:

o liver--8%
* spleen--1.3%
* rest of body--90.7%.

Regardless of the site of deposition, iron is assumed to have a biological
half-1ife of 2000 days. Thus, the above organ distribution can be assumed to
remain fixed following intake.

Table 3.14 provides DCFs (in rem/nCi-day) for 59Fe deposited in the lung
and in systemic organs and tissues. Table 3.15 gives the predicted first-
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TABLE 3.14.

Dose Conversion Factors for 39%Fe

Site of Yargit bCF,
Deposition frgan{a) rem/nCi-day
Lung tung 8.6 -6

Effective 1.1 E-6
Body {b) Gonad 3.7 E-7
Breast 3.8 .7
Liver 1.0 E-6
Spleen 1.1 E-6
Effective 4.6 £-7

{a} Organ doses included for organs contributing
more than 10% to the total effective dose
equivalent.

(b) Excludes lung and assumes B% in liver, 1.3%
in spleen, and 90.7% in the rest of the body.
Factors can be applied directly to whole
body count data from which the contribution due
to activity in the lung has been subtracted.

TABLE 3.15. Predicted Effective Dose Equivalent Resulting from
an Inhalation Intake of l-um-AMAD 39Fe Particles

Fraction of A0-Yr
Committed Effec-

wrem/nCi ive Dose Eguivae
First-Yr Effective 50-Yr Lommitted Tent Received in
Dose Eguivalent Dose Equivalent First Year
{lass O 0.016 0.016 100%
{lass W 0.013 0.013 1060%

year and 50-year committed dose equivalent per nanocurie of intake, and
Table 3,16 shows the expected activity remainipg in the Tung and the total
activity in the body for various times after an acute inhalation intake.
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TABLE 3.16. Expected 59Fe Activity Following an Acute Intake Resu}ting
in a First-Year Effective Dose Equivalent of 100 mremla)

Activity, nli

Days Post Llass [ Class W

Intake Lung " Whole Body Lung Whole Body

7 {b} 2800 870 1800

14 {b} 2500 790 1600

30 {b) 1800 510 1160

60 {b) 1200 210 640

60 {b) 740 92 370

180 {b) 180 7 80

365 {b) g {b) 4

{a} Intake = 6.3 uCi class D or 7.8 a1 class W, assuming l-gm-AMAD
garticies.
{b) Negligible.
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SECTION 4.0

STRONTIUM



4.0 STRONTIUM

This section summarizes the technical basis and provides some historical
perspective for the internal dosimetry of sirontium at Hanford,

Ristorically, Hanford internal dosimetry for strontium was based on
estimating the iong-term systemic deposition, using urine data and Dolphinis
excretion mode) {Dolphin and Eve 1962a, 1983b)}, and comparing it with the
2-uCi 1CRP 2 maximum permissible body burden {MPBB) {ICRP 1859). The long-
term (formerly referred to as "permanent”) deposition was defined as the
amount remaining in the body at 1 year post intake, which was calculated
to be 15% of the initial systemic uptake. This evaluation technique was
described in several short explanations, the most recent being Appendix G
of the Hanford Dosimetry Evaluation Manual (PRL-MA-575). (8} Earlier versions
are 1isted in Tablie 4.1.

In April 1985, the practice of investigating all positive 90Sr results
regardless of their dose implication was discontinued, and only results
potentially indicating long-term systemic depositions in excess of 1% of the
above-described level were investigated. This change in practice was made
dug to increased sensitivity of the analytical procedure and the indication
of potential background levels in the range of the minimum detection level
for the analytical procedure. Using the above model, derived investigation
levels were calculated for various times post intake, and these were docu~
mented by letter to the Hanford Radiation Protection Historical Files as
referenced in Table 4.1,

This technical basis incorporates the 1CRP 26 and 30 (1977, 1979} con-
cepts of tissue and effective doses, the ICRP alkaline earth model (1973) as
implemented using the GENMOD computer code {Johnson and Carver 1981; see
Appendix A}, and supersedes the previously documented techniques for assess-
ing internal exposure to strontium at Hanford.

(a) Pacific Northwest Laboratory. 1982. Hanford Dosimetry Evaluation
Manual, PNL-MA-575, Richland, Washington,
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TABLE 4.1. Historical Documentation of the Hanford Strontium
Model and Deposition Evaluation Techniques

Date Author Title
Pre 1966 Various Deposition Evaluations{a)
11-66 Not Specified Appendix I - 90sr(a)
08-01-68 R. C. Henle 90Sr Calculation Factors({a)
07-26-76 R. D. Glenn Appendix 1 - 90sr(a)
09-17-80 D. P. Hickman Appendix 1 - 90Sr Dose Evaluation(a)
11-82 PNL-MA-575 Appendix G - 90Sr Dose

Evaluation

04-01-85 E. H. Carbaugh Derived Investigation Levels - 905r(b)

(a) Unpublished Hanford evaluation procedures, guides, and evaluations.

(b) Carbaugh, E. H., and M. J. Sula. 1985, “Derived Investigation
Levels--90sr.» “Letter to the Hanford Radiation Protection Historical
Files, April 1, 1985, Pacific Northwest Laboratory, Richland,
Washington.

For incidents involving potential intakes of mixed fission products, it
is often a common practice to use 137Cs as an indicator of 90Sr. This can be
a valid assumption, because both nuclides have comparable yields from the
fissioning of 2350 (see Table 4.2). However, it must be noted that some
Hanford chemical processes have separated cesium from strontium. Thus, cau-
tion must be exercised because the 90Sr/137Cs ratio is highly variable

TABLE 4.2. Fission Product Yields(a)
Fissjonable Nuclide FP Mass 90, % FP Mass 137, %

233y 6.9 6.81
235y 5.91 6.22
239py 2.11 6.70

(a) From General Electric Co. (1983).
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between and within facilities. This use of a ratio can be valid if the
nature of facility contamination is known,

4.1 SOURCES AND CHARACTERISTICS OF STRONTIUM

This section provides general information on the isotopes of strontium
and related decay products that can be found at Hanford. The inforwation
compiled in this section was taken directly from, or calculated based on,
information in ICRP 30 and 38 (187§, 1983).

The isotopes of dominant concern for strontium internal dosimetry are
90sr and its decay product 90Y, These nuclides may be found in almost any
facility thot deals with fission products., Most facilities that have
strontium may also be expected to have other fission products present, not-
ably cesium {137Cs}. However, at certain facilities, notably B-Plant (221-B
Building) and the Waste Encapsulation and Storage Facility (WESF} (225-B
Building}, strontium may be found in an essentially pure form.

In facilities where freshly irradiated fuel is being handled or pro-
cessed, 895r may also be a concern. Due to its short radiological half-life,
it is not Tikely to be found. At Hanford, K Reactor, fuel storage basins,
FFTF, and the Plutonium Uranium Extraction {PUREX) Plant are considered the
facilities most likely to have 89Sr. Immediately after irradiation, there
may be substantially more 895r than 90Sr, but by 1 year of decay the residual
BISr is insignificant compared to 905r for interna) dosimetry purposes.
Selected decay data for these three nuclides are in Table 4.3.

TABLE 4.3. Decay Data for Strontium Isotopes

Parameter 0sr 90y 895y
Half-life 28.12 yr 64.0 h 50.5 days
Decay constant 6.5E-5 day-1 0.26 day-1 1.4£-2 day-l
Decay mode Beta Beta Beta

{no gamma) {no gamma} {(no gamma)
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For most internal dosimetry purposes, 90Sr and 90Y are the nuclides of
concern., These nuclides are found in equilibrium to each other in virtually
all circumstances under which exposure is 1ikely. Although strontium sepa-
ration operations have been performed in which pure 90Sr might be obtained,
the rapid ingrowth of the 90Y decay product would result in the secular
equilibrium condition being achieved within about 2 weeks after separation.
Thus, even if an exposure to pure 90Sr occurred involving significant meta-
bolic uptake and internal deposition, within about 2 weeks of exposure there
would be equal quantities of both nuclides present.

Strontium-89 decays to a stable decay product and, due to its short
{(50-day) radiological half-life, is only a concern in facilities that handle
freshly irradiated fuel or the associated wastes from processing freshly
irradiated fuel. The ORIGEN computer code (Hedengren 1985) indicates that,
for N Reactor, 6%, Mark IV (MKIV) fuel at discharge, there may be about 90
times as much 89Sr as 90Sr. Exposure to such material may be more }imiting
in terms of internal dose than exposure to 90Sr. Because of the rapid decay
of 89Sr, within about 6 months 90Sr becomes the dominant isotope of concern.
At that time there may still be seven times as much 89Sr as 90Sr; however,
the potential first-year dose from the 89Sr is only about 20% of that from
the 90Sr. Less than 1% of the 89Sr produced in fuel remains at 1 year after
exposure, and, for practical purposes, that nuclide ceases to be a dosimetric
concern by that time.

4.2 BIOKINETIC BEHAVIOR OF STRONTIUM

The biokinetic behavior of strontium is a composite of the intake mode,
the chemical form, the inhalation class, the internal distribution and reten-
tion, the excretion, and the radiological half-life of the strontium isotope.

4,2.1 Inhalation {lass

A1l intakes of strontium at Hanford are considered to be inhalation
class D, in accordance with the recommendations of ICRP 30. It is noted that
strontium titanate is the only compound identified by the ICRP as belonging
to inhalation class Y. However, that compound of strontium is not present at
Hanford.
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clearance rate from the lung. As is apparent in Figure 4.3, urinary excre-
tion following an acute class Y intake can be expected to be relatively
constant from about 50 to 1000 days post intake.

Values of the intake excretion functions for days other than those indi-
cated in Table 4.4 can be obtained directly from running the GENMOD code, or
can be reasonably approximated by Tinear interpolation between the data
points of Table 4.4.

Table 4.5 provides similar values for the 89Sr urinary excretion

function.

TABLE 4.4. Selected 90Sr Urinary Excretion Fractions
(expressed as fraction of intake)

Days Post Transportable Class D Class Y
Intake Injection Inhalation Inhalation

1 8.2E-2 4.,8E-2 8.4E-4

2 6.5E-2 3.8E-2 6.4E-4

5 3.6E-2 2.1E-2 3.6E-4

7 2.6E-2 1.5E-2 2.5E-4

14 8.5E-3 4.8E-3 9.1E-5

30 1.0E-3 5.5E-4 2.1E-5

60 3.0E-4 1.6E-4 1.5E-5

90 2.4E-4 1.3E-4 1.5E-5

180 1.5E-4 7.6E-5 1.4E-5

365 7.3E-5 3.8E-5 1.4E-5

730 3.1E-5 1.6E-5 1.3E-5

1825 1.1E-5 5.9E-6 7.5E-6

3650 5.9E-6 3.1E-6 2.4E-6

7300 2.1E-6 1.1E-6 3.0E-7

4.3.2 Source-to-Target-Organ Dose Conversion Factors

The DCFs used by the GENMOD computer code to calculate dose equivalent
to a target organ from radiocactive decay in a source organ are shown in
Table 4.6. These factors agree with those of ICRP 30 to within a few per-
cent, which is consistent with the expected rounding error.
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TABLE 4.5 Selected BYSr Urinary Excretion Fractions
(expressed as fraction of intake)

Days Post Transportable Class D Class ¥

Intake Injection Inhalation Inhalation
1 8,162 4.6t-2 B.3c-4

2 6.3E-2 3.88-2 6.2E-4

5 3.4€.2 2.08.2 3.3E-4

? 2.3¢-2 1.3E-2 2.3E-4

i3 7.0E-3 4,0E-3 7.6E-5
30 6.7E-4 3.7e-4 {.4E-5
60 1.36-4 6.9€-5 6.6E-6
90 7.0E-5 3.78-5 4,306
180 1.2E-5 6.5E-6 1.4Ef
365 5.08-7 2.6E-7 1.1g-7
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TABLE 4.6, Dose Conversion Factors for Strontium Dosimetry

Dose Conversion Factor(a)

Trge e W0, %, %5 90, B3
Lung Lung 1.08-7  4.8E-7 5.8E~7 3.0E-7
Gut Gut 2.06-7  9,6E-7 1.2E-6 6.0E-7
s1{b) 51 1.2E-7  6.0E-7 7.2E-7 3,7E.7
uLr(c) Ll 2.3E~7  1,1E-6 1.3E-6 6.8E-7
Lei{d) LLl 3,76-7  1.8E-8 2,1E-5 1,1E-6

8s{e}  Trabecular bome 2.1E-8 1.0E-B 1.2E-7 5.2E-8
BS {ortical bone 1.28-8  6.0b-8 7.2E-8 3.7E-8

BS Bone surface 2.16-7  &.0£-B 2 .GE-7 5.0F-8
RM{f}  Trabecular bone 2.3E-E 1.1E-7 1.4E.7 7.Q0E-8
M Bone surface i.7E-8  B.OE.B g,7e-8 5.0E-8

{a) Units of rem{target)/nCi-day{source)
{b} SI = small intestine

{c} ULI = upper large intestine

{d} tLl = lower large intestine

{e} BS = bone surface

(f) ®M = red marrow

4.3.3 Intake Dose Eguivaient Factors

Intake dose equivalent factors express the dose to an organ from a unit
intake of radicactivity. Because of the mathematical formulation of the
strontium retention function, with its incorporation of bore-to-blood recy-
cling, these factors are difficult to derive by hand calculation, but they
can be readily obtained from the GENMOD computer code, Tables 4.7 and 4.8
provide first-year and 50-year committed organ and effective dose egquivalent
factors for transporiable injection, and inhalations of l-um~-AMAD class D and
class Y particles, Intake dose equivalent factors for any year post intake
can be obtained from the GENMOD code. For 90Sr cases, it was assuwed that
the intake was pure 530Sy with 0¥ rapidly growing to equilibrium, If the
intake consisted of %05r and 50Y in equilibrium at the time of intake, the
resulting factors would not be noticeably different.
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90sr + 90y Intake Dose Equivalent Factors(a)

for First«Year and 50-Year Commitied Doses

TABLE 4.7,
Transportablie(b)
Tissue Iniection

Effective

Firsteyear 5.9E-5

50-year 4.1E-4
Bone Surface

First-year 5.5E-4

50-year 4,6E-3
Red Marrow

First-year 3.1E-4

50-year 2.0E-3
Lung

Firsteyear nald)

53-year Nald)
Gut

First-year pa{d)

50-year Na{d)
Small Intestine

First-year NAsd)

50-year Na(d)
Upper Large Intestine

First-year nald)

5(-year NA(d)
Lower Large Intestine

First-year nald)

50.year nald)
{ther

First-year Z2.iE-6

50-year 2,486

{a) Units are rem/nCi of acute intake. )
(h) Assumes all strontium and ytirium is readily transpertable.

gc} Assumes 1-pm-AMAD particle size.
3 Hot applicabls,
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TABLE 4.8. B9Sr Intake Dose Fquivalent Factors{2) for
First-Year and 50-Year Committed Doses

Transportable{t) Llass plc) Class v{c)

Tigsue Injection Inhalation Inhalation

Effective

Firgt-year 7.0E-6 6.2E-6 4,285

5Q-year 8.7e-6 6.3E-6 4.2E-5
Bone Surface

First-year 6.5£-5 3.4E-5 §.4E-7

hQ-year 6.6E-5 3.40.5 &.5k-7
Red Marrow

First«year 4.1E-5 2. 1E-5 4.1E-7

50~ysar 1.1E-6 2.2E-8 4,17
Lung

Firsteyear rald} 6.4E-6 3.1E-4

50-year nNa(d) 6.4E-6 3.1E-4
Gut

First-year NA(d) 3.BE~7 1.2E-6

5Q~year NA(d) 3.8E-7 1.28-6
Small Intestine

First-year Na(d) 6,7E-7 3.0E-B

50-year nald) 6.7E~7 3.0E-6
Upper Large Intestine

First-year na(d) 4.0E-6 1.8E.5

50-year na(d) 4.0E-6 1.86-5
Lower large Intestine

First-year NA(d) 1.1E-5 5.1E-5

50-year Na(d) 1.1E-5 5.1E-5
{ther

First-year 1.4E-8 7.18-7 1.4E-8

50-year 1.4E-6 7.1E-7 1.4E-8
{a) Units are rem/nCi of acute intake.
{b) Assumes all strontium is readily transportable.
¢} Assumes l-gm-AMAD particle size.
d} Not applicable.
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8.3.8 Cumulative Dose Equivalents

The cumulative dose eguivalent from an intake through various times post
intake is frequently of interest with regard to tenaciously retained radionu-
ctides, The wost commonly referenced cumulative dose is the committed dose
eguivalent through a 50-year period following an intake. For 89S5r, virtually
all of this dose is received during the first year after intake, and the
committed dose is essentially the same as the first-year dose. The dose from
a 905r intake is5 delivered over a much longer period of time, due to its long
radiological and biological half-lives.

The cumulative effective dose equivalents [expressed as a percentage of
the 50-year comitted effective dose equivalent} through various times post
intake are shown in Table 4.9 for transportable injection, class 0 inhala-
tion, and class Y inhalation intakes. These values were derived from the
GENMOD computer code.

The ICRP 30 annual Timits on intakes (ALIs) for 90Sr are 19,000 nCi and
2700 nCi for class D and class Y inhalations, respectively. These intakes
correspond to a Sl-year committed effective dose eguivalent of 5 rem.

TABLE 4.9. Cumulative Effective Dose Equivalent{a) for 90Sr Intakes

Cumulative Time Mode of Intake
Post Intake, Transportable Class D Class ¥
days years Iniection Inhalation inhalation
80 0.25 7% 5.5% 4.8%
180 0.50 13% 8.9% B.2%
365 i 24% 15% 14%
730 2 51% 25% 25%
1,825 5 67% 48% 48%
3,650 10 81% 71% 71%
7,300 20 80% 89% 89%
18,250 50 100% 100% 100%

{a) Expressed as a percentage of Hg,gg.
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4.4 BICOASSAY TECHNIQUES FOR STRONTIUM

The general technigques and applicability of biocassay for strontium,
urine and fecal sample bioassay, in vivo measurement of 0Sr, bivassay
monitoring program capability, a recommended program, and special monitoring
needs are discussed in the following subsections.

4.4.1 General Techniocues and Applicability

The standard method of bicassay for strontium is by amalysis of urine
excreta samples, Because strontium at Hanford is a c¢lass 0 material, its
rapid transport to the systemic compartment makes urine sampling an accurate,
reliable, and convenient means for bioassay mwonitoring. In addition, the
iack of any readily detectable gamma emissions makes is vivo detection
somewhat ineffective, although if sufficient strontium is present, the brems-
strahlung can be detected by in vive counting. Fecal samples can also be
analyzed; however, their collection is more difficuli, and analysis of fecal
samples 1s more costly than analysis of urine samples.

4.4,2 Urine and Fecal Sample Bioassay

The same basic analytical procedure is used for both urine and fecal
analyses. In this procedure, strontium is chemically separated from the
sample and counted as a total strontium result. The sample is then aged to
allow ingrowth of the 90Y decay product. Yttrium-90 is then separated and
the amount of the parent 90Sr is calculated based on the 90Y measured and the
time allowed for its ingrowth. The amount of B9Sr is determined by correct-
ing the total strontium result for 90$r and 30y, Strontium-85 is used as a
tracer for the chemical yield of the procedure., The analytical detection
capabitities for strontium {(based on the statement of work in the analytical
laboratory's contract for fiscal year [FY] 1989 [UST 1988]) are shown in
Table 4,10,

4.4,3 1In Vivo Measurement of 90Sr

Direct in vivo measurement of 90Sr in the skeleton is possibie by count-
ing the bremsstrahlung from 1ts decay. This procedure is subject to substan-
tial interference by any other gamma~ and beta-emitting nuclides that might
be present. Although this practice is not considered to be routine at this
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TABLE 4.10,

Contractual Detection Levels for Strontium

Sample Analysis Petection Level, Determination
Media Category dpm/sample Time, day
Urine Routine (90%r) 2.0 {90sn) 30
Priority (90sr) 2.0 (%0sr) 15
{sr) 2.0 {89+805r) 7
(15¢) 9.0 (89sr) 15
2.0 {90sr) 15
Expedite {Sr) 10 (B9+905yy 2
Emergency (Sr} 80  {B5+805y) 4 h
Feces Priority (80sr) 16 {30sr) 15
{5r) 16 (894905} 7
{15r) 45 (85sr) 15
10 {50sr) 15
Expedite {Sr) 150 (89+30sr} z
Emergency {Sr) 450  {89+380sy) 8 h

time, a calibration for this type of measurement is under development.
Present indications are that a retained quantity in the skeleton of about
100 nCi might be detectable by head counting.

If isotope activity relationships are known, in vivo whole body counting
can be an effective indicator for the potential presence of strontium,
Cesium-137 is the nuclide frequently used as the indicator, bscause its
fission product yield is comparable to that of 90Sr. For some circumstances,
it can be assumed that 90Sr is present at intake in amounts equal to 137Cs.
However, this method is not conclusive and caution must be exercised in its
use as & rule-of-thumb, because there are processes at Hanford where
strontium and cesium undergo chemical separation from each other. Use of
137¢s as an indicator of 90Sr is more fully described in Section 5.0.

It is generally recommended that in vivo measurementis be used only as
indicators of the potential for strontium being present, and that evaluations
af any strontium uptake be based on urine samples.
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Because of the high sensitivity of the urine sample analysis, even slight
intakes of 90Sr resulting in small fractions of a millirem annual or 50-year
committed effective dose equivalent can be detected if prompt sampling is
performed. This also permits the use of less sensitive analytical procedures
{i.e., rapid processing analyses) for reasonably accurate dose estimates.

Isotopic strontium analyses should be considered for any potentisi
exposures to 895r. However, if more than 1 year has elapsed since the pro-
duction of B¥Sr, that isotope is unlikely to be a dosimetric concern due to
its short radiological half.life.

In vivo measurements should alse be considered following potential 50Sr
exposures because generally 905r is Tikely to be mixed with other nuclides.

For relatively small intakes, fecal samples for strontium are not likely
to be warvanted because of the high degree of systemic uptake and the ease
of detection by urine sampling. If major intakes are suspected, fecal
sampies combined with urine samples may provide more accurate estimates of
intake, particularly if the intake is thought to contain some nontransport-
able strontium.

4.5 INTERNAL DOSE ASSESSMENT FOR STRONTIUM INTAKES

The following subsections discuss the general zpproach to strontium
internal dosimetry, including how to estimate intake based om urine excretion
data, specification of organs of concern, and dose equivalent calculations,

§.5.1 gGeneral Approach

For Hanford applications, 905r and its 90Y decay product have generally
been the isotopes of greatest concern for strontium dosimetry. As noted in
the previous sections, 895r may also be a contcern under some conditions.
This section outlines a general approach for any strontium dosimetry evalua-
tion, Estimates of the magnitude of a strontium intake can be made using
urine data and the excretion function. However, because of the sophistica-
tion of the strontium retention function, hand calculation of doses is quite
complex, requiring the integration of simyltaneous differential equations.
Therefore, for practical purposes the organ and effective dose equivalent
catculations are made using factors obtained from the GENMOD computer code.
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Both B95r and 90Sr-Y are essentially pure beta-emitters: therefore, the
desimetry for them must generally be based on excreta sample analysis. In
vive measurements can be of some use if the activity relationship relative to
a gamma-emitter, such as 137Cs, is known, or if sufficient strontium activity
is present to produce measurable bremsstrahlung radiation,

The general protocol for strontium dosimetry proceeds as follows:

» Estimate the intake based on urine excreta analyses and the
appropriate intake excretion function.

+» Estimate annual tissue and effective doses using factors from the

GENMOD computer code.

When estimated intakes and associated doses are a relatively small frac-
tion of the applicable radiation protection limit, direct application of the
biokinetic models and dosimetry factors without modification for individual-
specific considerations is appropriate. As intakes and doses become more
significant, it is apprepriate to give correspondingly greater attention to
those individual-specitic details,

4.5.2 Estimatiné intake

The intake for strontium is estimated by fitting the urinary excretion
data fo the appropriale intake excrelion function, using manual or com-
puterized technigues. For single data points, the intake can be estimated
by dividing the measured excretion by the value of the intake excretion
function on the day post intake that the sample represents, as shown in
Equation (4.1):

1= %{t);‘e&(t) (4.1}

where 1 is the intake, My{t} is the observed urinary excretion of strontium
on day t, and ei(t) is the fractional intake excretion function {for urine}
on day t {obtained from Figure 4.3, Table 4.4, or directly from the GENMOD
computer code}. For multiple data points, a least-squares fit of the data to
the expected excretion function should be used, as described in Appendix €.

In addition to their use for dose calculations, class D or Y inhalation
intakes calculated by the above technigues may also be compared with the I{RP
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Annual Limits on Intake {ALIs) or intake estimates based on air sample
results.

4.5.3 Calculating Organ and Effective Dose Equivalents

Dose assessments inciude calculetion of annual and committed effective
dose equivalents, as well as dose eguivalents fo specific organs of concern
based on criteria presented in the Hanford Internal Dosimetry Program
Hanual.{a) (See also Appendix B.)

Doses to the organs of interest can be calculated for any given time
post intake by multiplying the intake by the appropriate intake dose equiva-
lent factor. The intake dose equivalent factors may be those in Tables 4.7
or 4.8, or may be obtained directly from the GENMOD computer code.

4.5.4 Systemic Deposition Estimate

With the advent of the new reguiremenis foar organ and effective dose
equivalent assessment, the Calculation and veporting of strontium systemic
depositions for comparison to the ICRP 2 (1959) MPBB is no longer required.
By using the intake excretion function technique described in this section,
the calculation of systemic deposition is bypassed. breviaas evaluations
of systemic deposition performed using the previously discussed Dolphin
technique can be converted to a readily transportable injection intake {or
total uptake} by dividing the long-term {or permanent) systemic deposition by
0.15., 1If the mode of intake was imhalation, then the total uptake must alse
be divided by the ratioc of total uptake to class D inhalation intake {0.48,
for 1-um-AMAD particles).

4.5.5 Simplified Dose Assessments

Simplified dose assessments use the {echniques and bickinetic models
described previously and assume ICRP 23 {1974) Reference Manm parametersi
without correction for individual-specific characteristics. These assess~
ments provide a basis for prospective bioassay program design and retrospec-
tive evaluation of doses that are small relative to the occupational exposure
Timits. In addition, the excretion associated with simplified assessments

{#] Pacific Northwest Laboratory. 1989, Hanford Internal Dosimetry Program
Manual. PHL-MA-552, Richland, Washington,
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can be used as a trigger point for more in-depth measurements or dose
assessments.

—t
.

w N

The procedure for performing a simplified dose assessment is as follows:
Normalize the result to daily excretion rate.

Select the intake date (known or assumed).

Estimate intake by fitting the data to excretion model.

Calculate dose equivalents by multiplying the estimated intake by
the appropriate intake dose equivalent factor from GENMOD.

Intakes and the associated urinary excretions have been evaluated using

simplified dose assessments on a prospective basis for class D and Y inhala-
tions of 90Sr resulting in the following doses:

First-year effective dose equivalent of 10 mrem. Below this level
the annual organ dose equivalents for each organ of concern are
less than 100 mrem, and the 50-year committed effective dose equi-
valent is also less than 100 mrem.

First-year effective dose equivalent of 100 mrem. Doses that
exceed this level may merit attention to the individual-specific
circumstances of the exposure. As higher doses are evaluated, the
importance of these individual-specific details increases.

50-year committed effective dose equivalent of 100 mrem. Below
this level it may be reasonable for compliance monitoring and
record-keeping purposes to record the committed dose in the year
of intake rather than the year in which it is actually incurred.
Such recording is unlikely to significantly impact a worker's
standing with regard to the stochastic and nonstochastic radiation
protection limits.

The intakes associated with these doses are shown in Table 4.12. These

intakes were then multiplied by the appropriate excretion function value
from Table 4.4 to calculate the expected urinary excretion. The anticipated
urinary excretions resulting from these intakes are shown for selected times
post intake in Tables 4.13 and 4.14,
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TABLE 4,12, Simplified Dose Assessment Intakes for a
90Sr Inhalation Intake, nCi

Associated Dose Equivalent {lass D Class ¥
10 mrem First-Year Effective 310 il
100 mrem FirsteYear Effective 3100 310
100 mrem 50-Year Committed 460 77

TABLE 4.13. Excretion Associated with 90Sr Class ©
Acute Inhalation of l-pm-AMAD Particles

Fffective Dose Equivalent

10 mrem 100 mrem 100 mrem
Days Post First Year, First Year, Committed 50-Year,
Intake dpm/day dpm/day dpm/day
1 35,000 350,000 50,000
V4 27,000 270,000 39,000
5 15,000 158,000 21,000
7 16,000 100,000 15,000
14 3,300 33,000 4,800
30 380 3,800 560
60 110 1,100 160
90 90 900 136
180 53 530 77
365 25 260 38
730 i1 110 17
1825 4,1 41 6.0

Based on the preceding discussions, action levels for tailoring dose
assessments hased on individual-specific characteristics can be established
for routine bicassay monitoring. By assuming that an inhalation intake
eccurs immediately following a voutinely scheduled sample, the number of days
past intake becomes the same as the number of days between samples.

The class D inhalation is suitable for monitoring potential transport-
able injection uptakes because the excretions associated with identical doses
are not significantly different.
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TABLE 4.14. Excretion Associated with 90Sy Class Y
Acute Inhalation of 1-um-AMAD Particles

Effective Dose Equivalent

10 mrem 100 mrem 100 mrem
Days Post First Year, First Year, Committed 50-Year,
Intake dpm/day dpm/day dpm/day

1 58 580 140

2 45 450 100

5 25 250 62

7 17 170 43

14 6.3 63 16
30 1.5 15 3.6
60 1.0 10 2.6
80 1.0 10 2.6
180 1.0 9.7 2.4
365 1.0 9.7 2.4
730 0.90 9.0 2.2
1825 0.52 5.2 1.3

4.6 MANAGEMENT OF POTENTIAL INTERNAL CONTAMINATION CASES

The diagnostic procedures, therapeutic actions, and long-term monitoring
of internal deposition are discussed in the following subsections on the
management of potential internal contamination cases.

4.6.1 Diagnostic Procedures

A worker who may have received an internal contamination of strontium
should be scheduled for a whole body count and a single voiding or an over-
night urine sample. These initial measurements can be used to confirm an
intake and provide preliminary estimates of the magnitude of potential doses.
However, as noted in previous sections, the in vivo measurements are for the
detection of gamma-emitting nuclides, which may or may not be indicative of
90Sr. A potential intake of 90Sr is best indicated by the results of the
overnight or single voiding sample.

The evaluation of the magnitude of a 90Sr intake should be based on two
or more urine samples {representing actual or simulated 24-hour periods)
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collected over several days or weeks following the intake. The sample
results should be evaluated using the techniques of Section 4.5,

4.6.2 Therapeutic Actions

Therapeutic actions to prevent the uptake of strontium are based primar-
ily on reducing GI tract absorption and accelerating the passage of material
through the GI tract. These measures are addressed in NCRP 65 (1980} and
require administration under medical supervision, Aluminum phosphate gel and
sodium alginate are the drugs identified by NCRP 85 as being potentially
effective in reducing the GI tract uptake of strontium. Accelerating the
passage of material through the GI tract can be accomplished by use of laxa-
tives and enemas, These measures can only be taken at the direction of HEHWF
Occupational Medigine.

4.6.3 Long-Term Monitoring of Internal Deposition

Long-term monitoring of urinary excretion following a 90Sr intake may be
required to validate the excretion model or to ensure that potential addi-
tional intakes do not go undetected. The establishment of & sampling fre-
guency for such monitoring is dependent upon the nature of the exposure,
magnitude of deposition, and likelihood for additional exposure. Appropriate
Tong-term follow-up monitoring should be determined as part of the exposure
evaluation,
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5.0 CESIUM

This section provides technical information on the sources, character-
istics, and biokinetics of radiocesium and summarizes the technical basis
used for its internal dosimetry at Hanford,

5.1 SOURCES AND CHARACTERISTICS GF RADIOCESIUM

The most important radionuciides of cesium at Hanford from an internal
exposure standpoint are 134Cs and 137Cs. Cesium-137 (T1/2 = 30.0 yr), a
fission product, is the primary cesium isotope of interest with respect to
internal exposure. Cesium~134 (Ty/z = 2.1 yr), produced by neutron activa-
tion of 133Cs {stable}, is usually observed at activities on the order of
less than 5% of the 137(s activity.

Because of its relatively high fission yield and its long half-life,
137Cs, along with 905r, i5 one of the most abundant radionuclides in aged
fission product mixtures, More volatile than most of the longer-lived
fission product radionuclides, cesium is more apt fto escape containment or
confinement and is comuonly the most abundant radionuclide found in fission
product releases within a facility. As discussed later, 137Cs is easily
detected using in vivo bioassay techniques and thus serves as a good indi-
cator of internal exposure to fission products.

In addition to its presence in fission product mixtures, 137Cs exists
in relatively pure form at the waste fractionation facility (B-Plant) and the
WESF. Encapsulation programs in this facility have been terminated; however,
cesium~bearing capsules and cesium-contaminated equipment are stored in the
facility.

Cesium has been found to be more dispersible than strontium, and there-
fore ip most internal exposure situations involving 137Cs and 90Sr, 137(s
will constitute the major component of intake. In cases where if is sus-
pected that 90Sr may be present along with 137Cs but no radionuclide ratio
information exists, it is prudent to consider the 137(Cs/90Sr activity ratio
to be 1.0 and to defermine the need for specific assessment of strontium
exposure accordingly,
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5.2 BIOKINETIC BEHAVIQR OF RADIOCESIUM

ICRP 30 (1979) classifies all isotopes of cesium as class D, indicating
that inhaled material will be absorbed rapidly from the respiratory tract
into the circulatory system. This is consistent with observations at Han-
ford. From the blood, cesium is distributed uniformty in the body with no
organ showing a higher concentration than muscie. For dose assessment pur-
poses, cesium is assumed to be completely and rapidly absorbed into systemic
circulation from both the respiratory tract and the GI tract. The soluble
nature of cesium makes aerosol particle size of little importance from a
bioassay and dosimetric standpoint. For purposes of biokinetic modeling,
airborne particulates are assumed to have an AMAD of 1 um.

ICRP 30 recommends the following equation for the retention of cesium
following systemic uptake:

693t

.693t
rg(t) = 0.1 exp'( 2 )

) + 0.9 exp-( 110 (5.1)

where r:(t) is the fraction of the initial uptake that is present in the body
at t days post uptake.

5.3 INTERNAL DOSIMETRY FOR RADIOCESIUM

Because cesium i5 assumed to be distributed evenly throughout soft
tissues in the body, the stochastic dose equivalent (effective dose equiva-
lent) will be limiting for compliance purposes. Dose conversion factors for
the radiocesiums were developed by Snyder et al., and published in QRNL-5000
(1975). These factors include the "total body dose" from activity deposited
in the total body. Dosimetrically, this represents the most straightforward
and technically appropriate way to express the total dose equivalent to the
body when a radionuclide is uniformly distributed. The effective dose
equivalent is derived from the "total body dose" by using a weighting factor
of 1.0 for the total body as an organ. That is, the effective dose equiva-
Tent is equal to the “total body dose." The computer code GENMOD is used
for internal dose calculations at Hanford (Johnson and Carver 1981; see
Appendix A). The code employs the dose factors in ORNL-5000 for radiocesiums
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and the biokinetic model of the ICRP. 1In contrast, effective dose equivas
lents for radiocesiums calculated and published in supplements to ICRP 30 are
based on the summing of weighted doses to specific organs meeting the ICRP
criteria for inclusion in the effective dose equivalent (Watson and Ford
1080). Dose factors calculated thusly are slightly higher {about 10%) than
those obtained using GENMOD and this difference is attributed to conventions
uysed by the ICRP rather than to technical merit., Thus, the use of total body
dose factors is considered to be more appropriate for assessing effective
dose eguivalent to radiocesiums. These dose factors, from ORNL-5000, are

pCF(134Cs) = 5.1 E-7 rem/nCi-day,
DCF{137Cs) = 3.2 E~7 rem/nCi-day.

Because cesium distributes relatively uniformly in the body, the dose
received by individual organs and tissues is about the same as the total bedy
dose. Thus, the dose received by specific organs and tissues can be assumed
to be eguivalent to the total body dose eguivalent.

Integrating the retention function {Egquation 5.1} with respect to time
yields the cumulated internal activity in activity-days, and multiplying this
times the DCF and the inmitial uptake (Up) yields the effective dose
equivalent over the time period of interest:

{5.2}

-3 1 ~X t
effl eff2
HE t(rem) = U, » OCF » [ ﬂ.l(! - e;p )% 5.9 (§ - exg ) ]
' effl effZ

where t = days post initial deposition
hetfl (134) = 0,38/day

reffl (137) = 0.35/day

reffe {134) = 0.0072/day

Meff2 (137) = 0.0064/day

5.3



The Xeff values provided above are based on ICRP recommendations. However,
for retrospective dose assessments, Aeff values may be empirically determined
from whole body counts as described in Section 5.4,

These equations are specifically for the calculation of internal dose
equivalent following acute uptakes of 134Cs or 137Cs, In actuality, most
uptakes occur following inhalation of airborne contamination and deposition
in the lung precedes systemic uptake. Nevertheless, for exposures to readily
transportable forms of cesium (class D} the dose received by the lung is
negligible in comparison to the total body dose and can generally be ignored
for dose assessment purposes, The exception to this is in ¢ases where actual
retention in the respiratory tract exceeds a few days. In these situations,
and as a general application, the computer code GENMOD includes the lung in
the effective dose equivalent.

Table 5.1 gives the first-year and 50-year committed effective dose
equivalents following an intake or uptake of radiocesium calculated using
GENMOD, About 90% of the 50-year commitied effective dose equivalent is
received within the first year after intake.

Table 5.2 gives the activity of 134Cs and 137Cs in the body following an
uptake sufficient to result in a firsteyear effective dose eguivalent of
100 mrem. The table also gives the internal activity of 137Cs following an
intake of egual activities of 137Cs and 50Sr resulting in a first-year

TABLE 5.1. Predicted %ffggtive Dose Equivalent Resulting from an
a,

Inhalation or Uptake of Radiocesium, wrem/n(i
First-Year Effective S0~Year Commitied
Dose Equivalent hose Equivalent
Inhatation Inhaietion
Nuclide Intake Uptake Intake Uptake
134¢s 0.043 0.068 0.046  0.073
137¢s 6.030 0.047 g.033  0.052

{a} Assuming an inhalation of class D, I-um-AMAD aerasol,
{b) Organ dose equivalents are assumed to be the same as the
affective duse equivalent,
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TABLE 5.2. Total Body Activity Following an Acute Uptake Resulting
in a First-Year Effective Dose Eguivaient of 100 mrem

Activity in Body, n(i

Days -‘Post Uptake 134¢s(a) 137¢5 (b} 137¢s + 80gr{c)

i 1440 2100 1008

2 1400 2000 978

7 1306 1800 850
14 1200 1700 840
30 1100 1600 760
B0 86O 1360 630
90 690 1100 520
180 360 600 290
365 S5 190 g0
736 7 18 8

{a) Intake = 2330 nCi 134(s

{(b) Intake = 3350 nCi 137Cs

{¢c) Total 137Cs in body following intake of 1810 nCi 137Cs
+ 1610 nCi %0sr

effective dose egquivalent of 100 mrem. This information is presented
graphically in Figure 5.1. Because fission product mixtures may include
90sr, as well as 137Cs, the detection of the presence of 137¢s in the body
should be regarded as an indication of a potential exposure to 90Sr as well,
Thus, if internal levels exceed those for Cs/Sr in Table 5.2, bicassay
measurement and assessment for 930Sy as described in Section 4.0 is recom-
mended. Consideration should be given to the individual's routine bicassay
monitoring schedule for 90Sr when deciding action to be taken regarding %30Sy
bicassay following detection of 137Cs in the body.

The ALIs for class U 137Cs and 134Cs are 2F5 and 1E5 nli, respectively.
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FIGURE 5.1. Activity in Body Following an Uptake Resulting in a
First-Year Effective Dose Equivalent of 100 mrem

5.4 BIQASSAY FOR RADIQCESIUM

The bioassay techniques, the recommended routine program, and the
measurements required for monitoring radiocesium after an acute intake, are
discussed in the following subsections.

5.4.1 Bioassay Methods

The presence of radiocesium is detected by in vivo measurements and in
some cases excreta analysis.

In Vivo Measurements

Whole body counting using the 5-Nal detector preview counter for a
3-minute count will detect the presence of 3 nCi of 137Cs in the body of a
male subject of average size (Paimer et al. 1987). Three nanocuries of 137Cs
in the body produces an effective dose equivalent rate of 0.38 mrem/yr.

Table 5.3 summarizes the capability of a standard whole body count for
various times after a single acute intake. From the table, it is evident
that an annual in vivo measurement with a detection level of 3 nCi for 134Cs
or 137Cs would be capable of detecting an intake resulting in an annual or a
committed effective dose equivalent of less than 4 mrem. Similarly, an
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TABLE 5.3. Bioassay Detection Capability for an Acuie Intake
af 138Cs or 137¢s(2a)

First-Year and Fifty-Year Committed Effective Dose fq., mrem

l34cs 13?55 13?£§f905r(b)

hiake . Mea Moso Rer Mes fe1 Yis
30 (.27 9.24 D.19 0.21 {1.39 i.6
G0 0.43 0.47 0.27 5.30 0.57 2.3
180 D.83 0.50 (.50 .55 1.0 4.1
365 3.2 3.4 1.6 1.7 3.3 13.0
730 43.0 46.0 17.0 iB.0 34.06 140.¢

{a} Detectable dose for a single intake of c¢lass D, 1-azm-AMAD particles
based on an MDA of 3 nCi.

{b) The 50-year committed effective dose equivalent is 1.1 times the first-
year effective dose equivalent for 137Cs and about 6.9 times for 90Sr,
Thus, for an intake of equal activities of 137Cs and 90Sr, the 50-year
committed effective dose is about 4 times the first-year dose.

intake involving a 1:1 mixture of 137Cs and 90Sr would be detectable at the
13-mrem committed effective dose equivalent level.

Excreta Analysis

Urine measurements may be used to detect internal cesium; however,
hecause of the sensitivity of in vivo detection methods, there are no likely
circumstances where urine sampling will improve the sensitivity or accuracy
of internal dose assessment. Urine sampiing for 30Sr should be considered if
there s reason to suspect its presence along with cesium.

5.4.2 Routine Bioassay Monitering Program

Annual in vive measurements are recommended for periodic retrospective
bicassay monitoring of workers potentially exposed te mixtures of radio-
nuclides containing radiocesium. Even though in vivo measurement capabil-
ities are sufficiently sensitive for a biennial frequency (see Table 5.3),
the longer time between measurements makes investigation of potential
gxposures more difficult, and thus 3 minimum annual frequency is recommended.

If radiocesium is detected through a routine measurement, then follow-up
measurements to confirm the initial indication should generally be performed.
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Follow-up measurements can usually be most conveniently performed immediately
following the initial measurement, while the subject {5 at the whole body
counting facility. Follow-up measurements should be performed as prompily as
practical following an indication of an intake in order to facilitate any
health physics investigation associated with the potestial exposures.
However, because of the high sensitivity of the in vivo measurement, con-
firmatory measuvements are technically capeble of detecting a 100-mrem first-
year effective dose equivalent for up to 3 years following the intake.

Follow-up in vivo measurements using high-resolution germanium detectors
are preferred in order to identify other radionucltides possibly associated
with the exposure. Detection capabilities for the germanium detectors are
comparable to those obtained using the preview counter {Palmer et al. 1687).
In addition to follow-up in vivo measurements, urinalysis for 90Sr should
be considered if internal Jevels of 137Cs exceed those shown for the
cesium/strontium migture in Table 5.2,

If, at very low indicated doses (for example, around a i0-mrem annual
effective dose equivalent}, contractors wish to waive the follow-up measure-
ments, dose equivalents will be calculated based on the single initial count.
Although the accuracy of this count {performed using the preview counter) s
considered 1o be somewhat less than that obtained using the germaniuw
detector system, this added uncertainty is not of much significance at low
doses.

5.4.3 Bioassay Measuremenis Following an Acute Intake

An in vivo examination should be performed following any indication of
an intake of radiocesium. Unless the exposure appears to beg of such magni-
tude that medical treatment to aid removal is considered, the exam may be
scheduled as convenient within several days of the intake, A1l radionuclides
potentially involved in the exposure should be conzidered in the follow-up
investigation, Urinalysis for 80Sr should also be considered.

The interpretation of in vivo measurements performed shortly after
intake may be complicated by early tramsport of material through the lung and
Gl tract. Measurements performed after about 5 days post intake are more
appropriate for dose evaluation. For intakes potentially abave 100 mrem/yr
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{considering all radionuclides coniributing), Tong-term follow-up bioassay
measurements should be considered to monitor internal radivcactivity levels
and establish individual retention characteristics.

For the purposes of determining the dose from a radiocesium intake,
ex¢reta analysis is gengrally not necessary.

5.5 ASSESSMENT OF INTERNAL DOSE FOUIVALENT

The assessment of the internal dose equivalent from 137Cs is accom-
plished by evaluation of in vivo measurement results. Dose eguivalents are
assessed for any confirmed internal exposure not atiributed to environmental
or other non-occupational sources.

Table 5.2 provides whole body count levels for several routine in vivo
monitoring frequencies that could be expected following an inhalation intake
resulting in a first-year effective dose equivalent of 100 mrem. The values
in the table were calculated assuming a single acute inhalation intake, The
table provides values for 134¢s, 137Cs, and a mixture of 137¢s and 90Sr; and
it was assumed that the inhaled aerosol consisted entirely of ciass D
particulate with an AMAD of 1 um, Because 137Cs is often associated with
wmixtures of fission product radionmuctides, it ¥s prudent, upon the initial
review of bicassay measurement results, to assume that the intake consisted
of a mixture of 137Cs and 90Sr with an activity ratio of 1.0. Assessment of
internal deposition of %0%r using urinalysis is recommended when 137Cs levels
are above those shown in Figure 5,1 for intakes of cesium/strontium mixtures.
This conservative approach is not necessary when it is known that only 137¢s
is available for intake or when actual 90Sr urinalysis results are available.

Equations 5.3a and 5.3b give the 50.year committed effective dose
equivalent, Hg 5y for 134Cs and 137Cs as a function of total body activity,
G{t}, at time ¢ post intake,

Hg SQ{134€S) = Q.Q?3*Q(t)/r:{t) mrem {5.33)
He {ig?CsJ =0 O49*Q(t)!r&{t} mrem {5.30)
£.50 . 5 :
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where rg(t) is the retention function given by Equation 5.1.

The equation is appropriate for use to assess internal dose equivalents
for radiocesium intakes that do not exceed 100 mrem/yr. It is also appro-
priate for the assessﬁent to assume, in the absence of a known date of .
intake, that the intake was an acute inhalation occurring at the midpoint of
the period during which an intake is considered to be possible. Thus, for an
annual routine in vivo measurement, a positive 137Cs result would be assessed
assuming the intake occurred 6 months prior to the measurement. For assess-
ments involving intake times not shown in the table, doses may be calculated
using the GENMOD code.

Assessments of internal dose equivalent that potentially exceed an
annual effective dose equivalent of 100 mrem/yr should be based on observed
retention to the extent practicable. The ICRP 30 model for uptake and
retention of cesium has been described previously. The rapidly clearing
compartment has little effect on the total dose equivalent received from an
intake and can be ignored in retrospective dose assessments based on observed
in vivo retention. Cumulated activity, obtained by integrating the observed
retention curve based on repeated in vivo measurements, is multiplied by the
DCF given for Equation 5.2 to obtain the effective dose equivalent for the
period covered. As an alternative approach, default biokinetic assumptions
regarding internal deposition and retention of cesium can be modified to
obtain a better fit between the observed retention data and the model. The
modified model is then used to calculate annual dose equivalents. The
computer code GENMOD is used for this type of assessment.

Because cesium distributes relatively uniformly in the body, the dose
received by individual organs and tissues is about the same as the effective
dose equivalent. To simplify the recording of doses to specific organs and
tissues, the dose to uniformly distributed radionuclides is ascribed to a
single organ category called "total body." That is, assessments of exposure
to radiocesium will include the annual effective dose equivalent, which is
the weighted composite organ dose equivalent, and the total body dose
equivalent, which is the dose received by any organ. The total body dose
equivalent is numerically equal to the effective dose equivalent. The "total
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body* designation thus serves as a survogate for any specific organ or tissue
in the body.

5.6 MANAGEMENT OF INTERNAL CONTAMINATION CASES

Although one of the most prevalent radionuclides at Hanford, historic-
ally 137Cs has not significantly contributed to internal exposures.
Cesium-134+137 are easily detected by whole hody counting and therefore early
measurement and assessment of internal depositions can be made readily.

- Primary considerations for interpretation of iaitial in vivo measurements are
possible external contamination on the subject and the rapid translocation
and elimination that occurs shortly after intake.

Being a major fission preduct radionuclide, 137Cs is often accompanied
by other fission product radionuclides. Thus, investigation of internal
exposures involving 137Cs should alse consider that other radionuclides may
be involved.

The most effective measure for removal of cesium from the bedy is by
oral administration of Prussian Blue. Prussian Blue is not absorbed from the
intestine and it binds the cesium ijons that are enterically cycled intc the
GBI tract, so that the cesium is not reabsorbed. The treatment can reduce the
biological half«life to about one-third of its usual value. The effective-
ness of the treatment is dependent on how soon after exposure it is started
(NCRP 1980},
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6.0 I0DINE

Radioiodines generated or used at Hanford include isotopes with half-
Tives ranging from minutes to millions of years in various physical and cheme
ical forms. Internal radiation protection is achieved through the use of
containment, ventilation, radioactive decay, amd respiratory protectiion,
Thus, exposures to radioiodines should only occur as a result of acgident
situations, This section provides information on the sources, character.
istics and biokinetics of radioiodine and summarizes the technical basis used
for its internal dosimetry at Hanford.

6.1 SOURCES AND CHARACTERISTICS OF RADIOIODINE

At Hanford the radioiodines of principal interest are 1311, associated
with reactor operations, and 1251, associated with biological
experimentation.

Although historically radiciodines were generated in large quantities
during the operation of production reactors, the FFTF is currently the only
generator of fission product radioiodine at Hanford. lodine~131 is con-
sidered the most significant iodine radionuciide from an internal exposure
standpoint. Several other radioactive isotopes of ijodine are generated by
the fission process; however, with the exception of the Jong-Tived 1291,
the others are short-lived and of potential interest only during or within
several days of reactor operation., lodine-129 has, for practical purposes,
an infinite half-1ife and is contained in irradiated fuel and associated
separations and waste management facilities. However, unless concentrated
by some means such as in the PUREX air treatment system, it is present in
negligibly small quantities.

Iodine-125 is not generated at Hanford, but it is purchased for use in
various biological research experiments., Thus, its use is generally limited
to biology laboratories operated by PNL. Quantities of the isotope in use at
one time are generally limited to amounts that could not result in signifi-
cant internal exposures.
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6.2 BIOKINETIC BEHAVIOR OF RADIOIODINE

The distribution and retention model described in ICRP 30 (1979) and
ICRP 54 (1988) can be used to predict the uptake, retention, and resulting
doses following an intake of a radioiodine. Using the ICRP assumptions for
iodine intakes (class D transportability and 100% solubility in the GI
tract), it is assumed that, for a 1-um-AMAD aerosol, 63% of the intake is
taken up into the circulatory system. The ICRP metabolic model, essentially
the same one described by Riggs (1952), describes the deposition and reten-
tion of iodine in systemic compartments of the body. Of the iodine entering
the systemic compartment, a fraction, 0.3, is assumed to be transiocated to
the thyroid, while the remainder is assumed to go directly to excretion.
lodine in the thyroid is assumed to be retained with a biological half-life
of 80 days and to be lost from the thyroid in the form of organic iodine.
Organic iodine is assumed to be uniformly distributed among all organs and
tissues of the body other than the thyroid and to be retained there with a
biological half-life of 12 days. One-tenth of this organic iodine is assumed
to go directly to fecal excretion and the rest is assumed to be returned to
the transfer compartment as inorganic iodine so that the effective half-life
in the thyroid is 120 days.

The above model was implemented using the computer code GENMOD (Johnson
and Carver 1981; see Appendix A). Several modifications to the iodine
"default" compartment parameters in the lodine Model of GENMOD 3.2 were made
to provide for better agreement with dose values in ICRP 30 and retention
values in ICRP 54 (1988). Figure 6.1 diagrams the iodine model employed by
GENMOD and shows the model setup parameters used for the calculations in this
section. The GENMOD variables that are set to the model parameters are pro-
vided in parentheses. The ICRP's lung and GI tract models are incorporated
without change into GENMOD and, for simplicity, are represented by a single
box in Figure 6.1,

As shown in Figure 6.1, material leaving the inorganic compartment is
split 30/70 between the thyroid and bladder by setting the stable jodine
removal rates to 1.9 day-l and D.87 day-l, respectively. The material leav-
ing the organic compartment is either recycled back to the inorganic compart-
ment or it goes directly to the feces. ICRP recommends a 90/10 split for
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FIGURE 6,1. Stable lodine Retention Mode!

this material, and this {is achieved by setiing the stable iodine removal
rates in the organic compartment to 0.052 day-! for removal to the inorganic
compartment and 0.0058 day~! for removal via fecal excretion. The recycling
of the jodine back to the thyroid, along with stable icdine's fundamental
half-Tife of 80 days in the thyroid, results in an apparent effective half-
Tife of 120 days in the thyroid, Use of GENMOD allows for comparison of
thyroid to total body iodine at various times after intake. However, for
simplicity, ICRP 54 (1988) provides a thyroid retention function that effec-
tively provides expected thyroid quantifiss following uptake:

rghy(t) . 0.33 expl0693t/0.28) Ly n1p o (-0.6938/11)

where t is in days post uptake,

6.3



For class D material, translocation from the lung to the blood is rapid
and the above equation will provide an accurate thyroid retention value for
the model after several days after acute inhalation.

6.3 INTERNAL DOSIMETRY FOR RADIOIODINE

The thyroid is the principally exposed organ following an intake of
radiciodine and can be considered to be the only organ contributing to the
effective dose equivalent for radiciodines with half-lives greater than a few
days. Because of the low weighting factor for the thyroid (¥ = 0.03), the
1imiting dose from a regulatory standpoint is the nonstochastic limit of
50 rem/yr.

Table 6.1 gives first-year and 50-year committed effective dose equiva-
lents per nanocurie for acute inhalation intakes of radioiodines {c¢lass 0,
l-gm AMAD}, The 50-year committed effective dose equivalent will be recefved
within a few weeks for 1311, within a few months for 1251, and within 2 few
years for 1291 as shown in Figure 6.2.

Table 6.2 gives expected thyroid activity fellowing an acute intake suf-
ficient to result in a first-year effective dose equivalent of 100 mrem.
Conversion from effective dose equivalent to thyroid dose is made by multi-
plying the effective dose equivalent by 33.3.

Table 6.3 gives the relationship between retained activity in the
thyroid and effective dose equivalent.

TABLE 6.1. FirsteYear and 50-Year Committed Effective Dose Equiv?ieni
Following an Acute Inhalation Intake of Radioiodine(a

nrem/nll lntake Fraction
First-vr %f{‘ R0-Yr Comm. EFf. Received
Huclide  Half-Life bose Eg.tb Dose Eq. (D) First Year
1251 60 days 0.023 .023 99%
1291 1.6E47 yr 0.15 0.16 B9%
13h B days 0.032 0.032 100%

(8) Assuming T-gm-8MAD particles. _ ’
{b) Thyroid dose equivalent is 33 times the effective dose eguivalent.
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TABLE 9.9. °*lam Dose Conversion Factors

Dose

Conversion Factiors,
rem/n{i-day

Target Organ Source Qrgan Tissue wWeighted
Lung Lung 5.70€«3 5.85E-4
Bone surface Bone surface 1.17E-2 3.51E-4
Red marrow Bone surface 5.30E-4 1.12E-4
Liver Liver 3.17E-3 1.90E-4
Gonads Gonads 1.63E-1 4 .07E-2
Gut Gut 1.176-4 6.99E-6
spla) sl 7.296-5  4.37E-6
uL1(®) oLl 1.30E-4  7.81E-6
witel LLI 2.16E-4  1.30E-5

{a} SI = small intestine.
(b} ULI = upper large intestine.
fc) LLI = lower large intestine.

nou

9,3.3 Intake Dose Eguivalent Factors

Intake dose equivalent factors, in units of dose equivalent per unit
activity of intake (rem per nanocurie of acute intake or rem per nanocurie
par day of chronic intake), are a convenient shortcut to estimating doses
based on standard assumptions when the magnitude of an intake is known or
assumed. Acute intake dose eguivalent factors have been tabulated for the
first-year and 50-yr committied dose equivalents resulting from readily
transportable injection and class W, Y, and super Y inhalation (based on
1-pm-AMAD particle size). Factors for single isotopes are shown in
Tables 9.10 through $.13. 1In the case of 241py, the 241am ingrown from the
time of intake is included in the 241py dose equivalent factor, whereas 241am
that existed at the time of intake is treated separately as pure 241am, but
having the transportability charvacteristics of the host matrix,

The factors in Tables 9.10 through 9.13 were used in conjunction with
the reference isotope mixtures defined in Section 9.1 to derive intake dose
equivalent factors for the reference mixtures, which are tabulated in
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9.18

Assumes all plutonium is readily transportable.
Assumes 1-um-AMAD particle size.
Not applicable.

TABLE 9.10. 238py Acute Intake Dose Equivalent Factors(a)
for First-Year and 50-Year Committed Doses
Transportable Inhalation(c)
Tissue Injection(b Class W (lass Y Super Y
Effective
First-year 1.1E-1 2.0E-2 3.2E-2 3.2E-2
50-year 3.2E+0 4.0E-1 2.9E-1 4,6E-1
Lung
First-year NA(d) 6.7€-2  2.6E-1  2.7E-1
50-year NA(d) 6.8E-2  1.2E40  3.2E+0
Bone surface
First-year 2.1E+0 2.3E-1 1.5E-2 5.8E-4
50-year 6.5E+1 7.8E+0 3.0E+0 1.4E+0
Red marrow
First-year 1.7€-1 1.8E-2 1.2€-3 4.7E-5
50-year 5.2E+0 6.3E-1 2.4E-1 1.1E-1
Liver
First-year 3.4E-1 3.7€-2 2.4€-3 9.4E-5
50-year 7.2E40 8.6E-1 3.4E-1 1.7E-1
Gonads
First-year 2.0E-2 2.2E-3 1.5E-4 5.7E-6
50-year 8.4E-1 1.0E-1 3.8E-2 1.7€E-2
(a) Units are rem/nCi of acute intake.



TABLE §.11. 239y and/or 2%0py Acute Intake Dose Equivalent Factors{al
for First-Year and 50~-Year Committed Doses

Transporiahje Inhalation{c)

Tissue Injection(b} CTass W Class ¥  Super ¥
Effective

First.year 1.0E-1 1.9€-2 3,.DE-2 3.1E-2

0«year 3.2E40 4.4f-1 3.1E-1 5.0E-1
Lung

First-year Nald) 6.4E-2  2.5E-1  2.5E-1

50-~year Nald) 6.4E~2  1.2E40  3.4F40
Bone surface

First-year 2.0E+0 2.1E-1 1.4E-2 5,5E-4

50-year 7.2E+] 8.6E+0 3.4E+0 1.6E+0
Red marrow

First-year 1.6E~] 1.7E-2 1,1£-3 4,4E-5

50~year 5,8E+0 6.9E-1 2,7E-~1 1.3E-1
Liver

First-year 3.2E-1 3.5€.2 2.3E-3 8.8E-5

50~year 7.7E40 8.3E-1 3.76-1 2.0E-1
Gonads

First-year 1.8E-2 2.1E-3 1.4E-4 5.4E-5

50-year 9.5E-1 1.2E-1 4,4E42 2.0E-2

Units are rem/nCi of acute intake.

Assumes all plutonium is readily fransportable.
Assumes l-am-AMAD particie size.

Not applicable.

,..‘,...‘,M
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TABLE 9.12. 281pu Acyte Intake Dose Fquivalent Factors{a)
for First-Year and B0-Year Committed Doses

‘ Trgnspgrt?ble Inhalationic)
Tissue Injection{b) Class W Class ¥  Super ¥

Effective

First-year 9.3E-5 1.4E-5 2.6E-5 2.6E-5

50-year 7.0€-2 8.5E-3 5.1E-2 9.1E-3
Lung

First-year Ra{d) 2.6E-5  2.1E-%4  2.2E-4

50-year NA(d) 2.76-5  1.26-2  5.BE-2
Bone surface

First-year 1.8E~3 2.1E-4 1.5E-5 6. 6E-7

50-yegar 1.4840 1.7€-1 7.3E-2 4.1t-2
Red marrow

First-year 1.4E-4 1.7E-5 1.2E-6 5.3E-8

50-year i.1t-1 1.4E-2 5.9E-3 3.3E-3
Liver

Firsteyear 2.9E-4 3.3E-5 2.4E-6 1.16-7

S0«year 1.3E-1 1.6E-2 7,463 4.8E-3
Gonads

Firgst-year 1.7€-5 2.0E-6 1.4E.7 6.4E-9

50.year 2.0E-2 2.5E-3 1.0643 5.1E~4

{a) Units are rem/nCi of 241Pu for acute intake;
includes contribution from 241Am ingrowth.

(b) Assumes all plutonium is readily transportable.

{c) Assumes 1-um-AMAD particle size.

(d) Hot applicable.
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TABLE 9.13. 241pm Acute Intake Dose Equivalent Factors(a)

for First-Year and 50-Year Committed Doses

Transportable Inhalation(c)

Tissue Injectiontb Class W Class Y Super Y
Effective

First-year 1.1E-1 2.0E-2 3.2E-2 3.3E-2

50-year 3.7EH) 4,5E-1 3.2E-1 5.1E-2
Lung

First-year NA{d) 6.7E-2  2.6E-1  2.7E-1

50-year NA(d) 6.86-2  1.3E40  3.6EH
Bone surface _

First-year 2.1E+0 2.3E-1 1.5E-2 5.8E-4

50-year 7.4E+1 8.9E+0 3.5E+0 1.7€+0
Red marrow

First-year 1.7e-1 1.8E-2 1.2E-3 4.7E-5

50-year 6.0E+0 7.1E-1 2.8E-1 1.3E-1
Liver

First-year 3.4E-1 3.7E-2 2.4E-3 9.5E-5

50-year 8.0EH) 9.6E-1 3.8E-1 2.0E-1
Gonads

First-year 2.0E-2 2.2E-3 1.5e-4 5.7E-6

50-year 9.7E-1 1.2E-1 4.5€-2 2.1E-2

(a) Units are rem/nCi of 241Am of acute intake.

(b) Assumes all plutonium is readily transportable.
(c) Assumes 1-um-AMAD particle size.
(d) MNot applicable.
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Tables §.14 through 9.17. The reference mixture first.year dose equivalent
factors are subsequently used in Section 9.4 to describe the bipassay
monitoring capability for inhalation intakes.

Intake dose equivalent factors have not been provided for ingestion
intakes, because historically ingestion has not been considered a significant
mode of occupational exposure, due to extremely low Gl tract uptake of plu-
tonium, It an ingestion intake occurs, the dose to organs of the Gl tract
can be calcuylated using the GENMOD code,

8.2.4 Cumulative Dose Eguivalents

The cumulative dose equivalent from an intake through various times post
intake is frequently of interest with regard io tenmacicusly retained radio-
nuclides., The most commoniy referenced cumulative dose is the commitied dose
equivalent through a 50-year period following an intake. The cumulative
effective dose equivalents (expressed as a percentage of the 50-yeer com-
mitted effective dose equivalent] through various times post intake are shown
in Table 9.18 for 239pu class W, Y, and super Y inhalation intakes. Cumula-
tive dose equivalents for other forms of plutonium or other time intervais
ran be readily obtained from the GENMOD computer code.

The 1CRP 30 ALIs are 5.4 nCi (class W) and 14 nCi (class Y} for 23Bpy,
239py, 230pu, and 241am. For 241pu, the ALls are 270 nCi {class W) and
540 nCi (class Y). These ALIs are based on a S0-year committed dose
equivalent to the bone surfaces of 50 rem.
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TABLE §.14. Acute Intake Dose Equivalent Factors, (3} Fresh 6% Plutanium
Mixture{b} First-Year and 50-Year Committed Doses

Transportable Inhalation(c)

Tissue lnjectiontd) Class ¥ Llass Y  Super ¢
Effective

Firsteyear 1.1E-1 1.9E-2 3.18-2 3.1E-2

50-year 4.2E+0 5.2E-1 3.6E-1 5.9E-1
Lung

First-year nale) 6.4E-2  2.5E-1  Z.5E-1

50-year nale) 6.5E-2  1.38+0  4.0E+0
Bone surface

First-year 20640 2.2E-1 1.4¢-2 5.6E-4

50-year 8.6E+] 1.0E41 3,1E40 2.0E+0
Red marrow

First-year 1.6E-1 1.8E-2 1.2E-3 4.5E-5

50~year 6.9E+ 8.2E-1 3.3E.1 1.6E-1
Liver

Firsteyear 3.3E-1 3.5E-2 2.3E.3 9.1E-5

S0-year 9. 1E+0 1.1E40 4.4E-1 Z2.4E-1
Gonads

Firsteyear 1.9E-2 2.2E-3 1.41-4 5.5E-6

Bwyear 1.2E%0 1.4E-1 5.48.2 2.5E-2

{a} Units are rem/nCi of plutonium-alpha of acute intake.
sb) 6% 240pu, aged 2 weeks after 24lAm separation,

c; Assumes all plutonium is readily transportable.
Assumes l~um-AMAD particle size.

{e} Hot applicable.
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TABLE 9.15. Acute Int?ke Dose Equivalent Factors, (8} Aged 6% Plutonium

Mixture{d) First-Year and 50-Year Committed Doses
' Trqnqurt?ble Inhalation{c)

Tissue Injectiontid) Class W (lass Y  Super Y
Effective

First«year 1.1E-1 1.9E-2 3.1E-2 3.4E8.2

S0wyear 4.1E+D 4.9E-1 3.5E-1 5.7E-~1
Lung

First-year kale) 6.4E<2  2.5E-1  2.7E-1

50-year na{e} 6.5E-2  1.3E+0  4.1E+40
Bone surface

First-year 2.0E+0 2.2k-1 1.4E-2 6.0E-4

5(-year 8.3f+1 8,800 3.8640 2.0E+0
Red marrow

First-year 1.6€-1 1.8E-2 1.2E-3 4.8E-5

50-year 6.6E+0 7.9E-] 3.1E-1 1.6E-1
Liver

First-year 3,381 3.5E-2 2.3e-3 9.78-5

50-year B.7E+0 1.0E+0 4,2E-1 Z.5E-1
Gonads

Firsteyear 1.88-2 2.2E-3 1.4E-4  5.9E-6

K)-year 11840 1.3E-1 5.1E-2 5.8E~2

Units arve rem/nCi of plutonium-aipha for acute intake.
6% 240Py, aged 5 years after Z4lam separation.

Assumes all plutenium is readily transportable.
Assumes 1-pm-AMAD particle size.

Not applicable.
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TABLE 9.16. Acute Intake Dose Equivalent Factors,(8} Fresh 12% Piutonium
Mixture(b) First-vear and 50-Year Committed Doses

Transpovrtable Inhalation{C)

Tissue Injection(d) Class W Class ¥ super ¥
Effective

First-year 1.1E-1 1.9€-2 3.1E-2 3.2e8.2

50-year 5.7€40 §.9E-1 4.6E-1 7.8E-1
Lung

First-year Na(e) 6.56-2  2.6E-1  2.8E-1

50-year NA(e) 6.6E-2  1.BE+0  5.2E40
Bone surface

First-year Z2.1E+0 2.2E-1 1.5E-2 5.8E~4

50-year 1.2E+2 1.46+1  5.6E+0  2.9E+0
Red marrow

First-year 1.78-1 1.8t-2 1,2E-3 4.6E-5

50-year G, 3E+0 1.1E+Q 4,.5E-1 Z.3t-1
Liver

First-year 3.3E-1 3.8E-2 2.4E-3 9.4E-5

50~year 1.2E+41 1.48+0 &.0E-1 3.5E-]
Gonads

First-year 2.0E-2 2.2E-3 1.5E-4  5,7¢-6

50-year 1.6E-0 1.9E~1 7.5E-2 3.6E-2

%a; Units are rem/nCi of plutonium-alpha for acute intake.
12% 280py, aged 2 weeks after 24lam separation.

(c) Assumes all plutonium is readily transportable,

(d) Assumes 1-zm-AMAD particie size,

{e) Not applicable,
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TABLE 9.17. Acute I?E?ke Dose Equivalent Factors,(2) Aged 12% Plutonium

Mixture First-Year and 50-Year {ommitted Doses
Transportable Inhalation{c)

Tissue Injection(d) Ciass W Class ¥ Super ¥
Effective

First~year 1.1E-1 1.9e-2 3.1E~2 3.9E-2

50wyear 5. 0840 6.0E-1 4,1E~1 7,3E-1
lL.ung

First-year Na(e) 6.56-2  2.6E-1  3,2E~1

50-year nale) 6.6E-2  1.4E40  5.6E+D
Bone surface

First-year 2.1E+0 2.2E~1 1.5E.2 7.0E-4
- 5Q-year 1.0E+2 1.28+1 4.8E+0 3.0E+0
Red marrow

First-year 1.7E-1 1.BE-2 1.2E-3 5.7E-5

50-year B.1E+D 9. 7E~1 3.6E-1 2.4E-1
Liver

First-year 3.3E-1 3.6E-2  2.4E-3 1.1E-4

50-year 1.1E+] 1.3E40 5.2E-1 3.6E-1
Gonads

Firsteyear 2.0E-2 2.2E-3 1.5E~4 B.9E-6

5Qwyear 1.4840 1.7E«1 6.4E~2 3.3g-2

Units are rem/n{i of plutonium-alpha for acute intake,
12% 240py, aged 5 years after 241Am separation.
Assumes al) plutonium is readily transportable,
Assumes 1-uzm-AMAD particle size.

Not applicable.
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TABLE 9.18. Cumulative Effective Dose Equivalent for 239Pu Intakes
(expressed as percentage of 50-year committed dose)

Cumulative Time

Post Intake Inhalation Intake
days years Class W Class Y Super Y
90 0.25 1.7 % 2.8 % 1.7 %
180 0.5 2.7 % 5.2 % 3.3 %
365 1 4.3 % 10 % 6.1 %
730 2 7.1 % 17 % 11 %
1825 5 15 % 30 % 20 %
3650 10 28 % 43 % 32 %
7300 20 50 % 60 % 53 %
18,250 50 100 % 100 % 100 %

9.4 BIOASSAY MONITORING

This section discusses the general techniques and applicability of
bicassay monitoring and describes the capabilities of excreta sample bioassay
and in vivo measurements. Recommendations are also provided for routine -
biocassay monitoring for plutonium.

9.4.1 General Techniques and Applicability

Bioassay monitoring for plutonium can be provided by both radiochemistry
analysis of excreta and direct in vivo measurements. The application of
these techniques, and the interpretation of the resulting data, are highly
dependent upon the'type of plutonium to which a worker may be exposed.

Although the ICRP considers plutonium to be an inhalation class W or Y
compound, substantially more and less transportable forms have apparently
been observed in past Hanford cases. For this reason, bioassay guidance has
been developed for readily transportable, class W, Y, and super Y compounds.
The readily transportable form is assumed to behave as a direct injection of
plutonium into the transfer compartment. The class W and Y forms are assumed
to behave according to the ICRP 30 respiratory tract model. The super Y form
is defined as being identical to class Y with respect to compartment
deposition fractions, however the transport rate from lung to blood (lung
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compartments a, ¢, e, and i} have been adjusted for a retention half-time of
10,000 days.

§$.4.2 Urine Sample Biocassay

Urine sampie analysis is the standard technigue for confirming and
evaluating the magnitude of uptakes. Uptake is required in order for
material to be excreted by the urine pathway, 1t can also be used for esti.
mating inhalation intakes and initial lung burdens of slowly transportable
compounds; however, fecal samples and in vive measurements are usually the
preferred techniques.

To reach the urine, plutonium sust first reach the transfer compartment
{blood) in a soluble (dissolved} form, from which it can then be removed by
the kidneys through normal metabolic processes. Insoluble material in the
transfer compartment is assumed not to be excreted by the urine pathway until
it has bezen dissolved. \

In reviewing urine sample resuits, anomalous results could be indicative
of urine contamination from external sources {(hands, sample container,
clothing}. Caution needs to be exercised when samples are obtained from
externally contaminated workers.

The typical urine sampling practice is to collect a urine sample over a
specified time interval and perform a chemical separation for plutenium,
This technique is followed by electroplating and guantitative alpha spec-
trometry. The final results are reported as 238pu and 23%u. The reported
23%y result is actually the sum of the measured 23%+240py, because the alpha
spectrometry system does not have the capability to differentiate between the
alpha energies for 239y and 240py decay emissions. This does not pose a
significant problem because the dosimetry for the two isotopes is essentially
the same. When considering the total plutonium-alpha activity of a sample,
it is important to cowhine the 238y with the 239Pu results.

Prigr to October 1983, an autoradiography procedure was used instead of
the electroplating/alpha spectrometry procedure. This autoradiography
procedure actually measured the total plutonium-aipha activity, which was
reported as 239py. This point should be remembered when comparing sample
results and may help account for potential shifts in long-term data trends.
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The reported detection levels for historical urine sample analysis
procedures at various times are shown ip Table 9.19. The method used to
define the detection level has changed over time, so the values in Table 9,19
are not strictly comparable with each other.

Special rapid analytical procedures are available for special circum-
stances. These procedures can be executed and resulis obtained in sub-
stantially shorter times than the routine procedure, but they are less
sensitive, Their use is primarily for diagnostic biocassay of suspected
internal contamination related to unplanned exposures {incidents). The
decision to use such procedures involves considering the probability and
potential magnitude of the exposure. The detection limits for plutonium in
urine (based on the FY 1989 contractual requirements) are listed in
Table §9.20. '

TABLE 9.19. Detection Limits for Routine Kanford Analyses
of Plutonium in Urine

Detection Limit,

Time Period dpm/routine sample

Prior to June 1949 (.66
June 1949 to Dec. 1952 §.33
Pec. 1952 to 01/28/53 g.18
01/28/53 to 03/27/53 §.1%
03/27/53 to 11707753 0.0%
11/07/53 to 12/04/53 0.07
12753 to 05755 0.057
05/55 to 08/55 0.027
D8/55 to 10755 0.04
10/55 to 10701783 0.05(a)
10/01/83 to 12/31/83 0.035
12/31/83 to present (.02

{a} During part of this period, results that
were jess than the detection limit were
reported as 0.025.
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FABLE 9,20, Contractual Detection tevels for Plutonium in Urine
Duving FY 1888, dpm/sample

Category of Analysis{a}

Isotope Routine  Priority  Expedile  Emergency
238py 0.02 0.02 0.08 0.5
2394240py .02 0.02 .08 0.5
241py Ka(b) 2 4 20
2AR1Am 0.02 0.02 (.08 i

{a] Categories refer to different options for sensitivity
and turnaround time.
{b) Not applicable.

9.4.3 Fecal Sample Bicassay

Fecal samples are useful for confirming and evaluating suspected
inhalation and ingestion exposures. The sample results can be used in
conjunction with the ICRP 30 respiratory tract model to estimate the
magnitudes of intakes and initial lung depositions as a basis for lung dose
assessment. They can also be used as checks on urine-based estimates of
presystemic deposition. In addition, fecal samples can provide radionuciide
identification data and isotope ratios. Fecal samples are of primary value
immediately following a suspected intake, when material is rapidiy ¢learing
the respiratory and GI fracts. They may alsp be of value at long times post
intake as an aid to estimaiing residual lung burdens and isotope ratios,
however substantial uncertainties exist for such applications.

Most fecal excretion following an intake occurs shortly after the
intake. According to the ICRP 30 respiratory tract model, approximately
one-half {48%) of an intake of class Y plutonium (1-gm-AMAD particle size)
wou'ld be excreted in the first & days following intake, Additional long-term
clearance from the lung by the fecal pathway would total approximately 10% of
the intake, excreted at the fractional biological ¢learance rate of
0.0014/day.

Additional fecal excretion comes via the biliary pathway. This pathway
represents fecal excretion from systemic deposition., While the magnitude of
this pathway relative to the urine pathway has been investigated, it is not
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recommended that fecal excretion be used for evaluating systemic deposition.
The primary reason for this is the interference thal can be caused by very
slight acute or chronic inhalation or ingestion exposures and the uncertainty
of the magnitude of the biliary excretion relative to urinary excretion.
There 15 no way to differentiate the source of fecal excretion {lung
clearance, ingestion, or bile) when interpreting fecal sample results. For
the purpose of modelling systemic excretion, it is assumed that systemic
excretion is evenly distributed between the urine and biliary excretion
pathways.

The complications of interpreting long-term fecal excretions do not rule
out their potential value, particularly if certain conditions can be met
regarding their collection; notably, lack of potential additional exposure
imnediately prior to collection of the sample and collection of more than one
sample,

Multiple fecal samples are recommended if the data are critical for an
evaluation, Normal daily fecal excretion rates vary greatly from those of
ICRP 23 (1974) Reference Man and can be offset to some extent by collecting
consecutive samples and averaging the results. Additional information on
fecal sample interpretation is provided in Appendix E.

The laboratory plutonium analysis procedure for fecal samples isvolves
wet ashing, dry ashing, chemical separation of plutonium, followed by
electroplating and alpha spectrometry using a 242py tracer to determine
yigld. The presence of 24lpu is determined by liguid scintillation counting
of the separated plutonium, The detection levels for the plutonium in feces
analyses (based on the FY 1989 contractual capabilities) are shown in
Tablie 9.21.

§.4.4 In Vivo Measurement

A variety of in vivo measurement techniques is available at the Hanford
¥hole Body Counter (WBC) facility (see Table 9.22}. Most of these procedures
involve measurement of the 60-keV photons from the 242%m present as an
ingrown impurity in a plutonium mixture., Direct measurement of the 17-keV
plutonium L x-rays is possible, but the sensitivity of the measurement iz not
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TABLE .21, Contractual Detection Levels for Plutonium

in Feces During FY 1989, dpm/sample

Category of Analysis(d)

1sotope Priority Expecite Emergency
238py 0.2 3 9
239+240py 8.2 3 g
241py 7 70 200
241 pm 0.8 6 20
{a) Categories refer to different options

TABLE 8.22.

for sensitivity and turnaround time.

Sensitivities of ?ygica} }n Vivo Measurements for
Plutonium and Americium{a

Minimum Detectable Activity, n{j

Direct Inferred Direct  Direct
Measurement 2814 pu-alphaib} 238pulc) 238Bpylc)

{hest counts

1000 s 0.26 3.8 110 40

2000 s 0.18 2.7 75 30
Skeleton burden

Head count

3000 s 0.36 5.4 78 30
Liver count {2000 s) ¢.15 2.3 150 &0
Wound count {600 s)

EDF{d) system 0.01 0.15 0.4 0.17

weC{e) system 0.0015  0.023 0.09  0.04
Upper extremity {being developed)

lymph nodes
Scanning Tung count (being developed)

{a) Based on Table 7.1 of the Whole Body Counting Manual
(Palmer et al. 1987). |

(b} Based on 15:1 plutonium-alpha to 24lAm activity ratio.

(c} Based on 17.0-keV and 20.4-keV x rays and a 3-cm chest
wall thickness,

{d) EDF = Emergency Decontamination Facility.

{e) WBL = whole Body lounter,
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adequate to detect most internal organ depositions. Direct measurement of
plutonium in wounds is also feasible and commonly used.

Because of the relative insensitivity of direct in vivo pliutonium
measurement techniques at low levels (other than for wounds), the presence of
plutonium is inferred by detection of 241Am. Estimation of the amount of
plutonium must be made using known or assumed isotope ratios. Such ratios
may be obtained from workplace data {smear samples, air samples, etc.),
inferred from excreta data (recognizing that fecal or urine samples may be
biased by different clearance rates from the body), or from assumptions
regarding material composition based on the facility and process involved.

The following subsections briefly describe the types of in vivo
measurements available at the Hanford WBC facility. Nominal sensitivities
for these measurements are summarized in Table 9.20. Further discussion of
these measurement techniques can be found in the Whole Body Counting Manual
(Palmer et al. 1987).

_Chest Counts

Chest counting is a standard measurement technique used for monitoring
ptutonium workers. A count is performed by placing planar germanium
detectors over the subject's chest.

Because of the potential impact of chest wall thickness on measurement
sensitivity, measurement corrections are made on all workers based on a
height-to-weight ratio. In addition, measurements on workers with known
depositions will usually be corrected based on direct measurement of chest
wall thickness using ultrasound techniques. Chest measurement results may
not represent actual lung burdens unless they have been corrected for inter-
ference from activity deposited in other organs (notably the skeleton). When
such a correction has been made the result is more correctly referred to as a
lung burden estimate rather than a chest count result. Lacking such correc-
tions, chest measurement results may conservatively be assumed to represent
lung burdens.

The typical minimum detectable lung burden, assuming a 3-cm chest wall
thickness, is 0.26 nCi of 241Am for a 1000-second count, and 0.18 nCi for a
2000-second count.
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Head Counts {Skeleton Burdens)

Head counts are gerformed using two planar germanium detectors and a
3000-second counting time. The results of the head count are extrapolated to
an estimate of the total quantity retained in the skeleton using a human
skeleton calibration phantom. Head counts will usually be performed when
chest counts show detectable activity to determine if modification for
skeleton activity is needed. Head counts can also be used as a check on
urine~based systemic deposition estimates.

The typical MDA in the skeleton, as determined by head counting, is
0.26 nCi of 241Am.

Liver Counts

Liver counts provide a direct estimate of activity in the liver based on
the Livermore calibration phantom (Griffith et al. 1978). These counts are
primarily used for long-term follow-up and as a check on urine-based systemic
deposition estimates. They also provide a check on the assumptions used in
the computer codes for calculating annual and committed dose equivalents.

The counting time is 2000 seconds.

The MDA for a typical Jiver count is 0.15 nCi of 241am.

wound Counts

Wound counts can directly measure plutonigm and americium using a single
pianar germanium detector. Wound counts can be performed either at the Emer-
gency Decontamination Facility (EDF) or at the WBC Tacility. The detection
sqguipment is similar at both facilities, however MDAs are substantially
better at the WBC due to the use of shielded counting rooms. Counts at
gither facility are typically 800-seconds long.

Directly measured MDAs are typically 0.01 nCi of 281am and 0.4 nli of
238py at the EDF, and 0.0015 nCi of 241am and 0.0 nCi of 239Pu at the WBC.
The 239pu results can be significantly underestimated if the activity is
deeply embedded in tissue.

Upper Extremity Lymph Node Counts

The upper extremity lymph nodes are potential deposition sites for
nontransportable or slowly transportable material deposited in extremity
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wounds. These nodes include the supratracular lymph nodes located near the
elbow and the axillary lymph nodes located near the armpit. The nodes are
counted by placing planar germanium detectors in the lymph node region.
Activity deposited in the axillary lywph nodes has the potential for
interfering with chest count results. Precise calibrations for these counts
are still under development.

Scanning Lung Counts

Scanning lung counts are used to determine the distribution of activity
deposited in the Tung. By a series of counts, the extent to which activity
is deposited in the tracheal-bronchial region {including the lymph nodes} and
the Teft and right pulmonary regions can be reasonably determined, The
results of these counts are not likely to affect Tung dose estimates, except
to the extent that they shed light on the nature of the deposition and
potential lung dynamics. The calibration for these counts is still under
development, Results may be expressed as the percentage of total lung
activity in a given counting region.

9.4.5 Bioassay Monitoring Capability

The bicassay monitoring capability for plutonium can be discussed as the
intake or dose assoriated with an MDA bioassay measurement at some time post
intake, Analyses of the first-year and 50-year effective dose equivalents
have been performed for fresh 6% and aged 12% reference plutonium mixtures
using two bioassay methods, 239y in wrine and in vivoe 241am lung counting.

To determine the capability of bioassay of plutonium by urine analysis,
the intakes of 238Pu associated with minimum detectable urine analysis
results were calculated for transportable injection, and class ¥, Y, and
super Y inhalations. These intakes are given in Table 9,23, Based on the
activity ratios described in Section 8.1, the plutonium-alipha intake was
estimated for fresh 6% and aged 12% reference plutonium mixtures, and the
firsteyear and S0-year committed effective dose equivalents were calculated
using the factors of Tables 9.14 and 9.17. The results are summarized in
Tables 9.24 through $.27 and graphically presented in Figures 4.5
through 9.9.
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TABLE 9.23. Acute 239Py Intake Associated with the Minimum
Detectable Activity Urine Bioassay Measurement
(MDA = 0.02 dpm/day)

239py Intake, nCi

Days Post Transportable Inhaiation
Intake Injection Class W Class Y Super Y
1 3.0E-3 3.8€-2 6.9E-1 7.5E+2
2 4,7€-3 5.6E-2 1.0E40 5.0E+2
5 1.6E-2 1.8E-1 3.3E40 6.0E+2
7 2.4E-2 2.7E-1 5.3E+0 6.0E+2
14 3.8E-2 4,1E-1 8.2EH0  5.6E+2
30 6.0E-2 5.3E-1 1.0e+1 4.7E+2
60 9.1E-2 6.9E-1 1.3E+41  3.6E+2
90 1.1E-1 8.2E-1 1.3E41  3.1E+2
180 1.6E-1 1.1EH0 1.3E+1  2.1E+2
365 2.6E-1 1.9E40 1.1E+1  1.4E+2
730 4.7E-1 3.8eH0 1.0E+1 9.0E+1
1825 6.4E-1 5.6E+0 1.0E+1  5.3E+1
3650 6.9E-1 6.0E+0 1.2E+1  3.8E+1
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previous subsection, more frequent routine hicassay measurements are unlikely
to significantly improve this sensitivity. Some effort has been undertaken
at Hanford to assess and develop improved methods of monitoring for super Y
forms of plutonium {Bihl et al. 1988). However, this work is in the develop-
ment phase, and its conclusions are too preliminary for inclusion in this
technical basis.

Bacause of the lack of sensitivity of routine bioassay, special bioassay
monitoring as a supplement to the routine program should be promptly initi-
ated by wurkplace indications of potential internal exposure to plutonium,
When adequate measurements are made promptly after & suspected intake, good
sensttivity to potential dose can be obtained.

4.4.7 Special Bioassay Monitoring

If a potential intake of plutonium is suspected, special bioassay
monitoring should be guickly initiated. Typically this monitoring should
include same-day in vivo measurements, overnight or firsteday urine collec~
tion, and early fecal samplie collection. The early fecal samples are
particularly important for relatively insoluble forms of plutonium {class Y
and super Y} because in vivo and urine sample measurements are relatively
insensitive to these intakes. An early single voiding urine sample may also
be warranted for determining the need for potential dose-reduction therapy.
If DTPA chelation therapy was administered, thenm a total urine sample col-
tection is recommended to reduce any uncertainties associated with sample
normalization. Total urine sample collection should be tontinued until the
excretion pattern is established.

9.4.8 Bivassay Monitoring Capability for Workers with Known Plutonium
Bepositions

The capability of a bicassay program is directly dependent upon the
magnitude of an identifiable increase in a bioassay measurement. When a
worker has a positive baseline bicassay level due to previous exposure,
the ability to detect a subseguent increase in the bicassay Tevel from an
additional intake is more dependent on the variability of current bioassay
levels and less dependent on analytical capability. In other words, to be
detected, subseguent intakes must result in increases in bipassay
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- measurements that exceed the background "noise” level. Guidance concerning
the potential dose from potentially undetected intakes must be developed on a
case-by-case basis. Appropriate adjustments to measurement frequencies can
then be determined based on the potential undetected dose. As an approximate
rule-of-thumb, a single bioassay measurement will probably have to be at
least twice the baseline level to be readily recognized, due to the sub-
stantial variability in single bioassay measurements on individual people.
For many situations, this may imply that a normally detectable intake may not
be detectable on top of a pre-existing internal plutonjum deposition. Like
most rules-of-thumb, this is only a rough suggestion; cases of significance
must be addressed individually.

9.5 ASSESSMENT OF INTERNAL DOSE

The following subsections discuss the general approach for assessing
internal dose, estimating presystemic and lung depositions, assessing organ
dose equivalents, estimating intake, and making simplified dose assessments.

9.5.1 General Approach

The dosimetry for plutonium involves a four-step process for in-depth
assessments that roughly proceeds as follows:

e Estimate the clearance component rates.

» Estimate the presystemic deposition for each clearance component.

» Estimate the initial lung deposition for each clearance component.

e Assess the internal dose equivalents (organ and effective, annual
and committed) based on deposition estimates and assumptions of
Section 9.2.1.

Alternatively, a simplified dose assessment process can be used when
only limited data are available. This process involves the following:

« Estimate the intake.
» Assess the internal dose equivalents.

The techniques used for calculating these estimates are discussed in the
following subsections. Assumptions about systemic organ biokinetics, organ
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mass, tissue or organ weighting factors, and transportability classes are
those used in ICRP 26, 30, and 48 (1977, 1979, and 1986).

9.5.2 Estimating Presystemic Deposition

The presystemic deposition is defined as the total radiocactivity that
will ultimately translocate into the transfer compartment from a metaboli-
cally isolated pool; in other words, the activity ultimately reaching the
blood. Historically at Hanford, this has been the gquantity that has been
compared with the MPBB of 0.04 xCi {239Pu) listed in National Bureau of
Standards Handbook 69 (NBS 1959}, NCRP 22 (1959), and ICRP 2 (1959). It is
related to, but significantly different from intake, lung deposition,
Tong-term lung burden, and instantaneous body burden (or retained quantity).

Activity is deposited in presystemic compartments at the time of intake.
From there, systemic uptake may be essentially instantaneous (as with a
readily transportable wound intake), or it may occur gradually over an
extended period of time (as in the case of an inhalation of class Y mater-
ial). Transfer from the presystemic compartment into systemic circulation is
assumed to be governed by linear first-order kinetics, and can be described
in terms of a transfer rate constant.

The computer program PUCALC has been written to evaluate alternate
values of the transfer rate and presystemic deposition, based on the urinary
excretion data. The program describes the urinary excretion of plutonium for
user-selected values for the transfer rate and presystemic deposition.
Additional information on PUCALC is provided in Appendix F.

It must be remembered that the presystemic deposition may be only part
of the initial deposition in the body. In the case of the lung, the ICRP 30
Tung model predicts that the presystemic deposition represents about one-
third of the total deposition in the slowly clearing compartments of the
lung. The total long-term lung deposition must be considered when assessing
lung doses. Experience with wounds has shown that a significant fraction of
slowly transportable activity can become bound up in tissue at the wound site
and essentially walled-off or permanently isolated from the transfer
compartment. Whether this might represent a true isolation, or merely an
extremely slow transfer rate, is a matter of some speculation. The need to
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determine localized tissue deposits for potentially small wound areas from
slowly transportable plutonium must be decided on a case-by-case basis,

9.5.3 Estimating Initial Lung Deposition

Initial lung depositions ¢an be estimated based on direct in vive
measurements, fecal data, urine data, or a combination of such data. When
there is direct knowledge, or a reasonable assumption, of the isotopic com-
position of a plutonium mixture, direct in vivo measurement of 241&m in the
Tung can be used to evaluate lung depositions, A series of detectable 24lpg
measurements can be used to establish the effective lung clearance rate, and
the plutonium depositions can be estimated by activity ratios relative to
2814m. In analyzing long~term lung measurement data, consideration must be
given to the potential impact of the ingrowth of 241am from 241pu. This
requires that the clearance rate of the 24lAm relative to that of 241pu be
known. Laboratory animal research data have indicated that early clearance
of plutonium mixtures from the lung may be enriched in 24lAm relative to the
intake composition. This has been attributed to & more rapidly clearing
component of the 241Am that is initially deposited in the lung along with the
plutonium. Once this initially soluble 241am has been cleared, the observed
clearance rate for the remaining 241Am will be similar to that of the host
matrix material, i.e., plutonive {Eidson 1980}.

Fecal data can be used for estimating Tung depositions in two ways.
First, it can provide isotopic composition information for use with in vive
measurements, Secondly, it can be used in conjunction with the ICRP 30
respiratory tract model to estimate intake or initial depositions in various
compartments of the respiratory tract. Caution must be exercised in inter-
preting fecal data because a s1ight ingestion intake can significantly bias
lung deposition estimates. There is no way to differentiate inhalation from
ingestion intakes by early fecal data., Follow-up fecal samples somewhat
removed in time from the intake {2 to 4 weeks or more) may be helpful in
determining if observed fecal activity is from lung clearance or ingestion
clearance. Fecal excretion is also highly dependent on particle size, with
larger sizes being more readily excreted in feces. Appendix E provides
additional information on assessment of fecal sample data.
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Urine sample data are generally not considered a good basis for estimat-
ing initial lung depositions; however, they can be helpful and occasionally
may be the only data available. For known inhalation exposures, the
presystemic deposition estimated using the technique described in the
preceding section can provide an indication of initial lung deposition. By
using the presystemic deposition estimate as the ultimate quantity to be
translocated into the transfer compartment, the Compartment fractions of the
ICRP 30 respiratory tract model can be used to estimate initial deposition in
the various compartments. For example, the initial deposition in the
long-term pulmonary region compariments (ICRP 30 lung model compartments e,
g, and h}) (see Appendix D) can be estimated by attributing the slowly
transportabie presystemic deposition to pulmonary compartments e and h, and
then muitiplying that value by the ratio of the total long-term compartment
fractions to the fraction in the presystemic compartments as follows:

Po = Ugp{e+h) * (Fe + Fg + Fp)/(Fe + Fp) (8.2)

where Pg is the initial Tong-term pulmonary deposition, Ug(e+h} is the slowly
transportable presystemic deposition, and Fe, Fg, Fp are ICRP 30 Tung model
compartment deposition fractions,

The long~term pulmonary deposition estimate, based on fecal, urine, or
air sample data, should be compared with the estimates from in vivo measure-
ments and activity relationships for consistency. In this example, the
in vivo 241Am MDA multiplied by the plutonium-americium ratio may be used as
an upper bound for dose assessment with the “best" estimate within this bound
based on the evaluation of urine sampie data.

9.5.4 Assessing Organ Dose Eguivalents

The organs of primary interest for plutonium dose evaluations are the
bone surface, red marrow, liver, and gonads. The lung is also an organ of
interest for inhalations.

(ther organs or tissues may be of interest depending on the nature of an
intake., For example, the dose to a specific Jymph node or small volume of
tissue may be of interest as the result of a wound intake of slowly trans-
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portabie materials, Such cases can be dealt with as they arise and are
beyond the general scope of this technical basis.

Plutonium reaching the transfer compartment is distributed to the liver,
bone surfaces, and the gonads according to the ICRP 48 (1986) biokinetic
model. Once deposited in these tissues, the ICRP 48 clearance rates are
assumed to apply. Thus, for calculating organ doses, the ICRP 48 organ-
retention functions and dosimetry factors are used.

Because plutonium cannot be effectively measured in the systemic organs,
and because plutonium and americium may not behave similarly after reaching
the systemic organs, caution must be exercised in using weasurements of
americium in systemic organs for plutonium dose calculations based on the
isotope ratios existing at the time of intake, Isotope ratios can change
with time due to the different solubility rates and retention characteristics
of plutonium and americium. However, americium measurements can be used for
americium dose calculations.

Once the magnitude of an intake, presystemic deposition, or initial lung
deposition has been determined, organ dose equivalents and the effective dose
equivalent can be assessed using hand-calculation fechmiques or computer
codes. The Hanford Internal Dosimetry Program uses two computer codes to aid
in dose calculations, GENMOD, and PLUDO. Each of these codes is briefly
discussed in the following paragraphs. More detailed explanations and copies
of the codes are maintained in the Hanford Radjation Protection Historical
Files.

The GENMOD code {Johason and Carver 1981}, calculates organ retention
and organ and effective dose eguivalents for any time after intake based on
default ICRP 30 parameters or user-modified parameters, For applications
with the Hanford Internal Dosimetry Program, the biokinetic parameters of
GENMOD have been modified to reflect the ICRP 48 (19B6) model for
distribution and retention of radionuclides within the body and the Jones
urinary excretion function. Further discussion of GERMOD is provided in
Appendix A.

The PLUDD computer code is a Hanford adaptation of the GENMOD code to
calculate committed and calendar year organ and effective dose eguivalents
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based on estimates of lung deposition and committed systemic uptake. These
estimates of deposition and their associated transport rate constants are
derived directly from analysis of urine excretion data, using PUCALC and
evaluation of direct (in vivo) bioassay measurement results.

PLUDO implements GENMOD for 238pu, 239/240py, 24lpy, and 241am. Rather
than specifying intake quantities, the user provides quantities deposited in
the lung and presystemic compartments. The user also specifies the transport
rate constants for retention of the plutonium in the lung and for uptake of
plutonium from the presystemic compartment. The "presystemic compartment" is
used to represent any site of radionuclide deposition from which uptake by
systemic circulation occurs. For example, presystemic compartments may be
associated with activity in the lung or a wound site. The presystemically
deposited activity is the activity deposited that will eventually become
systemically absorbed. PLUDD allows for specification of up to three lung
and three presystemic compartments, each with a unique transport rate
constant, for each radionuclide. PLUDO then invokes GENMOD to compute
cumulated activities in source organs for each calendar year beginning with
the year of intake, caiculates resulting organ and effective dose equivalents
for each calendar year, and sums these over all deposition compartments and
radionuclides.

9.5.5 Estimating Intake

An intake of plutonium can be estimated by fitting the urinary excretion
data to the appropriate intake excretion function, using manual or compu-
terized techniques. For a single data point, the intake can be estimated by
dividing the measured excretion by the value of the intake excretion function
on the day after intake represented by the sample in a manner similar to
Equation (9.3). Values for the fractional intake excretion function can be
obtained from Figure 9.4, Table 9.5, or directly from running the GENMOD
computer code. For multiple data points, a least-squares fit of the data to
the expected excretion function should be used, as described in Appendix C.

In addition to their use for dose calculations, intakes calculated by
the above techniques may also be compared with the ICRP ALIs or intake
estimates based on air sample results. When bioassay data are not available,
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air sample results wmay be the basis for estimating intake. An intake may
also be estimated from the fecal data explained in Appendix E.

§.5.6 Simplified Dose Assessments

Simplified duse assesswents use the technigues and biokinetic models
described previously and assume ICRP 23 (1974} Reference Man parameters,
without correction for individual-specific characteristics. These assess-
ments provide a basis for prospective bicassay program design, initial
estimates when bioassay data are few, and retrospective evaluation of intakes
that are too small to yield sufficient bioassay data to empirically describe
the biokinetic processes. In addition, the bicassay projections associated
with simplified assessments Can be used as a trigger point for more in-depth
measurements or dose assessments.

The procedure for performing a simplified dose assessment is as follows:

1. HNormalize the result to the daily excretion rate, if necessary (see
Appendix C}.

2. Select the intake date {known or assumed).

3. Estimate the intake by fitting the data to the excretion model {see
Appendix C}.

4, C(alculate the dose equivalents by multiplying the estimated intake

by the appropriate intake dose equivalent factor from GENMOD,

The intakes of fresh 6% and aged 12% reference plutonium mixtures
resulting in a first-year effective dose equivalent of 100 wrem have been
calculated using the simplified dose assessment procedure, The results of
these calculations are shown in Table 9.32.

The simplified dose assessment procedure was also used for determining
the bipassay program capabilities described in Section 9.3,

9.6 MANAGEMENT OF INTERNAL CONTAMINATION CASES

This section discusses the diagnostic procedures, therapeutic actions,
and long-term monitoring of internal depositions,
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TABLE 9.32. Intakes for Reference Plutonium Mixtures Resulting in a
First-Year Effective Dose Equivalent of 100 mrem

Mass of [sotopic_Com osition of Intake
Mode of I t?ke Intake, 238py, 239+240py, 241py, 241pm,
Mixturela ng nCi nCi nCi nCi

Readily transportabie

injection
6% Pu - fresh 12 1.0E-1 B8.5E-1 9.7E+0 6.0E-4
6% Pu - aged 11 9.1E-2 8.0E-1 7.2E+0  6.5E-2
12% Pu - fresh 9.6 1.6E-1 7.7E-1 2.9E+41 1.8E-3
12% Pu - aged 7.9 1.3E-1  6.3E-1 1.9E+41 1.7E-1
Class W inhalation
6% Pu - fresh 66 5.6E-1 4.7E40 5.4E+1 3.3E-3
6% Pu - aged 61 5.0E-1  4.4E+0 4,0E+1 3.6E-1
12% Pu - fresh 53 9.0E-1 4.2E+D 1.6E+2 1.0E-2
12% Pu - aged 43 7.1E-1  3.5EH0 1.1E42  9.5E-1
Class Y inhalation
6% Pu - fresh 41 3.5E-1 2.9EH0 3.3E+1  2.1E-3
6% Pu - aged 38 3.1E-1 2.7EH0 2.5E+1  2.2E-1
12% Pu - fresh 33 5.6E-1 2.6E+D 1.0E+2  6.2E-3
12% Pu - aged 27 4,.4E-1 2.2E+D 6.5E+1 5.9E-1
Super Y inhalation
6% Pu - fresh 39 3.4E-1 2.8E+D 3.3E41  2.1E-3
6% Pu - aged 37 3.0E-1 2.6E+0 2.4E+1 2.1E-1
12% Pu - fresh 32 5.5E-1 2.6E+D 1.0E+2  6.5E-3
12% Pu - aged 27 4.3E-1 2.1E+0 6.4E+1 5.9E-1

(a) % = nominal 240Puy weight percent in mixture.
Fresh = 2 weeks of 241Am ingrowth following separation.
Aged = 5 years of 241Am ingrowth following separation.
Inhalation intakes assume 1-um-AMAD particle size.
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9.6.1 Diagnostic Procedures

The diagnosis of an intake iavelves a combination of workplece monitor-
ing to identify on-the-job potential intakes and bicassay measurements to
confirm and quantify internal contamination.

Potential intakes are intended to be identified by workplace monitoring,
such as personal contamination surveys, nasal smear analyses, air sample
results, or workers' identifications of unusual conditions, These techniques
provide gualitative screening to alert radiation protection staff to
potential internal exposure, rather than absolute confirmation that exposure
has or has not occurred. For example, activity detected on nasal smears is
ysually an indication of an inhalation intake; however, the absence of
activity does not necessarily mean that an intake did not occur. The absence
of nasal smear activity following an inhalation intake can be explained by a
sufficient delay between the time of intake and the collection of nasal
smears to allow for complete clearance of activity from the nares. The
ICRP 30 respiratory tract model indicates that a delay of as Tittie as 30 to
60 minutes may be adequate for this in some cases. Alternatively, some
individuals are mouth-breathers, whose noses are partially or completely
bypassed in the respiratory process, hence no activity may be deposited in
the nares, despite the occurrence of an ishalation intake. Particle size can
also significantly affect nasal deposition and clearance.

Once a worker has been identified as having incurred a potential inter-
nal exposure, the initial diagnostic measurements are arranged. These may
include a chest count, wound count, single voiding (spot) urine sample
analysis, first-day fecal sampling, and overnight urine sampling.

The purpose of these initial procedures is to provide an order-of-
magnitude estimate of the potential internal exposure and dose. Inmitial
diagnostic measurements are usually sufficient for final evaluations only
when 11 results collectively rule out the possibility of an intake. In
reality, initial measurements are not generally expected to do this, and
follow-up measurements are necessary.

Follow-up diagnostic measurements may include additional urine and fecal
samples, chest counts, liver counts, head counts, and lymph node counts.

9.60



These analyses aid in determining the magnitude, location, and retention
characteristics of the deposited material. In some cases, blood samples or
tissue specimens may also be appropriate.

In addition, workplace or clothing contamination analyses, air sample
analyses, particle size analyses, and/or solubility analyses may also be
performed to more clearly define the physical and radiclogical character-
istics of the material to which the worker was exposed.

It is the responsibility of the exposure evaluator, working ciosely with
contractor radiation protection staff, to determine the appropriate diag-
nostic protocols. Scheduling of follow-up measurements will normally be done
by the appropriate contractor radiation protection staff.

9.6.2 Therapeutic Actions

Therapeutic actions for potential internal contamination include the use
of decorporation agents, catharsis, and surgical excision. For the purposes
of this discussion, the normal skin decontamination procedures of Hanford
contractors are not considered therapeutic actions, although it is acknow-
ledged that these procedures can be quite effective in preventing the inter-
nal deposition of radioactivity.

The decision to undertake one or more of these measures is the respon-
sibility of the participating HEHF Occupational Medicine physician with the
concurrence of the patient. The exposure evaluator will provide advice and
consultation to the physician and patient regarding the potential dose
implications and efficacy of alternative actions,

Decorporation therapy is also referred to as chelation therapy, and
involves the chemical removal of radioactivity from the bloodstream through
drug administration. The drug DTPA has U.S. Food and Drug Administration
approval for use in removing plutonium and other heavy metals from the body.
Other drugs are also available to HEHF Occupational Medicine.

Catharsis involves accelerating the passage of material through the GI
tract by means of laxative drugs or physical means such as an enema. Cathar-
sis has potential value in reducing the adsorption of material into the
bloodstream from the GI tract and in reducing the dose to the GI tract organs
from material passing through the GI tract. These measures are not generally
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considered for occupational exposures to plutonium, because the GI tract
adsorption of plutonium is so slight, and the dose to the Gl tract organs is
usually an insignificant fraction of the total effective dose.

Surgical excision following wounds can be extremely effective in reduc-
ing the potential internal deposition, particularly when coupled with
decorporation therapy. Minor excisions are usually performed at the EDF by
HEHF Dccupational HMedicine staff, assisted by a PNL exposure evaluator and
radiation protection personnel.

9.6.3 Long-Term Monitoring of Internal Depositions

{nce an internal dosimelry evaluation has been completed, it may be
recommended that the worker be placed on a specialized long-term bioassay
monitoring schedule. The reasons for this are twofold: first, long-term
follow-up monitoring results that are consistent with the projected results
verify the conclusions of the evaluation. Second, if long-term resulis are
projected to be detectable, and the worker returns to plutonium work, then
the capability of a routine bioassay monitoring program to detect an addi~
tional intake may be affected. This latter point is addressed in greater
detail in Section 9.4.8.

Specialized bioassay monitoring programs may be required for workers
with known internal depositions of plutonium. These programs may include
head counts, liver counts, periodic chest counts, and arine samples. [n some
cases fecal sampling may also be desired. It is the responsibility of the
exposure evaluator to recommend appropriate long-term biocassay monitoring to
the contractor dosimetry or radiation protection organization that has the
responsibility for acting on these recommendations.
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TABLE A.l1. GENMOD Parameters -

Respiratory Tract Model

Inhalation Class

Model Parameter(a) Input Name D W Y Super Y
Regional Deposition
Fraction
N-P(b) Region INP  emmmmeemeee- 0.30(€) cmcmmcmccnens
T-8{d) Region ZTB eemecememee-- 0.08(C)ememmcmmaaaat
p(e) Region IP eeeeeeeceeee- 0.25(C) cmmcmccae
Compartment Fraction
A Amount (1) 0.5 0.1 0.01 0.01
B Amount (2) 0.5 0.9 0.99 0.99
¢ Amount (3) 0.95 0.5 0.01 0.01
D Amount (4) 0.05 0.5 0.99 0.99
E Amount (5) 0.8 0.15 0.05 0.05
F Amount {6) 0.0 0.4 0.4 0.4
G Amount(7) 0.0 0.4 0.4 0.4
H Amount (8) 0.2 0.05 0.135 0.135
I Amount {9) 0.0 0.0 0.015 0.015
J Amount (10} -- - -- --
K Amount(11) -- - -- .-
D’ Amount (12} 0.0 0.0 0.0 0.0
Removal Rate (day-1)
X1 Lung rate(l) 69.3 69.3 69.3 6.93E-5
A2 Lung rate(2) 69.3 1.73 1.73 1.73
A3 Lung rate(3) 69.3 69.3 69.3 6.93E-5
Ay Lung rate(4) 3.47  3.47 3.47 3.47
A5 Lung rate(5) 1.39  1.39E-2 1.39E-3  6.93E-5
A6 Lung rate(6)} -- 0.693 0.693 0.693
A7 Lung rate(7)} -- 1.39-2  1.39E-3 1.39E-3
28 Lung rate(8) 1.39 1.39E-2 1.39E-3 1.39E-3
Ag Lung rate(9) -- -- 1.39E-3  1.39E-3
210 Lung rate{10) -- 1.39e-2 6.95E-4 6.93E-5
12 Lung rate(12) Y Y1 ¥ Y|
(a) Refer to Figure A.l.
(b) N-P = nasal-passage.
(c} Particle size: 1-um AMAD.

T-B = tracheal-bronchial,

P = pulmonary.
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Gastrointestinal Tract Model

The GI tract model (Figure A.2) documented by Eve (1966) is employed as
described by Dunford and Johnson {(1988). Table A.2 1ists the parameters used
by GENMOD to describe the fate of material entering the GI tract.

TABLE A.2. GENMOD Parameters - Gl Tract Mode)

Model
Parameter(a) Name Value, day-l
Removal Rate

Stomach Lung rate(13) 24

sI(b Lung rate(14)

6
Lung rate(11) O[If F1 = 17, LR(14)*(F1/1-F1)[If F1 # 1]
ur{c) Lung rate(15) 1.8
LLi{c) Lung rate(16) 1.0
and the F] value is:

Inhalation Class

Ingestion

Element D W Y(e) Soluble  Insoluble
Manganese 0.1 0.1 -- 0.1 -
Cobalt 0.8 0.05 0.05 0.3 0.05
Iron 0.1 0.1 -- 0.1 --
Cesium 1.0 .- -- 1.0 --
Iodine 1.0 -- -- 1.0 --
Europium -- 0.001 0.001 0.001 --
Uranium 0.05 0.05 0.002 0.05 0.002
Strontium 0.3 - 0.01 0.3 0.01
Americium -- 0.001 -- 0.001 0.0005
Plutonium - 0.0001 0.00001 0.001 0.0001

(a) Refer to Figure A.2.

(b) SI = small intestine.

(¢c) ULI = upper large intestine,
(d) LLI = lower large intestine.
(e) Also for super Y.

Systemic Compartment Model

The general model (Figure A.3), iodine model (Figure A.4), and alkaline
earth model (Figure A.5) employed by GENMOD are described by Dunford and
Johnson (1988). However, several changes in the parameters used by the
models have been made as follows:
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+ The radioiodine model parameters were modified to provide an effec-
tive biological half-life for the thyroid of 120 days as recom-
mended by the ICRP (1979).

+ The general model parameters for plutonium were modified to reflect
the uptake distribution and retention values recommended in ICRP 48
{198??.

+ The ICRP 48 uptaks-excretion pathways were eliminated and the
pseudo-uptake retention function for plutonium described by Skrable
{1987) was added to incorporate the plutonium uptake excretion
function of Jones {1385},

Tables A.3 through A.5 provide systemic compartment values for the
general model, the fodine model, and the alkaline earth model, respeciively.

GENMOD DOSE EQUIVALENT COMPUTATIONS

GENMOD is a dosimetry code that is based on ICRP 30; however, there are
some differences in the way thal dose equivalent computations are performed,
as discussed in the following subsections.

Organ PDose Fguivalent

GENMGD calculates organ dose egquivalents due to activity deposited in
source organs., Source organs may include the lung, pulmonary lymphatics,
stomsch contents, small intestine {SI), upper large intestine (ULI), Jower
large intestine (LLI), and specific sites of systemic deposition Tisted in
ICRP 30 for the element. For material distributed uniformly throughout the
body {i.e., if a site of depuosition in ICRP 30 is given as "all other organs
and tissues"), the source organ is considered to be the total body. Target
organs include all source organs (except that the pulmonary lymph is
considered to be part of the lung for dose calculation purposes) plus bone
marrow if bone surfaces are & source tissue, and both bone marrow and bone
surfaces if bone volume is a source. If “other tissues™ is listed as a
source organ, then it is also considered to be a target organ.

Doses to target organs are calculated in the same way as in ICRP 30 with
the following exception, The dose equivalent to "other tissues® does not
include crossfire from activity deposited in other organs nor does it cone
tribute to the dose received by other organs. That is, the dose equivalent
to Pother tissues” is solely due to seif-irradiation, Source-to-target
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TABLE A.3. GENMOD Parameters - General Systemic Organ Model

Systemic Organ Compartments

Compartment  Deposition Compartment  Excretion Fraction Tiransfer Compartment
Number Fraction Half-1ife, da Urine/Feces Rate Constant ?ay-l
Element  Qrgan {3} [reompiillfa) [RY{ + ?)](lﬁ [ORGUEX/ORGFEX] {c) rrcoutild

Manganese na{e) 2.17
Beone 1 0.35 40
Liver 5 0.1 4
& 0.15 40
Other g 0.2 |
16 0.2 40

Iron - nale) 2,77
Liver i 0.08 2000
Spleen 5 0.013 2000
Dther 9 0.907 2000

Cobalt §ale) 1.39
Liver 1 0.03 6
2 .01 60
3 .01 600
Other 5 .27 ]
6 0.09 &0
7 0.09 860

Cesium rale} 2.77
Other 1 6.1 2
4 (.9 110

Furopium Nafe) 2.77
fone 1 4.4 3500
Kidney 5 0.06 10
Liver 9 0.4 3500



ir'y

TABLE A.3. (contd)

Systemic Organ Compartments

LCompartment  Deposition Compartment  Excretion Fraction Transfer Compartment
Humber Fraction Half-life, da¥ Urine/Feces Rate Constant, day-1
Element  Qrgan () [reomp{idifa) IRT(i + 731007  [orouEX/ORGFEX] (c) F1cout] ld)
Uranium 1.6/0.0 2.77
Bone 1 0.2 20
2 0.023 5000
Kidney 5 0.12 6
b 0.00052 1500
Other 9 0.12 &
10 0.00052 1500
Plutonium 2.77
Bone 1 0.5 18250 070
tiver 5 0.3 7300 p/0
Gonads g 6.00035 1.0E+6 070
Pseudo
comp. tf} 13 .0085 1.24 171
13 £.00541 15.7 171
15 0.0225 182 1/1
16 8.5 2.44E4 1/1

Shown as Ti in Figure A.3.

Shown as A{J + 7} in Figure A.3.

Shown as Y{i + 7) and F?i + 7} in Figure A3,

Shown as X17 in Figure A.3.

NA - not applicable.

Pseudo compartment devised as a way to include Jones' empirically derived excretion function
in model. To do so reguired setting the excretion from specified organ compartments to 0.0,
and from pseudo compariments to 1.0.



TABLE A.4.

Model
Parameter{a)

¥
A8
A19
Az0
x21
w22
Uy7
Uig
F17
Fig

GENMOD Parameters - lodine Madel

input
Name
TCOMP (1)}
TCOMP {9}
ORGUEX {28}
TCOMP(5)
TEOuUT
ORGUEX {22}
VEX
RT{22)
FEX
RT{26)

(a) Refer to Figure A.4,

AL2

Parameter
vaiue
0.87 day-1
0.00866 day-1
0.052 day-!
0.0058 day-1
1.9 day~-l
7.5 day-1
1.0
0.9
.0
0.1



TABLE A.5. GENMOD Parameters - Alkaline Earth Model

Pargggiér(ﬁl éiiﬁt ?$;¥§§}§§
A7 TCOUT 3.44
A8 TCOMP(1) 0.378
X9 TCOMP{2) 0.00725%
X0 RT{18) 0.00479
221 RT{1%8) 0.00105
202 TCOMP{5} 0.516
x23 TCOMP (6) (.00136
re4 R1{22) £.00214
Aos RT{23} 0.00014%
A6 TCOMP(3) 2.66
A27 RT{26) 0.403
A28 TCOMP{13) 17.6
AZG RT{30} i.28
Uyz VEX 0.8
F17 FEX 0.2

{a} Refer to Figure A.5.
(b} Units are inverse days except UEX and FEX
are unitless,

dose factors are listed by Snyder et al. {1974} and Dunning, Pleasant, and
Killough (1977}. Dose factors for activity deposited in “cther tissues® are
listed under "T~Body™ in these publications.

Effective Dose Eguivalent{s)

The total stochastic risk inCurred from the irradiation of body tissues
following intakes of radionuciides is considered to be proportional to the

(a) The effective dose egquivalent, as defined in DOF 5480.11 {1988},
in¢ludes contributions from internally deposited radionuclides and
from external exposure to radioactive material and/or radiation-
generating devices. This guide addresses the assessment of dose
from internally deposited radionuclides and thus the term "effec
tive dose equivalent” when used here refers to the internal com-
ponent only.
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effective dose equivalent. The effective dose equivalent is defined in DOE
5486.11 (1988} as:

}ig =ZT: Wy Hy {rem) {A.1}

where Hy is the dose equivalent for an organ or tissue T from all internal
sources and wt is a weighting factor representing the ratio of the risk
arising from irradiation of tissue T to the total risk when the whole body is
irradiated uniformly.

The weighting factors {wy) are defined in DOE 5480.11 {1988) as:

Organ or Tissue weighting Factor

Gonads 0.25
Breasts g.15
Red bone marrow g.12
Lungs 0.1z
Thyroid 0.03
Bone surfaces 0.03
Remainder 8.30

In the above table, “remainder® means the five other organs with the
highest dose and the weighting factor for each such organ is 0.06. Organs
considered in the "remainder® category include the following:

Muscle Stomach wall Kidneys
Liver Smail intestine wall Pancreas
Spleen Upper large intestine wall Uterus
Thymus Lower large intestine wall Adrenals

Bladder wall

According to DOE B480.11 {1988}, the skin, lens of the eyes, and
extremities are specifically excluded from the 1ist of organs to be con-
stdered in the calculation of effective dose equivalent from internally
deposited radionuclides.

The GENMOD approach to the computation of effective dose equivaient
differs from the ICRP 30 method by summing the effective dose eguivalent
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contributions from activity in source organs rather than by sumning the
weighted target organ dose equivalents.

Another difference is the way that activity deposited uniformly through-
out the body is handled, as described in the following summary of the GENMOD
procedure.

1. Source organs are identified. The source organs always include the
lung, pulmonary lymphatics, stomach contents, SI contents, ULI con-
tents, and the LLI contents. The organs identified as systemic
deposition sites in the metabolic model are also included. If the
model predicts that a portion of the uptake will be deposited
throughout the body, then the source organ for this deposition is
identified as the total body.

2. A factor that converts the activity in a source organ to effective
dose equivalent is computed for each of the identified source
organs. These factors, called S-prime factors (Johnson, Stewart,
and Carver 1979), are calculated as follows:

Ss' = ET: S (A.2)

where 5¢' is the sum of the weighted dose equivalents to target
organs T from activity deposited in source organs S. The SstT
factors are SEE(T-S} values converted into units of dose equiva-
lent per unit cumulated activity (Sv/Bg-day)}. The weighting
factors are as given previously. Thus, each Sg' factor is based on
the sum of the contributions to each of the six "risk organs" and
the five highest remaining organs. This procedure is applied to
the calculation of Ss' values for all source organs except for the
source “total body." In this case, the calculation is performed by
considering self-irradiation only, and by applying a weighting
factor of 1.0.

3. The effective dose equivalent, Hp, is computed by summing the
effective dose equivaient contributions from each source organ as
follows:

He = ET: S st(t)dt (A.3)
where [ Qs(t)dt is the cumulated activity in source organ S over the
time period of interest.

The ICRP and GENMOD approaches to the calculation of effective dose
equivalent show excellent agreement when activity is essentially all
deposited in a few primary sites such as for plutonium, uranium, and stron-

tium. Agreement is also very good for radionuclides that distribute uni-
formly throughout the body; however, in these cases the effective dose
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equivalents computed by GENMOD generally exceed those computed using the ICRP
procedure. As example comparisons, the committed effective dose equivalent
calculated by GERMOD and ICRP 30 are in perfect agreement for inhalation of
class D 106Ru; however, the GENMOD-computed dose exceeds the ICRP 30 dose by
3% for inhaled, class D 137Cs and by 16% for class W 60Co. The differences
are attributed to the application of the 10% rule in ICRP 30 to eliminate
some target organs from the effective dose equivalent computation, and to
GENMOD's use of a weighting factor of 1.0 for activity deposited in "other
organs and tissues of the body.®
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APPENDIX B

ORGANS OR TISSUES OF CONCERN

The U.S. Department of Energy has established limiting values for
occupational exposure to radiation in DOE 5480.11 (1988). These values
include a 1imit on dose to individual organs or tissues to prevent deleter-
ious nonstochastic effects, and a 1imit on the effective dose equivalent
based on the risk of stochastic effects. Section 9.m. of the Order requires
the recording of annual and committed dose equivalents to organs and tissues
of concern as well as the annual and committed effective dose equivalent.
However, the Order does not explicitly state which organs and tissues are to
be considered in the calculation of effective dose equivalent, nor does it
state what constitutes an organ or tissue of concern.

For the purposes of performing internal dose assessments to determine
compliance with 1imiting values for occupational dose, and for complying with
recording and reporting requirements in the Order, organs and tissues
considered in the evaluation of effective dose equivalent and as "organs/
tissues of concern" are those listed as potential target organs in Publi-
cation 30 of the International Commission on Radiological Protection (ICRP
1979). As noted below, doses received by localized tissues are not included
in either the assessment of effective dose equivalent or in the assessment of
dose equivalent to organs and tissues of concern,

Practices for recording doses to “organs and tissues of concern" are
defined in the Hanford Internal Dosimetry Program Manual (PNL-MA-552).(a)
Candidate organs are those identified above. Chapters of this technical
basis document provide organ dose factors for specific radionuclides, based
on intake and on cumulated activity at deposition sites for organs con-
sidered to most likely meet the recording criteria in PNL-MA-552. In cases
involving relatively small effective dose equivalents, there may be no single

(a) Pacific Northwest Laboratory. 1989. Hanford Internal Dosimetry Program
Manual. PNL-MA-552, Richland, Washington.
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organ that meets the recording criteria, whereas for a very significant
exposure, several organs may qualify.

Effective dose equivalent is calculated by summing, over specified
tissues, the products of the dose equivalent in a tissue and the weighting
factor for the tissue, Appendix A describes the criteria used for deter-
mining the organs contributing to effective dose equivalent. Chapters on
specific radionuclides provide dose factors that can be used to evaluate
effective dose equivalent from intake or from cumulated activity (in nCi-day}
in source organs. Where assessment of internally deposited activity is
readily accomplished by in vivo measurements, effective dose equivalent
factors are shown for cumulated activity in the lung, as well as for cumue
tated activity in the remainder of the body. The total effective dose
equivalent is calculated by summing the contributions from these two sources.

Intakes of radionucliides via wounds may result in the irradiation of
Tocal tissues at the wound site, as well as regional lymph nodes that drain
the wound region. Because of their small mass, the absorbed dose to the
regional lymph nodes may greatly exceed that to other tissues. Evidence from
studies of experimental animals suggests that the lymph nodes are not primary
sites for development of radiation-induced malignant disease {Nenot and
Stather 1979}, For this reason, there has been no attempt by either the ICRP
{1979) or the BEIR Committee {Nstional Research Council 1988} to derive
stochastic risk estimates for lymphatic tissue, Similarly, the irradiation
of local tissues at the wound site is not considered to carry significant
risk of carcinogenesis.

Concentrated activity in such Jocalized sources can be expected to
result in relatively high doses and cell death within a limited area, but
uniess this area comprises more than & minor fraction of the organ/tissue,
there will likely be no observable nonstochastic effect at any dose.
Assessment of organ or tissue dose equivalent from highly localized sources,
made by averaging the energy deposited in the organ over the organ mass, is
not a relevant measure for comparison to the limiting values for assessed
dose based on nonstochastic effects. Furthermore, in most situations, it is
not possible to determine the actual mass of affected tissue for computing
the absorbed dose. Because the absorbed dose is highly nonuniform over the
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tissue and only a limited number of cells within the organ/tissue are
affected, the use of dose equivalent for assessing this localized exposure is
not valid.

For these situations, the Hanford Internal Dosimetry Program will
estimate the quantity of radionuclide(s) locally deposited and the projected
retention half-time. These estimates become part of the individual's radia-
tion protection record, but are not used for determining compliance with
either the stochastic or nonstochastic limits. This approach is analogous
to the approach required in DOE 5480.11 for irradiation of limited areas of
the skin.
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APPENDIX C

STATISTICAL HETHOBS FOR INTERPRETING BIOASSAY DATA

Inevitably statistical methods must be applied to bicassay data to
provide meaning to the data and to use the data in models. The more impor-
tant statistical methods used by the Kanford Internal Dosimetry Program are
described below.

DECISION LEVEL AND MINIMUM DETECTABLE AMOUNT

Three fundamental questions in dealing with bicassay data are 1) when
does a sample result indicate the presence of something (the analyte)? i.e.,
when is the analyte detected?, 2) what is the overall capability of the
bicassay method for continual assurance of detection of the analyte?, and
3} when does a sample result indicate the presence of analyte above the
natural background? The third question is important mostly for uranium in
excreta and is discussed in the section on uranium, Concerning the first two
questions, the Hanford Internal Dosimetry Program follows the concepts of
decision level {also called critical level) and minimum detectable amount
(also called detection level or lower level of detection) as described by
Currie (1968, 1984}, Brodsky (1986), the American National Standards
Institute(a), and many others.

The decision level, Lz, is the parameter that is used to answer question
1} above. The Lc is dependent on the probability of obtaining false positive
results {or probability of a type I error) that one is willing to accept.
For indirect bicassay samples, & 5% probability of false positives is used to
calculate the Lr. The L is calculated from the results of analyses of hlank
samples. (D) Because the actual Lo value for a given radionuclide analysis
will vary slightly over time, a single value is then chosen to define

{3} American National Standards Institute (ANSI). 1987. Performance
Criteria for Radiobinassay. Draft ANSI Standard N13.30, New York,
Kew York.

(b} Blank samples are those that are esquivalent to an actual sample but are
known not to contain the analyte {uranium excepted).
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“positive” samples. This value, called positive level, is set to be slightly
greater than the temporal fluctuations of the short~term L. values and is a
number that is convenient to use by all concerned parties. Any sample
result that is equal to or greater than the positive level is considered
positive, i.e., the analyte has been detected. It is inherent in this method
that when dealing with Jarge numbers of samples many samples containing no
activity will be declared positive, those being somewhat Tess than 5% of the
total unless a subtle bias exists in the population of samples.

The minimum detectable amount {or activity), MDA, is the parameter that
answers guestion 2) above. The MDA is a function of the probabilities of
both false positive and false negative (type Il error} results. For indirect
bioassay results, the probability of each kind of error is set at 5%. The
MDA is determined annually from analysis of blank samples. Annual MDAs are
compared with values set by contract with the biocassay laboratory. (The MDAs
must be less than contractual detection levels or corrective action is
immediately undertaken.} It is the contractual detection levels that are
referenced throughout this document because only the contractual detection
levels are enforceable and are generally applicable over long periocds of
time. At any time though, actual MDAs are usually somewhat lower than the
contractual detection levels quoted in this document.

For in vivo measurements, because each person provides a different
background spectrum resulting from different amounts of natural radio-
nuclides, detectability is determined using inforwmation from both blank
subjects {with normal activities of 40K) and from the person being Counted.
Background counts in the region of interest in the photon energy spectrum are
determined by measuring the counts in nearby channels. From a group of blank
subjects, the ratic beiween the counts in the region of interest and the
counts in nearby channels is determined. This ratio is then applied to the
counts in the nearby channels of the spectrum from the person being counted
to determine the background in the region of interesi. The standard devia-
tion of the counts in the nearby channels is also calculated. If the total
counts in the region of interest are greater than the background counts plus
K times the standard deviation, them a photopeak in the region of interest is
considered "detected.® X is 3 for spectra obtained using germanium detectors
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and 4.6 for spectra obtained using Kal detectors, Except at very low
energies, the ratic of nearby-channel counts to background-region-of-interest
counts is considered to be 1 for spectra obtained using germanium detectors.
Consideration is given to the presence or absence of accompanying photopeaks
and possible interference from other radionuclides before a radionuclide is
consideved "detected.” Application of complete Currie-type statistics to in
vivo counting is under development.

NORMALIZATIOR OF IRDIRECT BIOASSAY DATA

Indirect bicassay data may be normalized differently according to the
type and processing category of the sample, Table C.1 describes the types of
samples and Table C.2 describes the processing categories.

Generally, the urine data are novwalized to total 24-hour excretion,
Provided the sample is collected properiy, a total or simulated 24-hour urine
sample result is used as is; no further normalization is done. A proper
12~hour sample result is normalized by doubling the result.

If it 1s suspected that a sample has not been provided according to
instructions, several approaches are taken. A routine-category sample that
is supposed to contain 24-hour excretion is not analyzed if the volume is
Tess than 500 ml because the volume is too small to represent a true 24-hour
collection, The worker is asked to provide another sample. The minimum
valume for other routine~category samples and for all priority-category
sampies i5 20 mi. When a sample is above the cutoff for analysis but is
believed not to represent 24-hour {or 12-hour} excretion, the result may be
1} normalized to 24«hour based on information from the provider, 2) ignored,
3} normalized by volume to 24-hour excretion, or 4) normalized by creatinine
to 24-hour excretion. To normalize by volume, 1400 ml. for males and 1000 ml
for females {from Reference Man [ICRP 19741} should be used for 24-hour
excretion unliess the person-specific daitly excretion rate is known, HNormali-
zation by creatinine should be used only if the person-specific daily
creatinine excretion is established.

€.3



JABLE C.1. Types of Indirect Bioassay Samples

Media Description

Urine Simulated 24-hour collection. Total excretion betwsen
Just before sleeping and just after rising on 2 con-
secutive days. HNot collected at work (NCRP 1987).

Urine Total 24-hour collection, including collection at work
if necessary.

Urine Simulated 1Z2-hour collection., Total excretion between
just before sleeping and just after rising; one time,
not at work,

Urine Spot sample. A single voiding.

Feces Single voiding.

TABLE C,2. Processing Categories
Name Description

Routine Longest turnaround time, most sensitive analysis
‘techniques. Used for most routine samples and samples
for which turnaround time is not critical.

Priority Shorter turnaround time but same sensitivity as routine
processing. Generally used for sampling terminating
workers and for following up on potential intakes.

Expedite Three-day turnaround time, intermediate sensitivity.
Used for follow-up on a potential intake, usually
shortly after the intake.

Emergency Turnaround in a few hours, least sensitivity. Used for

rapid indication of the seriousness of an intake.

The one exception to the above discussion concerns analysis for tritium
in urine, 5pot urine samples are collected, and the data are reported and
used directly in units of activity per volume (see Section 2.0).

Concerning fecal samples, total fecal excretion over a specified period
of time {e.g., 3 or 5 days) is obtained. If it appears that the person has
not followed instructions, attempts are made to determine what portion of the
time is represented by the samples collected. As a last resort, a single
voiding is assumed to represent Z4-hour excretion. (See also Appendix E.)
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COMPARISON OF RETENTION OR EXCRETION FUNCTIONS TQ DATA

Generally, following an acute intake, more than one datum of a similar
nature (e.g., urine results) is obtained, and the appropriate retention or
excretion function is fit to the data. Two options for fitting the function
to the data are used ([1isted in order of preference]: 1) weighted least-
squares fit, 2) unweighted least-squares fit), and other methods are being
investigated.

The weighted least-squares fit should be used when two results of the
measurement process are known--the result itself (whether zero, negative, or
whatever), xj, and its variance, a%--and when the variances are all deter-
mined in the same manner. The weighting factor is the inverse of the sum of
the variances. The intake is given by

ET

l (C.1)

“Ial-Pe

where ri is the value of the fractional retention or excretion function at
the same time after intake as the sample result xj (Bevington 1969). Use
of the weighted least-squares fit avoids having the calculation of intake
or uptake dominated by a few large data points that may have poor precision,
such as a hastily analyzed urine sample collected shortly after an intake.

If the variances are unknown, are known to be equal, or were determined
differently (such as counting uncertainty versus total propagated uncer-
tainty), then the unweighted least-squares fit should be used. The
unweighted least-squares fit is represented by Equation {C.1) when all
variances are set equal to one.

Data that are listed only as "less than" some value are difficult to use
in a mathematical fitting technique. The Hanford Internal Dosimetry Program
arbitrarily sets the value for the measurement as one-half of the less-than
value for use in least-squares fitting techniques. This does not work well
if too many of the data are less-than values. If there are many less-than
values and a few well-known data, then the evaluator may need to use only the
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well-known data in the least-squares fitting technique, making sure that the
best fit does not seem unreasonable with regard to the many less-than data.

In all cases, outliers, or data that are not relevant to the eguation
being fit, should not be included in & fitting technique. Examples would
include urine data influenced by diethylene triamine penta acetate {DTPA)
therapy or a datum with a very high less-than result. The assessment should
document which data are being ignored and why.

REFEREHCES

Bevington, P, R, 1969. Data Reduction and Errvor Analysis for the Physical
Sciences, pp. 6973, McGraw-Hili Book Company, New York, New York.

Brodsky, A, 1986. Accursty and Detection Limits for Bioassay Measurements
in Radiation Protection. NUREG-1156, U.S5. Nuclear Regulatory Commission,
Washington D.G.

Currie, L. A. 1868. ‘Limits for Qualitative Detection and Quantitative
Determination." Analytical Chemistry 40(3):586~563.

Currie, L. A. 1384, Lower Limit of Detection: Definition and Elaboration
of a Proposed Position for Radiological Effluent and Environmental Measure-
ments. NUREG/CR-4007, U.S. Ructear Regulatory Commission, Washington U.0.

National Council on Radiation Protection and Measurements (NCRP)}. 1987,
Use of Bioassay Procedures for Assessment of Internal Radignucliide Deposi-
tion. WCKP Report No, B/, Bethesda, Maryland.

£.6



APPENDIX D

ICRP LUNG MODEL




































fractions to obtain fecal excretion fractions for particle-size distributions
other than legzm AMAD,

Another difficulty arises from single-voiding samples. These are gener-
ally easier to obtain than total excretion over a specific period., But both
inter- and intra-individual variation in the regularity of bowel movements
can introduce large uncertainties if a single voiding is used to represent
daily excretion, HNormalization by mass can help reduce error when a single
sample represents a fraction of a day's excretion, but it does not help when
a single sample represents excretion for several days.

Contamination of a fecal sample by urine should be avoided, but gener-
ally should not introduce significant error if it should occur,

For uranium, natural daily ingestion {ebout Z z¢ but variable [ICRP
1979]1) needs to be taken into account.
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APPEHDIX F

PUCALC PLUTONTUM EXCRETION COMPUTER CODE

The computer program PUCALT is used to produce plutomium urinary excre-
tion curves as a function of time post intake for alternative valugs of
systemic transfer rate and presystemic deposition. The computer-generated
curve is superimposed on & plot of actual plutosnium-in-urine data to provide
a2 visual comparison of fit. Various values for systemic transfer rate and
presystemic deposition can be entered until an acceptable fit is obtained.

GENERATION OF EXCRETION CURVE

The excretion curve generated by PUCALC is based on the excretion func-
tion developed by Jones (1985) (Eguation [9.1]). The Jones function predicts
the urinary excretion of plutonium foliowing an acute uptake. For PUCALL,
the Jones function has been extended to the general case in which there is 2
gradual transfer of plutonium into the bloodstream from a presystemic com-
partment. The acute uptake case hecomes a special case where the transfer of
plutonium into the systemic circulation eccurs rapidly.

The equation describing the general case is as follows:

R
Ey (R} /Ufw) = A [ J(R-x) exp{-ax)dx (F.1)
0

where Ey{R} = the urinary excretion, in disintegrations per minute, on
day R following initial deposition of the plutonium in the
presystemic compartment

U{e} = the total guantity of plutenium, in disintegrations per
minute, initially deposited into the presystemic compartment
% = the rate of transfer, in day-l, from the presystemic compart-

ment into the blood

F.l



=
3

the number of days after intake to the day for which the
excretion is to be calculated
x = the number of days between intake and incremental uptake
J({R-x} = the value of the Jones excretion function at time R-x.
The J{R-x} is determined by substituting R-x for t in Equation {9.1).

The excretion curve plotied by PUCALL is produced by selving Egqua-
tion (F.1} Tor 75 different values of R spaced equally to cover the period
from 1 to about 15,000 days. Solution of Equation {F.1), by integration over
the period 0 to R, gives the following function:

£, (R} = & U(a) ¢ s (F.2)
i=]
where Ki = aj[exp(~AR} - exp(-biR}}/(bj - X}
and .. .
i 00475 558
z 00024 0442
3 .000855 0038
4 0000142 0000284

The curve generated by Equation {F.2) can be subtracted from the
observed excretion data to show if there is residual urinary activity. The
curve-subtraction process is performed by solving Equation {F.2} for each
value of R for which a bicassay result exists and subiracting this value from
each data point, A tendency of the adjusted data to show the presence of net
observed activity indicates either a component(s) of the intake not accounted
for {i.e., part of the activity in the presystemic compartment is clearing
with a different transfer rate) or an additional intake.
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