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ABSTRACT

This report reviews dosimetry models for estimating the
absorbed dose from external and internal exposure to radionu-
clides. Important modeling parameters and assumptions are
described. Recommendations for the dosimetry data to be used in
the MELCOR health and economic consequence model are made. For
estimating the dose from cloudshine and groundshine, the models
for external exposure developed by Kocher are recommended. The
ICRP-Publication 30 models and metabolic parameters are recom-
mended for estimating the dose from radionuclides deposited
internally via inhalation and ingestion. Dose conversion factors
calculated with these models for a variety of radionuclides,
clearance classes, particle sizes and integration periods were
obtained from Oak Ridge National Laboratory for use in the MELCOR
health and economic consequence model. Sources and magnitude of
uncertainty in dose factors were evaluated. Recommendations are
made for assessan the uncertainty in estimated consequences due
to uncertainty in dose conversion factors.
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1.0 INTRODUCTION

The U.S. Nuclear Regulatory Commission has funded Sandia
National Laboratories to develop an integrated package of modular
risk assessment codes for evaluating the consequences of severe
reactor accidents. This integrated code system, known as MELCOR,
considers the fission product transport within the reactor vessel
and the containment, the atmospheric transport of the released
radionuclides, the radiation exposure to the surrounding popula-
tion and the resulting health and economic consequences (Sprung,
et al., 1983). The part of the MELCOR system which treats the
ex-plant transport and consegquence analysis is ftermed MACCS for
MELCOR Accident Consequence Code System.

MACCS models the atmospheric transport 9f released radionu-
clides from the reactor to the surrounding environment and
assesses the impact of radiation exposures received by the human
population. As part of this evaluation, it 1is necessary to
consider the absorbed dose to humans resulting from exposure to
ionizing radiation. The absorbed dose is defined as the energy
deposited in matter by 1ionizing radiation per unit mass of
irradiated material. Tne International System of Units (SI)
measure for the absorbed dose is the gray (Gy), which is equiva-
lent to 100 rad in the old unit system. The SI units have been
adopted for use in ‘he MELCOR program and the unit conversions
from the old to SI units are listed in Table 1.

The major modes by which a population may be exposed to
radionuclides released during a nuclear reactor accident incluéd~
external exposure from the passing plume (cloudshine), external
exposure from radionuclides deposited on the ground ana other
surfaces (groundshine), internal exposure by radionuclides inhaled
from the passing plume and from resuspended radionuclides in the
air, and internal exposure from ingestion of contaminated food
sources and drinking water. These exposure modes and their
implementation within MACCS are discussed in detail elsewhere
(see Ostmeyer and Helton, 1985) and are not considered extensively
in this report.

The health effects models that have been adopted for MACCS
(see Evans et al., 1985) require estimates of absorbed dose for
evaluating early health effects and dose equivalent for evaluating
the latent health effects. The dose equivalent is usually esti-
mated with the use of dose conversion factors. These factors are
ratios between the dose equivalent to body tissues and measurable
radiological quantities. For example, in the case of groundshine,
the dose conversion factor is the ratio between the dose equiva-
lent and the ground concentration of a radionuclide. Since the
publication of dosimetric information by the International
Committee on Radiation Protection (ICRP) in 1959, many modeling
modification and data improvements have been incorporated into the
mathematical models for estimating dose to humans.



TABLE 1 SI1 Dose Units

Conversion
__Quantity S1 Units 0ld Unit System _ Factor
Absorbed Dose gray (Gy)[J/kg] rad (rad) 1 Gy = 100 rad
Dose Equivalent sievert (Sv)[J/kg] rem (rem) 1 Sv = 100 rem
Activity becquerel(Bq)[s- 1] curie (Ci) 1 Bg~2.7x10-llci

The purpose of this report is to review currently available
dosimetry models and data and to provide recommendations for
treating variation in the dose factors in sensitivity/uncertainty
analyses. The external and internal exposure modes pose differ-
ent modeling problems from a dose assessment standpoint. Thus,
these modes are discussed separately. The models for estimating
the dose from external exposures are discussed in Section 2.0
while those for internal exposures are discussed in Section 3.0.
In these sections, the most recent dosimetry models and data are
reviewed and a standard set of dose conversion factors are
recommended for use in the MACCS code.

Uncertainty in dose factors results from two main sources:
1) uncertainty in defining the physical and cheuwical character-
istics of the released radionuclides and 2) uncertainty in the
dosimetry models. The uncertainty introduced 1into the dose
factors is discussed 1in Section 4.0. Where possible, this
uncertainty is quantified and a discussion of the treatment of
this uncertainty in sensitivity/uncertainty analyses is provided.
A summary of the dose models for use in MACCS is provided in
Section 5.0 of this report.

2.0 EXTERNAL DOSIMETRY

External exposure to the human population will result from
gamma-ray and beta emissions from the released radionuclides.
The two major exposure modes include irradiation from the
contaminated plume (cloudshine) and irradiation from radionu-
clides deposited on the ground (groundshine). In addition to
these exposure modes, beta-emitting radionuclides deposited on
the skin surfaces may result in large beta doses to the skin.
Deposition of radiation on skin has not been treated in previous
consequence analyses, however, it is incorporated into MACCS and
is further discussed in this report.

The dose from external sources depends upon the radionuclide
concentration within the environmental media (air, soil),



radionuclide decay and build-up, the exposure interval to the
contaminated media and the shielding provided by structures and
surface geometries. Generally, the dose estimates assume a
homogeneous distribution of the radiocactivity within a large
region of the medium. The modeling approaches that are used for
estimating the external dose from cloudshine, groundshine and
external beta to the skin are discussed in Sections 2.1, 2.2 and
2.3, respectively.

2.1 Cloudshinse

External gamma-ray and beta doses can be received by indivi-
duals immersed within or in close proximity to a radioactive
plume. MACCS utilizes the finite cloud model discussed in Slade
(1968) for predicting cloudshine exposures (Ostmeyer and Helton,
1985). This model makes use of semi-infinite cloud (i.e. a
plune of infinite extent above the ground surface) dose conver-
sion factors and a correction factor to correct fcr finite plume
dimensions.

Kocher (1979, 1981) has recently published external dose
conversion factors for gamma and beta emitters. The most recent
publication (Kocher, 1981) considers approximately 500 radionu-
clides and 22 body organs. These factors, which assume a
uniformly mixed semi-infinite cloud, supercede earlier compila-
tions of factors calculated with the use of EXREM III (Trubey and
Kaye, 1973). The EXREM 111 computer code was used to calculate
the external dose conversion factors for the Reactor Safety Study
(RSS), (USNRC, 1975) and are still used by existing consequence
assessment codes (e.g., CRAC2, Ritchie et al., 1983).

Kocher's dose rate factors for cloud immersion are in units
of Sv/yr perc Bq/cn3. Thre Aose rate factors (DRF§) are given by
the equation (Kocher, 1981

K 1 K
DRF® = 1/2 K — f. . G . )
RF / 5. ; iy Biy Gy (B (2.1)

where k denotes the organ and the subscript i denotes the photon
energies of Eiy and a decay fregquency (number/decay). The
density of air, py., is expressed in units oz g/cm3 and the energy
of the ith photon, Eb has units of MeV. The constant, K, is the
product of 1.6x10-10g-Gy/Mev and 3.15x107 s/yr. The factor of
1/2 accounts for the geometry of the snurce region at the
air-ground interface (Dillman, 1974). The factor G (Ejy ) is
defined as the ratio of the dose rate in the kth organ to the air
kerma for photons of energy, Ejy. Detailed discuscion of the
equation for the dose rate factors for air immersion are avail-
able in Kocher 1979, 1980 and 1981.



From a modeling perspective, the equations used by Kocher
are similar to those in the EXREM 111 code (Trubey and Kaye,
1973). The EXREM II1 code calculates the gamma dose rate to
skin and then determines organ doses using data which relates
organ doses to skin doses. The organ dose to skin dose ratios
incorporate work by Poston and Snyder (1974). Kocher's (1981)
dose-rate factors are based on data developed by Eckerman et al.

(1980). Eckerman et al. developed factors which relate organ
gamma doses to air kerma for isotropic monoenergetic gamma
sources. The factors consider the energy spectra of scattered

photons in air from the monoenergetic sources.
The modeling approach published by Kocher (1981) are consid-

ered to be the most appropriate for use in MACCS. The Kocher
factors are adopted for use in the MELCOR code system.

2.2 Groundshine

Radionuclides may be deposited from a plume of radiocactive
material onto soil and other surfaces. These deposits will
resvlt in external gamma doses to persons inhabiting the area.
The :sternal gamma doses (i.e., groundshine) will be influenced
by s."«ral physical processes that include radionuclide decay,
weathering, and shielding afforded by structures and soil rough-
ness. These processes are discussed in Ostmeyer and Helton
(1985). In MACCS, the external dose from radionuclides deposited
on the ground is the product of ground contamination (Bq/mz), a
shielding factor and the dose conversion factor for a smooth
infinite planar source.

The publications by Kocher (1979, 1981) contain tabulations
of dose factors for gamma emitting radionuclide deposits. These
factors assume a smooth, infinite planar source with uniform
concentration and are in terms of Sv/yr per Bq/cm?. As noted
earlier, the dose factors in Kocher (1981) data supercede earlier
factors calculated with the use of the EXREM III (Trubey and
Kaye, 1973).

The equation used by Kocher (1981) to estimate the ground
gamma dose is defined as

k 8 K 3
DRF_ (z) = K E £ G E. r, E._ )do -5
MED Z{” iy Gy By [ @ (r. Ej0) (2.2)
a
where k denotes the orgqan. The parameters K, fiy- G§ (Eiy) and
Ejy are defined earlier for equation 2.1. The height, z, assumed

for the calculations is 1 m. This 1 m height is representative



of the average height for most body organs, however individual
organs may be sensitive to this assumption. The point-isotropic
specific absorbed fraction, QQ (Berger, 1968), for photons in aitr
is integrated over the ground surface denoted by o. The specific
absorbed fraction is defined to be the fraction of the ith photon
energy which is absorbed per gram of air at a distance r from an
isotropic point source. In this case, r is the distance from any
point on the ground to the receptor position in air.

The specific absorbed fraction is given by Berger (1968) as

a ' 4 a
Q, (r. EY) = :;:E_ (uen/P)a Ben (uar) exp(-u,r) (2.3)

-l

where (uepn/P)az and uy are the mass energjy-abscrption and linear
attenuation coefficients in air, respectively. B@dn, 1is the
energy-absorption buildup factor in air. The buildup factor was
given by Trubey (1966) as

B@n(uar) = 1 + Causr exp(Dyuzr) (2.4)

where the coefficients C, and D, are functions of Ey.

Kocher (1983) assumes the ratio of the dose rate to the kth
body organ to the dose rate in air, G%. is the same as the ratio
for immersion in contaminated air. This assumption is valid
only to the extent that the photon radiation field above ground
is isotropic and independent of distance above the ground, and
the extent that the energy spectrum of photons above ground is
the same as the spectrum of scattered photons in an infinite
atmospheric cloud source. However, the photon radiation field
for groundshine 1is anisotropic with the energy spectra of
scattered photons being different than that for the cloud

immersion case. Kocher (1983) states that the magnitude of
possible errors in the groundshine dose-rate factors due to the
above assumption are not known -- although he does note that the

possible errors for gammas with energies greater than 0.1 MeV
should be at most a few tens of percent.

Kocher's (1981) dose factor data are considered to be the
most appropriate for use in MACCS. Kocher's groundshine factors
are implemented within the MELCOR code system.



2.3 External Beta Exposure to the Skin

Radiation burns may be a significant contributor to early
occurring health effects for a severe reactor accident (Cooper
et al., 1983). These buins would occur as a result of large beta
doses to skin. External beta doses tc the skin will result from
three exposure routes: immersion within the plume, exposure to
deposits on the ground and direct deposition ot beta emitters to
skin. The skin deposition pathway will generally dominate
short-term beta doses to exposed skin following an accidental
release of radioactivity. MACCS contains a provision to estimate
beta doses for the skin deposition pathway (Ostmeyer and Helton,
198%).

skin doses due to direct deposition of beta emitting radio-
nuclides on the skin are highly dependent on parameters such as
deposition rate to skin and the retention time of the radionu-
clides. MACCS determines the concentration of deposits to
unprotected skin as the product of the integrated air concentra-
tion of radionuclides within the plume and a deposition velocity
to skin (Ostmeyer and Helton, 1985). Doses due to these deposits
are determined by integrating the skin dose rate from deposition
to an assumed retention time. The beta dose rate to unprotected
skin is defined to be the product of the deposition concentration
and a skin deposition dose rate factor.

Tabulations of skin deposition dose rate factors are not
available in the published literature. However, rough approxi-
mations of these rate factors can be obtained with the use of an
equation developed by Loevinger et al., 1956. Figure 2.1, which
is taken from Randerson (1984), shows beta dose rates above a
plane surface as a function of maximum beta energy. These dose
rates were calculated with the use of the Loevinger equation.
These data can be used to estimate beta doses to skin by replac-
ing the mass thickness of air above the planar source with the
depth of concern in unprotected skin (0.lmm depth)(Evans, et al.,
1985).

3.0 INTERNAL DOSIMETRY

Individuale can accumulate doses from internally deposited
radionuclides via the inhalation and ingestion exposure pathways.
During passage of the plume, inhalation exposures will be
influenced by the time-integrated air concentration, the breath-
ing rate of the individual, protection afforded by buildings, and
respiratory protection measures. Inhalation exposures may also
result from resuspension of radionuclides long after passage of
the plume.

There are two distinct periods for the intake of radionu-

clides via ingestion. Immediately after -deposition to plants,
radionuclides are readily available for consumption by humans or
animals. This direct deposition pathway is important

e
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particularly for the movement of I-131 through the milk pathway
to humans (USNRC, 1975). The other exposure period is more long-
term and involves the movement of the radionuclides deposited in
the soil through the plant and animal foodchains to humans. The
MACCS models for the inhalation and ingestion exposure pathways
are discussed in Ostmeyer and Helton (1985). This section
discusses the dosimetry models that are available for estimating
doses to body organs from the internal exposures. The dosimetric
models for estimating dose equivalents from inhaled and ingested
radionuclides are discussed in Section 3.1 and 3.2, respectively.

3.1 1Inhalation

Following intake of a radionuclide via inhalation, the dose
teceived by ‘any body organ depends on a number of factors
including:

1. The chemical form of the radionuclide,

2. Properties of the aerosol containing the radionuclide,

3. The particle size of the inhaled aerosol,

4. The transport of the particles within the respiratory
system, clearance to the gastrointestinal (GI) tract and

absorption to the blood circulatory system,

5. Distribution of the radionuclide among the organs and
tissues,

6. Retention of radionuclides by organs and tissues,

7. Radionuclide decay and the build-up of daughters within
the body, and

8. Excretion from the body.

All of these factors are important when considering the dose
equivalents to the lung and other body organs resulting from
inhaled radionuclides.

The model used in ICRP-Publication 2 (ICRP, 19%9) treated the
lung as a single compartment with a transfer factor, fk,
describing the fraction of the inhaled radionuclide reaching the
lung and f,; describing the fraction reaching the various body

organs. The inhaled aerosol was designated as "soluble" or
"insoluble." Inhaled "soluble" materials were assumed not to
irradiate the lung but were instantaneously transferred to the
gut or other body organs. "Insoluble" materials were assumed to

irradiate the lung with clearance to the gut and with transfer
to the other body organs. Radionuclides reached the gut via
respiratory system clearance processes.



The ICRP-2 model and data are the basis for the dose conver-
sion factors calculated with the INPEM computer code (Turner
et al., 1968; Killough et al., 1975) and by Hoenes and Soldat
(1977). The dose conversion factors calculated by Hoenes and
Soldat (1977) are used in the U. S. Nuclear Regulatory Commission
Regulatory Guide 1.109 (USNRC, 1977) for calculating the annual
doses from routine releases of reactor effluents.

In 1966, the ICRP Task Group on Lung Dynamics (TGLD)
developed a lung model for predicting the deposition, absorption
and clearance of particles within the respiratory tract (Morrow
et al., 1966). The respiratory system is divided intc the nasal
passage, the tracheobronchial tree and the pulmonary region. For
modeling purposes, each region is divided into two or more
compartments from whichk clearance is governed by first order
kinetics and the fractional deposition in each region is depen-
deat upon the particle size of the inhaled aerosols. The
retention of the material in each region depends on the chemical
form of the radionuclides. Three clearance classes were defined
for the TGLD Model and include: (1) Class D compounds - with
retention times of days, (2) Class W compounds with clearance
times from a few days to a few months and 3) Class Y compounds
which are retained from 6 months to several years. The Class D
compounds are similar to the "soluble" classification defined in
ICRP-2, but the TGLD Model takes into account the compartmental
clearance rates and absorption into the lymph and the blood.
Class W closely approximates the "insoluble" ICRP-2 aerosol which
was assumed to have a clearance half-time of 120 days. The
Class Y compounds have longer clearance times.

The RSS (USNRC, 1975) used the TGLD Model updated with data
from ICRP-Publication 19 (ICRP, 1972) to calculate the dose
conversion factors for inhaled radionuclides. These factors were
calculated for a 1 um activity median aerodynamic diameter
(AMAD) particle size distribution and three clearance classes
(D, W or Y) for each radionuclide. The National Radiological
Protection Board has also made use of the TGLD Model to describe
the transport of inhaled material from the region of deposition
(Adams et al., 1978).

The most recent dosimetric model for inhaled radionuclides
is provided in ICRP Publication-30 (ICRKRP, 1979). The model used
to describe the clearance from the respiratory tract is shown in
Figure 2. The retention model has, in addition to the major
respiratory regions, three other closely related organ systems:
the gastrointestinal tract, systemic blood, and pulmonary lymph
nodes. The letters "a" through "j" in Fig. 2 indicate the
various absorption and translocation processes associated with
the clearance of various compartments (Morrow et al., 1966):

(a) Rapid uptake of material deposited in the nasopharynx
region directly into the systemic blood.



(b) Rapid clearznce of all dusts from the nasopharynx
region by cfliary-mucus transport.

(¢) Rapid absorption of dust deposited in the tracheobron-
chial compartment into the systemic circulation.

{(d) Analogous to (b) and represents the rapid ciliary clear-
ance of the tracheobronchial region; the dust cleared
by (d) goes to the gastrointestinal tract.

{({e) Direct translocation of dust from the pulmonary region
to the blood.

(f) Relatively rapid clearance phase of the pulmonary
region, which depends on recruitable macrophages, and
this in turn is coupled to the ciliary-mucus transport
process; therefore, the dust cleared by (f) goes to the
gastrointestinal tract via the tracheobronchial tree.

(g) Second pulmonary clearance process that is typically
much slower than (f) but still depends on endocytosis
and ciliary-mucus transport; the cleared dust goes via
the tracheobronchial region to the gastrointestinal
tract (the important distinction is that the clearance
is apparently rate-limited in the pulmonary region by
the nature of the deposited dust per se).

{h) Process describing the slow removal of dust from the
pulmonary compartment via the Ilymphatic system; this
process can be regarded as qualitatively similar to (qg)
with the exception that 1lymph transport replaces the
ciliary-mucus transport.

(1) Secondary pathway 1in which dust cleared by the
lymphatic system (h) is introduced into the systemic
blood; this pathway obviously depends on the ability of
the cleared material to penetrate the lymph tissue,
especially the 1lymph nodes (this implies partial or
complete dissolution of the dust particles, but the
turnover of lymphocytes may contribute).

The fractional distribution of radionuclides between the proc-
esses and the biological half-time for elch process are also
given in Figure 2 for each of the lung clearance classes D, W and
p 2 The clearance of inhaled material is treated by a set of
first order differential equations that account for ingrowth of
decay daughters, rate of inhalation, biological and radiological
decay and transfer from the lungs to the body fluids and GI
tract.

~ 10w
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The ICRP Publication 30 dose equivalent factors are expressed
as Sv per Bq intake of radionuclides. The published factors are
for the inhalation of a 1 um AMAD particle size distribution.
Correction factors for other particle sizes are provided in ICRP
Publication 30 to modify the deposition patterns of the inhaled
particles within the various regions of the respiratory system.
A functional relationship between the fraction deposited in each
tegion of the respiratory system and the particle AMAD is given
in Figure 3.

The dose equivalent factors for the isotopes of some 95
elements of Clearance Classes D, W and Y are provided in the ICKP
Publication 30 data base. We feel these factors incorporate the
most recent modeling approaches and compilations of decay and
metabolic data that are available. Therefore, the Publication
30 inhalation models are adopted for use in the MACCS program.

3.2 1Ingestion

Following the intake of radionuclides via ingestion, two
considerations are important for estimating the absorbed dose:
(1) the fraction of the ingestad radionuclide that is absorbed
from the gut and (2) the irradiation of the gut itself. Most of
the transfer of radionuclides to the bloodstream takes place in
the small intestine. For assessing the dose to the GI tract, the
lower large intestine is wusually considered the most important
region due to the long residence time of the contents in this
region of the gut.

The ICRP Publication 2 model contains a four compartment
model that includes the stomach, small intestine, upper large

intestine and lower large intestine. The fraction of radionu-
clide transferred from the GI tract to the blood is defined by a
factor, f£;. The ICRP-2 modeling approaches and metabolic
parameters were used in Turner et al., (1968); Killough et al.

(1975); and Hoenes and Soldat (1977) for calculating dose
conversion factors for ingested radionuclides.

A dosimetric model that describes the same four compartments
as the ICRP-2 model for the GI tract was developed by Eve (1966).
However, different masses and residence times were defined for
each compartment. In addition, a special allowance was made for
the transfer of radionuclides from the small intestine to the
body fluids. Each segment is modeled as a compartment that is
cleared to its successor by first order kinetics. It is assumed
that absorption from the gut occurs in the small intestine. The
absorbed fraction, f;, of the radionuclide is then transferred
to other body organs within the systemic system. The model
developed by Eve (1966) has been incorporated into several
computer codes for calculating dose conversion factors for
ingested radionuclides (Killough et al., 1978a, 1978b; Dunning
et al., 1979; 1981; Adams et al., (1978).
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In the RSS (USNRC, 1975), the 1ingestion dose conversion
factors were calculated using the inhalation model and assuming
that all the material was transferred from the respiratory tract
to the gut. The dosimetry model for the GI tract was essentially
Eve's (1966) mcdel with the same compartments and residence
times.

The most recent use of Eve's model is in ICRP Publication-30
and is depicted in Figure 4. The dose equivalent for 22 body
organs expressed as Sv per Bg intake via ingestion are provided
in ICRP Publication 30 (1979). The factors represent the
current ICRP recommendations for the gut uptake factors (f;),
the metabolic parameters and the decay data for each
radionuclide. - The 1CRP Publication 30 dose conversion factors
are adopted for use in MACCS for estimating the dose from
ingested radionuclides.

4.0 UNCERTAINTY

One of the majoc objectives of the MELCOR program 1is the
development of enhanced capabilities for sensitivity/uncertainty

analyses (Sprung et al., 1983). This involves not only
development of analysis technique:s and development of a code
system which has accessible parameters, but also 1involves
assessment of model parameters to determine their potential
range of wvariation. A reasonable estimate of parameter

variation is needed to perform credible sensitivity/uncertainty
analyses. Not treating para- meter variation appropriately can
lead to erroneous conclusions about the contribution of that
parameter to uncertainty or sensitivity in estimates of reactor
accident consequences.

Uncertainty in the standard set of dose conversion factors
that are recommended for use in the MACCS code results from two
main sources: (1) from uncertainty in defining the physical and
chemical characteristics of the released radionuclides and
(2) from uncertainty inherent in the dosimetry models. For
internally deposited radionuclides (i.e., inhalation and inges-
tion), estimates of the dose equivalent to the body organs and
tissues are highly sensitive to the properties of the released
tradionuclides (e.qg., particle size, chemical form and solubil-
ity). In most cases, these properties are not well known for
reactor accidents. In addition, internal dose models are
mathematical representations of complex binlogical processes that
are hased on limited biological data. Internal dose conversion
facto:i s incorporate these uncertainties. Internal dose estimates
from radionuclides suspended in the air and deposited on the
ground incorporate simplifying assumptions. These assumptions
can, in some <cases, result in significant dose factor
uncertainty.

This section discusses the overall uncertainty in both the
external and internal dose conversion factore and provides
guidance for performing sensitivity/uncertainty analyses with
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MACCS. An attempt is made to evaluate, at least qualitatively,
the potential impact of uncertainty in models and data used to

calculate dose conversion factors. Uncertainties for the
external and internal dose factors are discussed in Sections 4.1
and 4.2, respectively. Differences between child versus adult

dose estimates are discussed in Section 4.3.

4.1 Uncertainty in External Dose Estimates

The dose received by persons exposed to the contaminated
plume and from radionuclides deposited on the ground depends on
a number of factors which include the deposition velocity of the
suspended radionuclides, radiation attenuation by ground rough-
ness, protection afforded by structures and evacuation and pro-
tective procedures. Uncertainty in these parameters is discussed
in Ostmeyer and Helton (1985) and will not be discussed in this
section. This section discusses the uncertainty in both cloud-
shine and groundshine dose conversion factors.

4.1.1 Cloudshine

Dose-rate factors for immersion in a contaminated plume are
calculated for a receptor standing at the air-ground interface.
These factors assume that the receptor is located at the boundary
of an infinite atmospheric cloud with uniform source concentra-
tion (Kocher, 1983). If the plume is large, the assumption of
an infinite exposure medium is an accurate representation. 2
the plume is small in comparison to the mean-free-path of
photons in air, the dose-rate factors will overestimate dose.
To correct this overprediction, a semi-infinite cloud correction
has been adopted to correct for the finite extent of the cloud
(Ostmeyer and Helton, 198%).

At the air-ground interface, the photon decse rate is assumed
to be one-half of the dose rate at any point inside an infinite
cloud (Dillman, 1974). It is reasonable to assume that the dose
rate is one-half of the infinite cloud value as long as the
mean-free-path of photons is large when compared with the height
of the receptor. (Ryman et al., 1981). When the one-half correc-
tion is applied to 1low energy photons (20 KeV - 50 KeV), a
max.mum error of +« 20% is introduced. This error is reduced to
less than + 10% for energies above 0.2 MeV (Ryman et al., 1981).
The majority of the radionuclides likely to be released during a
reactor accident have high energy photons (»>0.2 MeV). Therefore,
the one-half correction factor generally will introduce less
than a few percent error in the cloudshine dose estimates.

Kocher's (1983) dose-rate factors include a ratio to corcect

air kerma to organ doses. The ratios take into account organ
¢hielding by body tissues, the characteristics of the body
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tissues and the energy spectrum of scattered photons. The cor-
rection ratios incorporated in Kocher (1983) were developed by
Eckerman et al. (1980) and are based on the absorbed dose rate
distributions from O'Brien and Sanna (1976) and the energy
spectra for scattered photons from Dillman (1974). The error in
the correction ratios is not specified; however, it |is not
likely to be large for high energy photons. Errors in the ratios
will be greatest when (1) scattered photons make large contribu-
tions to dose relative to the primary photons and (2) gamma
attenuation in body tissues is large. For photons with energies
greater than 0.5 MeV, the scattered photon contribution to dose
will generally be less than 50%. In addition, the mean-free-path
of gammas in tissue ranges from about 10 cm for 0.5 MeV gammas
to 10's of centimeters for higher energy gammas. Thus, errors
in predicting the energy spectra of scattered photons and errors
in modeling tissue attenuation would need to be large to result
in more than a few tens of percent error in predictions of
cloudshine for the radionu- clides likely to be important for
reactor accident consequences, The correction ratio for
relating organ dose to air kerma 1is generally greater than 0.5
for photons with energies in excess of 0.2 MeV (Kocher, 1983).

The air kerma correction factors are also sensitive to the
age and sex of exposed persons. Differences in body size and
mass can influence organ shielding and the resulting dose-rate.
However, for the reasons noted above, differences are likely to
be small for high energy photons.

Uncertainty in the cloudshine dose factors is probably less
than a few 10‘'s of percent for radionuclides that are important
for reactor accident releases. The uncertainty in other para-
meters that influence cloudshine will dominate the uncertainty
in the external cloudshine dose estimates for reactor accidents.
Uncertainty about the effectiveness of structure shielding can,
for example, result in more than a factor of two uncertainty in
cloudshine dose estimates (Ostmeyer and Helton, 1985%).

4.1.2 Groundshine

The groundshine dose-rate factors assume a smooth infinite
plane with uniform concentrations of radionuclides (Kocher,
1983). The dose rate factors for groundshine are defined to be
the product of the air kerma at 1 meter above the plane and an
air kerma to organ dose correction factor. The 1 meter height
is considered to be representative of the average height of most
critical organs (Burson and Profio, 1977).

The average receptor height is sensitive to age, sex and
variations within a population. Air kerma are, in turn, sensi-
tive to the assumed receptor height. A thirty percent variation
in the 1 meter height can change the estimate of air kerma by up
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to ten percent (based on evaluation of relationships in Kocher
(1983)).

The air kerma to organ dose correction factors used by Kocher
to determine the groundshine dose factors are the ratios used for
the cloudshine factors. The cloudshine ratios are inappropriate
for two reasons: (1) cloud immersion results in an isotropic
angular distribution of incident gammas while the angular distri-
bution of gammas for ground exposure is anisotropic and (2) the
energy spectrum for scattered photons is not the same for cloud
and ground exposures. Kocher (1983) estimates that the error
incorporated by using these factors is probably not greater than
a few tens of percent for photon energies greater than 0.1 MeV.

Overall, the uncertainty in the groundshine dose-rate factors
is probably less than a factor of 2 for the high energy photons
that are important for reactor accident releases. This estimate
is consistent with the wuncertainty estimate presented in
Lindackers and Bonnenberg (1979) for the external dose estimates.
As is the case for cloudshine dose, uncertainty in exposure
pathway parameters will likely dominate uncertainty in
groundshine dose estimates.

4.2 Uncertainty in the Internal Dose Estimates

Uncertainty in the internal dose estimates results mainly
from the poorly defined characteristics of the source term and
from the uncertainty in the mathematical models and modeling
parameters used to calculate the internal dose conversion
factors. The parameters will also be highly variable among
individuals in the population. The uncertainty resulting from
these sources is discussed for the inhalation and ingestion dose
factors in Sections 4.2.1 and 4.2.2, respectively.

4.2.1 Inhalation

The behavior of radionuclides within the respiratory system
is governed by the particle size, solubility and chemical form
of the inhaled material. The Task Group Lung Model (Morrow et
al.) recommended the use of a 1 wum particle AMAD (Activity
Median Aerodynamic Diameter) to estimate the dose from inhaled
radionuclides for undefined particle size distributions. In
ICRP Publication 30 (ICRP, 1979), the effects of various particle
sizes (AMAD's of 0.1 ym to ~ 10 um) were considered to
determine their deposition patterns within the respiratory tract.
Small particles (< 1 um diameter) deposit predominantly in the
pulmonary region while large particles (> S5 um diameter)
deposit predominantly in the upper respiratory regions and are
rapidly cleared to the gastrointestinal tract. Aerosol size
distributione for reactor accident releases are expected to
range from about 0.5 to 5 um with AMADs of a few microns and
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standard deviations of a few microns (Sprung, 1985). Lower AMAD
values may occur for accident sequences involving early
containment failure and larger AMAD values may occur for late
failure sequences (Sprung, 1985).

The ICRP Publication 30 data base includes data that can be
used to calculate inhalation dose conversion factors for various
particle AMADs. The fraction of the inhaled material deposited
in each compartment of the respiratory tract is particle size
dependent. Data are available for particle sizes from 0.01 to
10 wum AMAD. The metabolic parameters that determine the
clearance and absorption of radionuclides deposited in the
respiratory system are appropriate for all pacrticle sizes. Dose
equivalent factors for most organs vary by a few tens of percent
to a factor of 3 for AMADs that range from 0.5 to 5 um.

The inhalation rate can have some impact on the deposition
patterns within the respiratory system. The Task Group on Lung
Dynamics (Morrow et al., 1966) presented the results for three
different ventilation states typified by tidal volumes of 750,
1450 and 2150 cm3. For unit density spheres of 0.2 to 3 um,
the deposition fractions in the 3 lung regions varied by only a
few percent to a few 10s of per ent between the three tidal

volumes. For 4 um spheres, the pulmonary fraction decreased
by a factor of 2.5 for spheres inhaled at a tidal volume of 750
cm3 versus 2150 cm3. For log-normal aerosol distributions

with AMADs ranging from 0.5 to S5 wum, the deposition fractions
varied by less than 20% between tidal volumes of 750 to 2150
em3. Since these tidal volumes are considered to be represen-
tative of the range of human activity (i.e., resting to heavy
work), it is concluded that variatioms in tidal volume will have
a much smaller impact on inhalation doses than will the
potential variation in the particle size distribution.

The deposition fraction for each region of the lung is
sensitive to variations in geometric standard deviation (ag)
nf the aerosol particle size distribution. The Task Group on
Ling Dynamics compared predictions of deposition in the three
r spiratory regions for aerosols with o4 ranging from 1.2 to
6.5 um. For distributions with AMADs ranging from 0.5 to 5.0
um, they found that the deposition fractions varied by less
than a few 10's of percent over the range of agg. As is the
case with variations in the inhalation rate, variations in the
gstandard deviation of the aerosol distribution will likely have
a small impact on variation of inhalation doses relative to that
resulting from the potential variations in aerosol AMAD.

Breathing through the mouth versus nasal breathing could
influence the deposition patterns of inhaled particulates. The
Task Group on Lung Dynamics noted that the mouth acts as a
filtering chamber similar to the nasopharyngeal region and that
pulmonary deposition is unaffected by mouth breathing (Mocrow
et al., 1966). Pulmonary deposition is the most important
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consideration for estimating the 1lung dose from inhaled
radionuclides. The impact of differences in deposition pattern
on other organ doses is not known. However, analysis of the
available data suggests that these differenced are not large.

The clearance class determines the rate at which radionu-
clides are cleared from the respiratory system and the extent of
transfer to the systemic system. For evaluating the consequences
of reactor accidents, the most probable chemical forms of the
inhaled radionuclides are used to assign clearance classes.
Except for Cs and 1 isotopes, most of the important inhaled
radionuclides will be in the form of insoluble compounds
(principally oxides and hydroxides). Compounds of Cs and I will
be soluble. However, these soluble radionuclides could be
encapsulated within an insoluble particle and thus, could be
considered insoluble. 'n this case, "particle" refers to an
agglomeration of different materials and compounds. Since the
in-vessel and in-containment processes that form particles are
highly complex and are dependent on the accident sequence, the
formation of insoluble particles cannot be ruled out entirely.

To simplify the consequence code, one inhalation clearance
class must be selected for each radionuclide considered in the
MACCS calculations. This selection process introduces some
uncertainty, since the chemistry of the released radionuclides
cannot be well defined and may change during atmospheric
transport. Also, the solubility of any "carrier" material is
not known. In general, the dose equivalents for a 1 um AMAD
range from a factor less than 2 up to 10 across the D, W, and Y
clearance classes for radionuclides that are important for
severe reactor accidents.

The ICRP Publication 30 Committee considered the metabolic
behavior of various chemical forms of each radionuclide and have
developed recommendations for appropriate clearance classes. In
some instances, one clearance class is recomimended for all chemi-
cal forms of a radionuclide (e.g., Class D for all isotopes of
iodine and Class D for all isotopes of cesium). For some radio-
nuclides the Committee recommended an appropriate clearance class
for radionuclides that have interacted with the environment.

The clearance classes from ICRP Publication 30 that were
adopted for use in MACCS for each element are given in Table 2.
The clearance classes selected by the RSS (USNRC, 1975) and the
United Kingdom NRPB (National Radiological Protection Board)
(Charles and Crick, 1982) are also included in the table for
compari- son. The ICRP Publication 30 clearance classes are
adopted for the base case in MACCS. These clearance classes are
considered appropriate for the radionuclides that are likely to
be of greatest importance for reactor accident risk.

Unfortunately, radionuclide chemistry and particle solubility
cannot be generically specified for all reactor accidents
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TABLE 2 SUGGESTED LUNG CLEARANCE CLASSES FOR INHALED RADIONUCLIDES

ICRP-30

Clearance Class

D - nf7~éonpounda

RSS Chemical RSS Clearance NRPB-R~53

Classification Class Clearance Class
Iodil‘l' 12' CHJI' D D

iodides, iodates
Rubidium Oxides, hydroxides D D D
Sodium _— - » D
Cesium Oxides, hydroxides D D )]
Tellurium Oxides w w W
Antimony Oxides W w w
Strontrium Oxides D D D
Barium Oxides D D D
Ruthenium Oxides, hydroxides Y ; 4 Y
Cobalt Oxides, hydroxides Y - |
Molybdenum Molybdates, (? oxides) Y Y
Technicium Oxide, pertechnetate D - W
Yittvium Oxide w Y ¥
Lanthanium Oxide " Y W
Zirconium Oxide Y Y -
Niobium Oxide Y Y Y
Cerium Oxide Y 4 Y
Praseodymium  Oxide Y Y Y
Neodymium Oxide Y Y Y
Promethium Oxide Y Y ¥
Neptunium Oxide Y Y w
Americium Oxide Y W .
Curium Oxide Y w w
Plutonium Oxide Y Y Y

=l

all compounds
all compounds
all compounds

oxides, hydroxides,
nitrates

oxides, hydroxides,
sulfides, sulfates,
nitrates

chlorides, all others
(SrTiO3 = y)

all compounds
oxides, hydroxides

nitrates, halides,
oxides, hydroxides

oxides, hydroxides,
molybdates

oxide, hydroxide,
halides, nitrates
(pertechnetate = D)
oxide, hydroxide

oxides, hydroxide,
chloride

oxide, hydroxide,
halides, nitrates
(Carbide = Y)

oxide, hydroxide

oxide, hydroxide,
Fluorides

oxide, hydroxide,
carbides, fluorides

oxide, hydroxide,
carbides, fluorides

oxide, hydroxide,
carbides, fluorides

all compounds
all compounds
all compounds

oxides



(Powers, 1985 and Sprung, 1985). This results from the large
variation in containment conditions as well as in the environ-
mental interactions following release. There is a potential for
a given radionuclide to have any one or any combination of the
D, W and Y clearance properties. Without a better understanding
of the physical and chemical characteristics of the released
radionuclides, the exact classification of a radionuclide within
a given clearance class is difficulct.

ICRP Publication 30 (ICRP, 1979) implements relatively
complex metabolic models to treat the movement of radionuclides
from the respiratory system and GI tract through the systemic
system. These models are mathematical representations of complex
biological processes. These processes are simulated by the use
of transfer (partitioning) factors, biological retention times
and other metabolic parameters. These metabolic parameters are
based on the behavior of elements within the human body (when
available) or on information extrapolated from animal studies.
Parameter variability can range from less than a factor of 2 to
greater than 10 for some radionuclides (von Kaul et al., 1981).
However the overall variation in the dose estimates resulting
from parameter variations in the model is estimated to be within
a factor of + 2-3 (Lindackers and Bonnenberg, 1979; von Kaul
et al., 1981l; Eckerman, 198%).

Uncertainty in internal dose estimates may also arise from
modeling bias. In this context, model bias results from conser-
vatisms that are incorporated into the models due to lack of
data. The bias can enter into the overall model at various steps
in the modeling process. The magnitude of modeling bias will, of
course, depend on the overall availability of biological data.
For those radionuclides and organs that are important for reactor
risk assessment, the impact of modeling bias is probably small
in comparison to dose factor variability resulting from other
causes (i.e., poor characterization of the aerosocl and model
uncertainty), (Eckerman, 198%).

4.2.2 Ingestion

The uptake of radionuclides from the gastrointestinal tract
is important for direct ingestion of contaminated food and water
sources and also for radionuclides cleared from the respiratory
tract into the gut following inhalation. Gl tract residence
times and gut uptake factors are generally assumed to be the
same for ingested radionuclides and radionuclides cleared from
the respiratory tract.

Gut uptake fractions for radionuclides are given by f;
factors in ICRP Publication 30. These values are assigned in
accordance with the solubility of the ingested radionuclides.
Generally, soluble forms of radionuclides (e.g., chlorides,
nitrates, citrates) are rapidly absorbed from the gut into the
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systemic system. Insoluble forms of radionuclides (e.g., oxides
or hydroxides) are retained in the gut and are eliminated via
excreta.

The f, factor may be quite uncertain for some radionuclides
such as plutonium where the observed ranges in the animal data
spanned several orders of magnitude (Kocher et al., 1980). For
plutonium, no human data are available. However, for iodine,
cesium, strontium and tellurium radionuclides, noted by Ostmeyer
and Helton (1985) as being the most important for the ingestion

pathway, f; values are much lese uncertain. Iodine and cesium
are assigned an f; = 1, indicating complete absorption from
the gut. Tellurium and strontium are assigned f; values of
0.2 and 0.3, respectively. The f; values for radionuclides

likely to be important for the inhalation pathway following
severe reactor accidents show little variability and are probably
accurate to within a few tens of percent.

Uncertainty in metabolic models for the systemic system was
discussed in Section 4.1. Uncertainty in metabolic models and
data will 1likely have 1less than a factor of two impact on
estimates of dose equivalent for systemic organs.

The dose to the qut lining is sensitive to the residence
times that are assumed for each region of the gastrointestinal
tract. The ICRP Publication 30 residence times (discussed in
Section 3.2) are those proposed by Eve, 1966. Review of Eve's
discussion suggests that gut resident times could vary by about
a factor of two.

The overall uncertainty in ingestion dose estimates (due to
variability in gut uptake, residence times and other metabolic
parameters has been defined to be within a factor of 2 to 3
(Lindackers and Bonnenberg, 1979; Eckerman, 1985%). Again,
uncertainty due to model bias is not known. However, dose factor
bias is not considered to be large for radionuclides important
for reactor risk assessment. Uncertainty in dose estimates for
ingestion is expected to be dominated by uncertainty in determi-
nation of radionuclide concentrations in soil and water, and
uptake and transfer factors for foodchains (Ostmeyer and Helton,
198%5).

4.3 Child Versus Adult

The use of adult dose estimates has become a common practice
in many risk assessmen's. The RSS (USNRC, 1975) noted that
differences in organ masses, ingestion rates, breathing rates
and metabolism between children and adults results in variation
in absorbed dose with age. The intake rate for children via
inhalation and ingestion will generally be lower than those for
adults while the metabolism of children is higher.
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The internal dosimetry models for children are easily
adjusted for the changes in body masses with age. However,
metabolic parameters for children are not well defined, resulting
in a large uncertainty in dose estimates for many radionuclides.
Adams (1981) developed approximate values for the dependence of
committed dose eguivalent on age at intake via ingestion and
inhalation. Two critical groups at 1 year of age and 17 years
of age wer: defined as being important within the general
public. For soluble forms of °9sr, multiplicative factors of
1.2-1.4 and 1.15 were defined to adjust the adult dose to the
dose for the respective age groups. For 23%u, the factors
were ~ 3 and 1.2 for the respective age groups. These factors
take into account differences in intake rates and organ masses.
However, they do not account for changes in metabolism with age.

The RSS (USNRC, 197%) recommended factors to ad just the adult
doses to those for children of various ages for 1311, 137¢cg, 89g¢
and 99sr, When the ratio of the breathing rates for children
versus adults was included, the final correction factors were
assumed to be 1 for all age groups and radionuclides except
1311, For inhaled 1311, multiplicative factors of 1.9 and
1.6 were recommended for the thyroid of children ages 5 and 10,
respectively.

For the base case calculations with MELCOR, 2dult dose models
will be adopted. However, for sites with spscial demographic
characteristics (e.g., populations with a Ll.:ige fraction of
children) or for assessments of maximum individual risk, use of
dosimetry adjusted for children should be considered.

For external dosimetry, the child would have less o.igan
shielding than the adult and a lower effective organ height
above the surface. These differences are not expected to cause
differences greater than a factor of two between estimates of
groundshine and cloudshine dose for children and adults

5.0 RECOMMENDATIONS
This section summarizes the recommendations for the dosimetry
wdels to be used in the MACCS computer code. The external and

internal dose estimates are discussed in Sections 5.1 and 5.2,
respectively.

5.1 External Dose Estimates

The external dose factors developed by Kocher (1981; 1982)
have been adopted for use in MACCS. As discussed in Section 4.1,
overall uncertainty in these external factors is within a few
tens of percent for cloudshine and groundshine. Uncertainties
in the source term characteristics, atmospheric dispersion and
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transport, and exposure pathways are much greater than that for
the external dose conversion factors. Therefore, the uncertainty
in the external dose factors contribute little to the uncertainty
in the consequence estimates.

Estimates of beta dose due to deposits on the skin will be
made with the depth-dose relationship developed by Loevinger
et al. (1956). The uncertainty in these estimates are dominated
by uncertainty in the exposure pathway (e.g., deposition
velocity and radionuclide retention on skin).

Appendix A discusses implementation of external dose factors
within MACCS.

5.2 Internal Dose Estimates

Inhalation dose conversion factors calculated with the ICRP
Publication 30 models have been adopted for use in MACCS. As
noted in Section 4.2.1, there is little variability in the dose
estimates resulting from the particle size distribution that may
result from severe degrade core reactor accidents. Therefore, a
1 wum particle size AMAD 1is assumed for the MACCS dose
factors. The clearance classes are those recommended from ICRP
Publication 30 (see Table 2).

The overall uncertainty of inhalation dose factors due to
model and data uncertainty ranges from factors of less than 2 to
3. Variations in aerosol characteristics may introduce an addi-
tional uncertainty ranging from 2 to 10. The aerosol character-
istics are poorly understood, therefore, it is not possible to
assign a probability distribution to the uncertainty associated
with the aerosol characteristics. A uniform distribution is
recommended for sensitivity analysis.

The AMAD of released particle sizes may range from 0.8 to 3
um (see Section 4.2.1) and a probability distribution cannot be
defined. For sensitivity analysis a uniform distribution can be
assumed.

The ICRP Publication 30 ingestion dose factors are also
recommended for use in the MACCS. The following f; values are
recommended for the ingestion factors: 1 for iodine and cesium,
0.2 for tellurium and 0.3 for strontrium. An uncertainty range
of 2-3 has been defined for the dose factors for ingested
radionuclides. This uncertainty is relatively unimportant when
compared to the uncertainty in the atmospheric transport and the
ingestion pathways models for doses via the ingestion pathway.
This uncertainty can be as large as an order of magnitude.

In the RSS (USNRC, 197%), the whole body dose equivalent was
calculated for external and internal exposures. Many current
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guidelines and regulations are expressed in terms of the whole
body dose. The ICRP (ICRP, 1977) currently recommends the use
of the effective dose equivalent versus the whole body dose to
evaluate compliance with radiation protection standards in the
workplace. The effective dose equivalent is not appropriate for
high exposures that may be encountered with reactor accidents.
The whole body dose equivalent is not calculated for internally
deposited radionuclides in ICRF Publication 30. Where the whole
body dose has been used in previous evaluations, the red bone
marrow dose eguivalent coull! be used to replace the whole body
dose for internal and external exposures.
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Appendix A: Implementation of Dose Factors

This appendix provides a brief description of how the Kocher
(1981, 1983) and ICRP Publication 30 (ICRP, 197%) dose factors
are implemented in the MELCOR consegquence assessment code.
Section A.l1 discusses the external dose factors while Section
A.2 discusses the internal factors.

A.1 External Dose-Factors

External exposures treated by the MELCOR consequence
assessment code include cloudshine, groundshine and deposition
to skin. The cloudshine and groundshine factors are discussed
separately below.

Cloudshine doses to an individual are determined with an
equation of the form:

CD = IAC*CSF*CDF a.l

where IAC is the integrated air —concentration for the
radionuclide (Bg-s/m?), CSF is the shielding factor and CDF is
the cloudshine dose conversion factor (Sle3/Bq—l).

Integrated air concentrations are determined by the
consequence code for each downwind spatial interval. These
concentrations incorporate the impact of radiocactive decay and
parent daughter relationships for R standard set of
radionuclides (see Table a.l). If the parent radionuclide has a
short-lived radioactive daughter (t;,; < 1 hr.) that is not in
the set of radionuclides explicitly treated by the code (i.e.,
those radionuclides in Table a.l), the dose factor for the
daughter is added in proportion to the daughter's branching
fraction. That is,

CDF = CDF + 2 bf(d)*CFD(d) a.2
4

where bf(d) is the branching fraction for daughter d, CF is the
cloudshine factor for the parent radionuclide and CFD(d) is the
cloudshine factcr for the short-lived daughter 4.

The consequence assessment code makes use of both dose-rate
and "integrated" dose factors for estimating groundshine doses.
Rate factors are used for evaluating doses during plume passage
and are also used in the long-term groundshine model. The
“integrated” factors are used for time periods shortly after
plume passage.



Table a.1 List

of Radionuclides Treated by the Consequence Assessment Code.

Radionuclide Half-Life (days) Radionuclide Half-Life (days)
Cobalt-58 71.0 Ant imony-127 3.88
Cobalt-60 1,920 Ant imony-129 0.179
Krypton-85 3,950 Iodine-131 8.05
Krypton-85a 0.183 Iodine- 132 0.0958
Krypton-87 0.0528 lodine-133 0.875
Krypton-88 0.117 Iodine-134 0.0366
Rubidium-86 18.7 Iodine-135 0.280
Strontium-89 52.1 Xenon-133 5.28
Strontium-90 11,030 Xenon- 135 0.384
Strontium-91 0.403 Cesium-134 750
Yttrium-90 2.617 Cesium-136 13.0
Yttrium-91 59.0 Cesium-137 11,000
Zirconium-45 65.2 Barium-140 12.8
Zirconium-97 0.71 Lanthanum-140 .67
Niobium-95 35.0 Cerium-lal 32.3
Molybdenum-99 .8 Cerium-143 1.38
Technet ium-99m 0.25 Cerium-144 284
Ruthenium-103 39.5 Praseodymium- 143 13.7
Ruthenium-105 0.185 Neodymium-147 ) % Py |
Ruthenium-106 366 Neptunium-239 2.35
Rhodium-10% 1.50 Plutoniua-238 32,500
Tellurium-127 0.391 Plutonium-239 8.9 x 10°
Tellurium-127m 109 Plutonium-240 2.4 % 10°
Tellurium-129 0.048 Plutonium-241 5,350
Tellurium-129m 0.340 Americium-241 1.5 » 105
Tellurium-131lm 1.2% Curium-242 163
Tellurium-132 3.25 Curium-244 6,630




The groundshine rate factors are defined in the same manner
as the cloud factors. Factors for short-lived daughters are
summed to that for the parent if the daughters are not in the
set of radionuclides explicitly treated by the dispersion
model. That is,

GRF = GRF + 2. bf(d)*DGRF(d) a.3
a

where GRF is the dose-rate factor for the parent and DGRF(d4d) is
the rate factor for the daughter d.

The "integrated" ground dose factors reflect dose commitments
for periods of 8 hours and 7 days after deposition of radionu-
clides (i.e. sv/bg/m?). Centributions from radioactive
daughters woto added if the daughter half-lives were less than
10 days and if the daughter was not an inert gas (i.e., Xe or
Kr). The integrated dose factors weare defined as follows:

T
IGF(T) = f (GRE*GCp(t) + 3. GC4(t)*DGRF(4))dt a.4
) a4

where GC,(t) is the time dependent ground concentration of the
parent gnd GCy(t) is the time dependent concentration of
radiocactive daughter d. The length of the time interval |is
defined by T

A tabulation of the cloudshine and groundshine factors is
contained in Table a.3.

A.2 Internal Dose Factors

This section discusses implementation of the ICRP Publication
30 factors for internal exposures. For inhalation, doses were
calculated separately for activity initially deposited in the
nasopharyngeal (NP), tracheobronchial (TB), and pulmonary (P)
regions of the respiratory system. Estimates are tabulated for
each Task Group Lung Model (TGLM) clearance category of the
parent nuclide (D, W, and Y, representing rapid, intermediate and
protracted clearance from the lung, respectively). Estimates of
doses from inhalation of particulate material of any given
activity median aerodynamic diameter (AMAD) are computed as

D « fyp(AMAD)Dyp + fpg(AMAD)Dpy + €p(AMAD)Dp,

where Dyp, Dpg and Dp represent the doses from unit

doposition ln the NP,I8 and P regions, respectively, and fyp,
g and represent the fraction of particulate material
Ith a qtvcn AMAD depcsiting in each region (see Table a.2).



Table a.2 Respiratory Deposition Fractions as Function of
Aerosol Activity Median Aerodynamic Diameter (AMAD)

AMAD (um) Regional deposition fractions?
NP P
0.2 0.050 0.%0
0.3 0.088 0.43
0.4 0.13 0.39
0.£ 0.16 0.35%
0.6 0.19 0:323
0.7 0.23 0.30
0.9 0.26 0.28
1.0 0.30 0.25
2.0 0.5%0 0.17
3.0 0.61 0.13
4.0 0.69 0.10
5.0 0.74 0.088
6.0 0.78 0.076
7.0 0.81 0.067
8.0 0.84 0.060
9.0 0.86 0.055
10.0 0.87 0.0%0

4The deposition fraction for the TB region, 0.08, is
independent of AMAD.
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The groundshine rate factors are defined in the same manner
as the cloud factors. Factors for short-lived daughters are
summed to that for the parent if the daughters are not in the
set of radionuclides explicitly treated by the dispersion
model. That is,

GRF = GRF + . bf(d)*DGRF(d) a.3
a

where GRF is the dose-rate factor for the parent and L RF(d) is
the rate factor for the daughter 4.

The "integrated" ground dose factors reflect dose commitments
for periods of 8 hours and 7 days after deposition of radionu-
clides (5:8., sv/bg/m?). Centributions from radioactive
daughters were added if the daughter half-lives were less than
10 days and if the daughter was not an inert gas (i.e., Xe or
Kr). The integrated dose factors were defined as follows:

T
1Ge(T) = J [GRF*GCH(t) + 3 GCq(t)*DGRF(4))dt a.4
0 a

where GC,(t) is the time dependent ground concentration of the
parent gnd GCq(t) 1is the time dependent concentration of
radioactive daughter d. The length of the time interval is
defined by T.

A tabulation of the cloudshine and groundshine factors is
contained in Table a.3.

A.2 t Fac

This section discusses implementation of the ICRP Publication
30 factors for internal exposures. For inhalation, doses were
calculated separately for activity initially deposited in the
nasopharyngeal (NP), tracheobronchial (TB), and pulmonary (P)
regions of the respiratory system. Estimates are tabulated for
each Task Group Lung Model (TGLM) clearance category of the
parent nuclide (D, W, and Y, representing rapid, intermediate and
protracted clearance from the lung, respectively). Estimates of
doses from inhalation of particulate material of any given
activity median aerodynamic diameter (AMAD) are computed as

D « fyp(AMAD)Dyp + frp(AMAD)Dpy + €p(AMAD)Dp,

where Dyp, Dyg and Dp represent the doses from unit
doposttion in the NP,TB and P regions, respectively, and fyp

and fp represent the fraction of particulate material
wIth a given AMAD depositing in each region (see Table a.2).



Table a.2 Respiratory Deposition Fractions as Function of
Aerosol Activity Median Aerodynamic Diameter (AMAD)

AMAD (um) onal deposition fractions®
NP P
0.2 0.050 0.50
0.3 0.088 0.413
0.4 0.13 0.39
O.; 0.16 0.35%
0.6 0.19 0.32
0.7 0.23 0.30
0.9 0.26 0.28
1.0 0.30 0.25%
2.0 0.50 0.17
3.0 0.61 0.13
4.0 0.69 0.10
5.0 0.74 0.088
6.0 0.78 0.076
7.0 0.81 0.067
8.0 0.84 0.060
9.0 0.86 0.05%5%
10.0 0.87 0.0%0

8The deposition fraction for the TB region, 0.08, is
independent of AMAD.




For noble gases (Kr, Xe), special resp.iatory clearance rates are
used; deposition fractions for the three lung regions are esti-
mated from the relative volumes of the regions: 0.02 for NP,
0.04 for TB, and 0.94 for P. The values for these gases are, of
course, independent of AMAD and clearance class.

Estimates of absorbed dose (Gy/bq) were determined for a
reference adult at selected time intervals following acute
inhalation or ingestion of radionuclides. These time intervals
are consistent with the health effect models developed by Evans
et al.

The early etfects models used in MACCS (Evans et al., 198%)
“discount” the effectiveness of dose with time after exposure
for the inhalation pathway. The models are of the form

R = l-e-H a.l
where
D D D 3]
H « 0.693 ;l " ;3 PR ;9 : a.2
1 2 n

The doses in time intervals 1, 2 etc., are specified by U,
Dy...Dp. The a and B variables are fitting parameters for
the heal*h effects models where a increases with each
successive time interval.

The dosimetry requirement for the early effects model was
simplified as follows:

H = 0.693 [Dg/ay)B a.d
where
a a a
R et 1 A o
D, D a D, + a, D, + eang o, a.a

D is a special definition dose calculated for the early
cgtocts modeles and can be used only for these models. Early
effects dose factors, Dy, were calculated for each of the
early effects organs.

The inhalation and ingestion factors are given in Table a.3.
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Table 3. Dose Coaversion Factors:
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7.28-14
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2.38-1%
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OEe00
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S.8e-14
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2."11
3. 9e-11
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1.3E-18 1.8£-09
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i.IR-18 1.88-10
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9.58-16 1.98-11
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.6E-18 2.0E~10
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z2.18-09 I1.45-09%
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(Sv-m' wg-sec)

F.%E~14
.18~ 14
T.78-17
$.38-15
3. 2g- 10
i.AlE-13
3. 9E-1S
S.08-18

N 2
3.0E-14

LOE+LD
1.3€-16
2.70~34
S.88-14
4.8E-14
S.58-1%
4.2E8-1%
1.7Te-14
2.88-14
T w18
2.6E~-1%
1.68-18
¢ .6E-17
1.88-1%
1.28~18
S.5E-14
T.68-1%
3.38-14
S.3E-10
i.3e-14
8. 3E-14
1.1E-14
$.7E-14
5.98-14
9.56-18
8, 28-15
S.6E-14
T.92-14
2.08-14
6.4E-1%
£.78-14
2.48-1%
§.7E-15
1.8g-1%
3.28-22
4.38-15%
S.ig-45
é.7e-1%
1.0E-i8
T.0E-19%

LGE«00
4.96-18
T.08-19
$.18-19
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GROUNDSN I NE
L
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1.6E~11
4.68-)1

LOEe00

-AE*bO

LoEs00

LOE+DD
I.88-12
2.78-15

JBE-0Q
1.58-11

LUE+00
6.7E-14
1.58-11
2.5e-11
1.68-11
3.08-12
1.7g-12
9. 88-12
9.38-12
4,28-12
1.58-12
7.56~-14¢
T.88-14
2.38-13
1.2-12
2.9E-11
3.2e-11
1.3e~11
1.7g-11
T.7R-12
1.78-11
1.1e-11
6.8-13
2.08-11

.Gr+00

.OE+00
3.328-11
e.38-11
1.18~-11
6.6E-12
4.0g-11
1.58-12
4.98-12
$.32-11
1.82-19
2.78-12
3.2e-12
1.48-15%

.DE+30
1.7E-15

~OE«00
4. 18-)3
1.72-1%
1.48-1%

Dose Conversion Factors: Stomach
GROUNDSH INE  LROUNDSH INE INBALATION
T DAY RATE ACuTE®
(Sv-mi/ng) (Sv-md/Bg-sec) (Bv/bg)
4.08~10 €. 9E-186 1.68-18
s.78-10 1.68-15 3,.88-10
LOReUn LGE«DO 6. 8E-14
LBEA00 QR0 S . lE-14
LREGO .QEeu0 2.2¢-11
LBESO0 LOE+B0 3.70L-13
j.eae-13 &.Je-17 3.08-10
$.98~14 9.58-20 1.88-10
LOEs a0 L0800 i.1g-10
j.e;-11 6.98-16 1.6E8-18
LOE«D0 0g.00 1.7e-10
1.68-12 2.3€-18 2.78-10
3.08-10 S.28~1% i.5e-10
9.6E-11% 1.18-1% 3. 8e-10
3.18-10 S.48-16 i.’e-10
S.em-11 1.1E-18 1.9e-10
2.98-12 8. 2E-17 i.ee~1]
2.08-10 3,4E-18 i.2e-10
1.48-11 S.6E-16 T.98-11
8.78-11 1.5€~16 7.0E8-106
9.9%-12 $.66-17 6. 4E~11
1.78<4) 3.5e-i8 4.38~-11
3.08-12 1.96-18 a.9e-11
2.38-13 1.08-17 1.68-11
2.7@~11 i.48-17 i.6E-10
1.8e-10 1.08-18 1.28~10
s.5e-10 1.6E-16 1.9e-10
1.88-10 4.TE-16 2.32-10
2.38-11 9.8E-16 1.28-10
1.3i8-10 2.78-16 §.08-11
1.98-11 1.68-15 $.9%-11
4.68-11 4.2E-16 1.0e-10
§.7E-}2 1.808-1% 7.18-11
3.58-11 L.0g-15 9.8€E-11
LBE30 LOELD0 1.38-13
D00 .BE-DC 2.5E~1)
§.6E-10 s 1B~1S 3.58-10
71.58~-10 1.58-15% 3.88-10
2.48-10 4. 08-186 i.38~10
S.9%-10 1.3e-16 1.48~10
3.0e-10 i.52-1% i.6E€-10
j. oe~-11 5.6m-17 9.08-11
3.ie-11 1.98-16 1.98-10
2.08-1) 3.3%-17 é6.0e-10
j.iz-in 6.3-24 1.48-10
4.68~11 9.48-1 1.4E-10
j.oe-11 1.28~16 1.1e-10
2.9%8-14 4.98-20 5 4E-J0
j.oe-14 5.38-20 S.08-10
Z.98-14% 4 _8E-20 S.iE-10
LOEYDO .CE+00 2.48-12
a.58~12 1.48-17 1.0E-09
1.48~14 5.7e-20 1.1~-09%
Z.92-14 §.88-20 1.0E-09%

INSALATION
CHRONIC

(Sv/bg)

i.48-09
1. 7E-08
T.0E-14
6. 1E-14
2.36-113
3.7-13%
i.5e-09
$.38-10

L JE~09

JE-10
4.3E-10
J.42-10
1.1E-0%
4.28-10
6.4E-10
2.3e-10
1.58-11
5.08~10
8.i8-11
2.98-09
7.38~11
4.58-11
2.3%~-190
1.68-11
4.8E-10
2.7E-19
3.38-3C
3.38-10
1.28-19
7.58-11
9.9e-11
1.08-10
7.18~11
9.98-11
1.58-)3
2.8E-13
1.3-08
2.0E~-09
8.68-09
3.58-10
4.7E~10
1.88-10
2.1E~30
1.28-09
i.7g-10
1.08-10
1.58~-10
1.18-09
i iE-0%
1.18-09
j.oe-11
j.8e-09
1.68-0%
1.78-09

INGESTION

(Sv/bq)

3.98-10
‘ o“"“'

LBECOO

LOE«Q0

LGEL00

LOE+00
2.9E-09
9.28-10
1.68-069
8.6E-10
1.18-09
6.9-10
3.68-10
1,28-09
2.8E-10
S.1E-10
7.28-11
J.le-10
S5.08-10
1.1E-09
1.9e-18
2.48-10
2.1E-10
4.0BE-10
6.3E-18
6.6E-10
4.28-10
S.68-10
7.28-10
3.ie-10
6.38-10
5.5e-10
%.52-10
S5.4E-10

LDE+00

.BEs0O
2.08~08
31,48-0%
1.4E-08
5.88-10
1.18-09
2.28-190
$.68-10
1.1e-0%
3. 6e~18
1.68-10
1.%e~10
i.3E-09%

.1E-09
1,.28-09
6.18-12
1.38-49
1.42-09%
1.42-0%




ET-v

Radionuc lide

R .

TROUDSHINE

isv-at/8q-sec)

4.68-14
L.iE-13
1.0e-18
§.8E-15
4.1E-14
L.48-13
4. 4E-1%
6. 4E-18

LBE+0D
‘1“";‘

‘“’“
1.78-18
3.58-i4
7.58-14
1.6E-14
T.48-15
7.28-15%
i.58-14
J.8E-14
8. 78-15%
1.8%-15
2.)e-1s
J.0g-ie
2.68-15
1.7e-15
T.28~-14
1.2e-14
3.ie-14
6.88-14
i.8e-14
1.1e~-13
2.88-14%
1.28-13
T.58-14
2.38-1%
1.3e-14
7.38-14
L.0g-13
2.68-14
#.98-1%
i.18-13
4.28-15
1.3e-14
2.78-1%
4.20-22
6.8E-15
9.08-1%
i.5e-17
B.ek-18
1.58-17

-OE=00
1.38~15%
1.7e-17
1.58-47

I S R P R

Table a.2?

GROLUBDS M | NE
Bt

(5v-md/ ag)

2.60-13
S.%-11

.0Re00

oge0

JOEeG0

OEe00
., 112
3.5e~15

LOEGD
1.98-11

LGEeDO
§.58-14
1.9€-11
3.28-11
2,08-11
S.58-12
J.1E-12
1.38-11
1.38-1)
S.68-12
2.28-12
1.16-13
4.18~13
3.e-13
1.98-12
J.7e-11
4.48-11
1.78-11
i.48-11
1.1g-11
2.38-11
l-“-ll
i.1g-11
2.56-11

.DE+00

LAE+00
4.18~11
$.68~11
1.58-11
9.18-12
S.28~13
i.88-12
T.78-12
1.58-12
2.3e-1%
4.58-12
6.08-12
1.08-13

BBy
1.38-43

LOg00
L.4E-12
1.18-13
9.58-14

Bose Conversion Factars: Breast

GROUNDSH INE  GROUNNGHINE

T pAY
(Sv-mi/Bgq)

5.2B-10
1.3z-0%

.OEv00

GEsDO

LOED0

JHE0O
4.3e-11
7.08-14

JGE+00
4.48-11

.Gg+00
i.7e-12
3.8E-10
1.32-18
4.08-10
#.1e-11
$.18~12
2.78-190
1.9€-11
1.48-10
i.5e~11
i.48-13
i.0e-11
3.4E-13
$.18-11
2.3e-10
T.3g-18
2.38-10
j.oe-1l
i.8e-10
2.58-11
6. .ig-11
AR~

RATE

(sv-mi/Bg-sec) (8v/bql

6.9e-18
2.9E-1%

LDE+GD

GEe00

LGEs00

.bEsdn
8. 1-17
L.38-1%

DE00
$.0E-18

LGE+00
3.08-18
6.5E-16
1.48~1%
7.08~18
1.58~-1%
1.68-16
4. 7816
T.6E~1%
i.98-1s
8.i8-17
4.9E-i8
1.3e-17
S5.68~17
3.9e-17
1.48-1%
2.7e~16
6.38-16
1.5
3.9%€-16
2.18-1%
5.7e-16
2.32-1%
1.38~15

LOE«00

.0Ee00
1.48-1%
i.08-1%
S.3g~18
1.98-16
1.9€~1%
$.8E-47
2.9€-16
5.28~17
8.28-24
1.6E-18
2.28~1%
3. 5818
1.48-18
3.385-18

LGB0
4.88-17
3.7e-18
3.3E-18

-—

-

-— -

-

-

INRALATLON
ACUTES

ENHALAT LON

CHRONLT
iSv/bqi

9.48-10
1.8E-08
T OE-14
. 7E-14
I.0E-1%
3. 6E-13
i.38-09
§. 3210
2. 3E-0%
X.68-11
5.28~13
8.98-1:
5.3€-10
5.8E-11
4.18-10
2.8E-1})
1.56-12
3. le-190
6.68-13
1.8E-09
5.68-12
1.98-12
1.18-18
5.48-13
1.7e-16
9.08-11
3.1E~)10
9.18-11
1.38-11
7.9e-11
1.48-11
2,98-11
6.28~12
2.38-11
1.48-1)
2.42-113
1.1e-08
1.76-09
7.86-09
2.98-10
1.58-10
4.58-11
1.78-31
3.58-4i6
9. 4E-14
3.58-11
1.68-11
4. 48-10
§.08-10
4.42-10
2.68-11
3.1E-0%
9.88-10
1.1E-0%

g L




pI-v

Radionud lide

Co-58
CO-60
R85
R -Eim
e-g7
BR-88
#H-8¢
SR-89%
SR-90
SR~%1
-3
91
IR-9%
R8T
K895
no-%9
TC-99n
RU-103
KU-10%
wU-10e
108
Te-127
TE-12Tm
TE-129
TE-1i9m
TE-13im
TE-132
sa-127
S8-129
1-131
=132
i-313
1-i)4
-1
XE-133
AE-135
CS~134
Cs-13¢
S-1%7
BA- 40
LA-180
CE- L4l
CE-343
CE-las
PR-143
ND- 147
wp-139
Pu-238
PU-13%
PU-240
PU-241
Am-24l
om-241
w144

CLOUTS K iNE

isv-nt/ng-sec)

1.5e-14
8. 9€-138
7.58-17
4. 8E-15
2.98-14
$.95-14
. eE-L"
4.9€-18

.GE+00
J.5€6-14

OE+00
1.3m-16
i.68-14
S.56-14¢
i.7e-14
5.88-1%
J.6E-15
i1.68~14
i1.7E-14
T.48-15
i.48-13%
1,88-18
&.58-17
1.6E-15
1.18~15
S.E-1a
¢.28~1%5
2.38~-14
5.18-14
1.2g-14
8.1E-14
2.1E-14
9.48-14
$.78-14
8.3e-16
T.58~15%
5.58-14
7.7e-14
2.08-14
6. 28-1%
8.3e-14
2.18-1%
8.28-15%
i-TE-15
i.m-32
4. 18-15
4.7E~15
. 78-1%
lL.ég-i8
. 98-19

JDEeDO
4.58-16
7.08~19%
5. 8~19

Table 5.1 Dose Conversion Pactors:

GROUNDES | NE
LLLY

isv-md g

1.98-1}
4.598-11

LOE0D

LAE00

LOEs00

LOE«00
1.08-12
2. IM~1%

LAEceD
i.42-11

LOE«0D
6.58-14
i.58-11
2.48-11
1.%8~11
j.eg-)2
1.5e-12
9.68-12
s.1e-12
4.18-12
1.48-12
7.28-14
T.78-14
2.28-13
1.28~i2
2.7e-11
3.ie-11
1.32-11
1.68-11
7.38-12
i.78-01
i.iB-13
s.op-12
1.98-14

LBEedi

LA8+00
3.le-1i
4.1e8-11
i.1E-11
6.48-12
.91
1.48-12
4.78-12
8.6E-11)
1.88-19
2.58-13
2.%-12
1.7e-1%

.GE+d0
2.18-15%

.0E+BD
3.7e-13
2.08-15
1.7e-41%

GROUNDSHINE  GROUSDSHINE

T DAY
(Sv-m’/Bg)

3. 9210
S.48-30

LOE«Go

» 9o

L CRegD
Lag.00
j.jm-11
5.48-14

.OEed0
3.38-11

LGE+Q0
1.38-12
j.oe~-10
8.48-11
1.08-10
S.08-11
2.5€-12
1.9¢-10
i1.3¢-11
8.5€-11
9.38-13
1.68-113
i.%-12
2.38-13
2.68-11
1.78-10
5.32-i0
1.&8-10
2.3¢-11
1.28-10
1.98-11
4.58~11
8.08-12
3.48-11

OE00

DE+00
§.52-10
T.5%-10
i.4E~10
5.7e-18
2.98-16
2.7e~11
i.9E-11
j.8E-)1
}.aB8-18
4.88-11
.78~}
3.6E-148
F.0E~148
1.58-14

. DE+00
7.68-12
4.28-14
I.6E-14

WATE
(Sv-ml/Bg-wec)

&.8E-1s
1.88-1%

.Oes0u

LOEeGn

LGE+00

OB
&.28-17
9.48-20

LGE«00
v. 8016

LDE+30
2.3E-)8
S.1K-16
.1e-1%
$.38-18
1.ie-16
8.ug-17
Y. i1m-16
S.596-38
1.62-18
$.3~17
1.3E~18
1.92-18
3.78-17
2.32-17
1.08-15
1.42-16
4.8E~-16
9.6E-18
i.68-16
1.62-15
4.28-16
1.88-15
9.80-16

LDE+0D

0g+08
1.'e-18
L.SE-1S
3.9€2~16
L.IF-16%
1.46-18%
4. 7817
1.88-18
3. 1e-317
$.2E-24
8.98-17
1.12-1%
&.02-20
§.12-20
s.9e-20

LOE+O0
}.3e-17
7.08-00
6.08-20

Ovaries

IRHALATION
ACUTES

(Sv/beg)

-
-
-———
-
-
-
-
.-

-

-

INHALATION
CHRONIC

(Sv/bg)

6.28-10
4.68-09
T.08-14
6.0E-14
2.28~-13
3.9%-13
1.3g-09
4.3E-10
2.28-09
6.68-11
5.26-113
8.28-12
B.8E-10
1.72-10
4.3-10
9.5e-11
1.78-12
J.le-10
1.68-11
1.e-09
i.1e-114
2.0E~12
i.18-10
S.1e-13
1.88-10
2.38-10
3.ze-10
2.52-10
2.1e-11
2.5e-11
1.08-11
1.98-11
4.28-12
1.78-11
1.52-13
2.%-13
1.1E~00
1.7e-0%
8.1E-09%
4.42-10
4.%-10
5.58-11
T.68-13
2.48-10
9.45-14
a. 4511
T AR-L1
I.oR-a%
1.2¢-0%
i.28-05
2.88-07
3.28-05
$. -0
1.6E-05%

INGEST ION

iSv/ng)

1.08-09
3.2e-0%
LUE+DD
L0E+00
LOE+00
.GR«00
2.1E-09%
2.5%€-10
i.38-09
2.1e-10

3.5e-12
6.28-10




ST~V

Bt onuc L e

Sv-m)Bg-sec)

5.18-14
1.3g-113
1.1e-16
8. 0815
4.48-14
1.58-13
4.98-15
T.28-19

JORe00
S.18-14
URe00

1.98-1s
3.88-14
8. .08-1¢
4.08-14
& oe-i5
6.42-45
1.48-14
4.18-18
1.18-i4
3. 8815
I.48-16
i.9-16
3.7T0~1%
1.88-15
T.98-14
g.lt-“

.4E-14
T.58-14
1.98-14
1.28-13
J.ie-14
i.48-11%
§.58-14
‘n.“’i’
1.78-14
s.o2-14
.18-13
4.98-14
9.48-1%
1.28-13
1.88-15
L.ME-is
2.MM~15
4.08-42
6.78-15
8.2m-15
3.68-18
3.7e-18
3.82-18

.GE«00
9.98~ 1%
4.28-18
1.5e-18

Table 2.3 Dose Conversion Factors: JTestes

(Sv-mi /Byl iSv-miimgl
i.8E-11 S.86-10
6.%8-11 i.4E-0%

«BEeD0 LOELGO

gE+d0 LHE+00

OE-36 LOEsO0

LOE+D0 JOEeOH
2.68~52 4.88-11
3 9E-15 T.eE-14

OEs06 L0800
2.18-11 4.98-11

.CEG0 LOE+00
9.88-14 1.9e-12
1.38~11 4.48-10
1. 5811 1.42-10
2.3~ 4.82-18
S.66~12 8.88-11
2.78~122 §.58~12
L eE-11 i.98-10
1.98-414 2.98-11
6 1E-12 1.38-10
3.28~12 J.5e~11
1.18-13 3.58-13
2.7%-13 7.58-12
3. 48-1) 1.58~13
1.98-12 4.18-11
4.08-11 2.58-18
4.72-11 T.98~10
1.98-11 i.48-10
i.48~11 3.%~11
i.08-11 1.88-10
2.58-11 2.72-11
1.8E-11 €. 78-11
i.38-11 1.38-33
2.8 S.08-11

.DE+00 OEsBE

LOE00 .GE+00
4.68-11 9.58-16
6.ie-11 L.1e-0%
1.72-11 1.58~-10
9.78-12 8.568-10
5.78-11 4.28-10
2.58-12 49811
7.68-12 4.88-11
§.8E~11 3.1e-11
2.6E~19 46818
4.58~12 T.4E-110
5. 18~12 4.88-11
1.98-14 3.98-i3

.QB+80 1.78-13
2.38~14 3.7g-13

.OE~D8 .0E+G0
8.9e-03 i.88-11
1.28~14 4.56-13
i.98-1s 4.08-13

(Sv-md/Bg-sec)

9. 98-16
2.3E~15
LDEI0
NE+0D
. OFep0
LGELDO
s.0n-17
1.6E~1%
~0Es00
.u”"l‘
GEeOD

3. iE-19
7.58-18
L.6R-15
T.8E-16
1.68~-16
1.48-16
S.0E-1%
B.28-1¢
2.iE-16
8.38-17
S.ig~-18
s.1e-18
S.me-12
3.8g-17
1.58-1%
2.58-1¢
6.88-1%
1.48-15
4.08-16
i.3%-15
§.2E-16
i.6E-1%
1.48-1%

.0g .00

.O%+88
1.62-1%
2.38-15%
5.08-16
1.08~-16
2.18-15%
8.78-17
i.98-16
S.1e-17
$.1E-24
1.5€8-16
1.98-16
€. 58-19
J.0E-19
6.28-19

L0800
3.0e-17
7.%€~-19
6.7E-i9

WROUNCSHTINE  CROURDSHINE  INSALATION
T oAy RATE ACUTES

(Svrng)

INHALATIGN
CHRONLC

(nw/bg)

L.lE-i8
1.7E-69%
7.08-14
5.5e-14
i.1e-1)
3.5e-13
1.%E-09
4.3e-18
2.38-09
4*1E-11
S.28-13
6.48-12
J.om~10
3.1E-11
6.5E-11
1.2E-11
5.28-112
7.08-11
i.5e~-12
1.28-09
4.82-12
1.88-12
9.28-11
4.58-13
1.48-10
4.48-11
i.68-10
4.68-11
5.48-12
i.38-11
9.98-12
1.5€-11
4.08-32
1.58<11
1.48-13
2,38-13
1.3%-08
1.%9e-3%
8.58-09
i.8e-10
5.92-11
S.4E8-12
5.08-12
1.98-10
§.4E-14
6. TE-12
2.0E-11
1.08-0%
1.22-0%
1.3e-05%
2.98-87
3.28-05
5.7e-07
1.88-05
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