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LARCalc, a tool to estimate

sex- and age-specific lifetime
attributable risk in populations
after nuclear power plant fallout

Jonathan Sundstrom™, Mats Isaksson® & Christopher L. Raaf?

A tool called LARCalc, for calculating the radiological consequences of accidental large scale nuclear
power plant releases based on estimates of 13’Cs ground deposition, is presented. LARCalc is based
on a previously developed models that has been further developed and packaged into an easy-to-
use decision support tool for training of decision makers. The software visualises the radiological
impact of accidental nuclear power plant releases and the effects of various protective measures. It

is thus intended as a rapid alternative for planning protective measures in emergency preparedness
management. The tool predicts projected cumulative effective dose, projected lifetime attributable
cancer risk, and residual dose for some default accidental release scenarios. Furthermore, it can
predict the residual dose and avertable cumulative lifetime attributable risk (LAR) resulting from
various protective measures such as evacuation and decontamination. It can also be used to predict
the avertable collective dose and the increase in cancer incidence within the specified population. This
study presents the theoretical models and updates to the previous models, and examples of different
nuclear fallout scenarios and subsequent protective actions to illustrate the potential use of LARCalc.

The consequences of a nuclear power plant (NPP) accident, resulting in the release of radionuclides to the
environment, will largely depend on the protective measures implemented soon after the accident. According
to international recommendations, such actions should be planned in advance'. Comprehensive decision sup-
port systems are available today (e.g. ARGOS? and JRODOS?), intended for the assessment of environmental
and radiological consequences for various scenarios involving atmospheric dispersion of fission products from
nuclear facilities. It is challenging to estimate the individual radiation doses from radioactive fallout due to the
numerous factors that influence the distribution of doses. These factors include the actual NPP fallout scenario
(radionuclides, activities, and variation over time), the atmospheric dispersion of the radioactive material, the
areal distribution of deposition and whether fallout occurs by wet or dry deposition, the type of land use and
ecosystems in the area, local and regional food production, human behaviour patterns, residence times in dif-
ferent environments etc.*.

An important component of nuclear fallout in the case of an atmospheric release in which fission products
and fuel particles escape filtration systems is the fission product '*’Cs, as the deposition density, A, (kBq m?),
dictates the long-term habitability in the affected area. It may be difficult to measure the actual "*’Cs deposition
following an accidental release from a NPP by uncollimated in situ gamma spectrometry, even using modern-
day digital amplification to mitigate pulse pile-up in high-dose-rate environments®. However, it may still be
feasible to determine the ground deposition at a relatively early stage after the accident, for example, by means
of unmanned or conventional airborne gamma spectrometry®. Regardless of the radiometric techniques used,
emergency preparedness strategies in most countries will be focused on the ability to estimate and report values
of A, of ¥/Cs. The authors of this paper have previously developed models that aggregate external and internal
exposure pathways from fallout to humans from radioactive fallout’ ', enabling the estimation of the long-term
radiation dose from initial measurements of the ground deposition of the gamma-emitting fission product '*’Cs.

In the previous models (see Eq. 1 and 2), the radiation dose was determined for a NPP fallout scenario rep-
resenting the Chernobyl accident’s fallout in Sweden (e.g. IAEA!! and UNSCEAR'?). This was done by relating
the initially measured ambient equivalent dose rate from all gamma-emitting radionuclides in the fallout to the
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measured initial ground deposition of *Cs in terms of a proportionality factor, d¢'*. The weathering process and
gradual ground penetration of the radionuclides was taken into account by applying element-specific ecological
half-times to obtain the predicted variation of the ambient equivalent dose rate over time. Furthermore, in the
wake of the ICRP publication 144, in which nuclide-specific conversion factors between ground deposition and
the corresponding dose rate contribution are presented in terms of effective dose rate, air kerma and ambient
dose equivalent rate, the previous models have been further developed and coded as a MATLAB app. This app,
and the underpinning models, are referred to as the tool LARCalc.

This paper presents the extended features implemented in LARCalc, including the management of a variety of
radionuclides associated with nuclear power generation and with nuclear detonations fallout, using the gamma
emitter '¥’Cs as a key nuclide. This enables the modelling of the risk to the public for various fallout scenarios.
These can be matched to a larger number of potential nuclide vectors than in the previous models, which were
based on specific releases from Chernobyl and Fukushima fallout. Furthermore, we exemplify some typical risk
assessments and the impact of various protective measures, and combinations thereof, in terms of the averted
cumulative attributable risk and residual dose, and the way in which LARCalc can visualise the effects of these
parameters for specific age and sex cohorts. Note that LARCalc mainly is intended to be used as a tool for training
of decision makers. The tool can also be used to plan for protective actions before an NPP accident. LARCalc is
therefore not intended to be used for real-time decision support in connection to an on-going accidental release.

Model and scenarios

Description of the previous basic models

Provided the relation between the initial nuclide-specific ground deposition (kBq m?) and the release of *’Cs
has been established, the ground deposition of *’Cs can be used as a proxy for both the long-term external
exposure of local inhabitants and the internal exposure due to potential long-term transfer of radiocaesium to
the population if no protective measures were implemented"?. Figure 1 illustrates a general model with multi-
ple underlying sub-models for the prediction of the cumulative effective dose (CED) and lifetime attributable
risk (LAR) from a given NPP fallout scenario using '*’Cs as a key nuclide. This general model combines the
results from different sub-models that are designed to estimate radiation dose and risk from specific pathways
of exposure, such as groundshine (exposure of radiation from nuclides on or in soil), ingestion of contaminated
foodstuffs, inhalation and cloudshine (exposure of radiation from nuclides in the plume). By integrating these
sub-models, the comprehensive model provides a completer and more accurate estimate of the total radiation
dose and risk received by a population or individual. This general model aggregates the long-term internal and
external exposure of a population to NPP fallout, based on quantities that can be determined in the early phase
of the accident. The general model thus includes empirical relationships between local and regional ground
deposition and time-integrated internal doses that have previously been established under various conditions
regarding climate zone and food restrictions®!>-"7. The sub-models included in the LARCalc tool also include
settings to express the exposure as age-dependent organ-absorbed doses, and can convert these into LAR, as
defined by the EPA'S. The LAR represents the estimated radiation-induced lifetime risk of suffering from cancer
in a certain organ at some point in life. The models implemented in LARCalc are a further development of the
one presented in detail by Raif et al.’.

In the previous version of the model, two parameters were defined to describe the relationship between the
local ground deposition density of *’Cs, Ay, s 1371 (kBq m™), and the corresponding external dose rate from
all gamma-emitting fission products, namely the initial ambient dose equivalent rate at fallout (¢=0), d¢, (mSv
y'}/(kBq m2)), and the variation of the external dose rate over time, r(t). The latter, r(t), was observed to follow
a four-component exponential decay function in terms of half-times”. However, r(t) is normalized to the initial
external dose rate at =0, so it needs to be combined with d, to describe how the external dose rate per unit
initial 1*’Cs ground deposition changes over time, in other words 7(0) =1 (unitless).
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Figure 1. A general model for the prediction of long-term radiological consequences of atmospheric nuclear
power plant fallout, including the exposure pathways external groundshine and internal committed dose by
ingestion of contaminated locally produced foodstuff.
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In addition to the external exposure pathway following large-scale NPP fallout, various transfer pathways
will cause contamination of locally and regionally produced foodstuff, such as dairy products, meat, vegetables,
freshwater fish, mushrooms, berries, wild game, etc. In previous studies on the whole-body burden of radiocae-
sium in different population cohorts after nuclear weapons fallout and Chernobyl fallout in 1986, it has been
shown that the average internal contamination of radiocaesium in a population can be predicted by the regional
average deposition of '*’Cs, A, ci.137,ree (KBq m™), combined with time-integrated aggregate transfer factors,
sometimes also referred to as radioecological sensitivity!”!*?. These transfer pathways can be represented by
the convolution of transfer pathways P,; and Ps, in Fig. 1. Once the average '*’Cs body concentration has been
established, transient equilibrium in the intake and excretion of radiocaesium can be assumed after one year.
The committed effective dose (accounting for the biokinetic fate of radiocaesium when ingested) can then be
related to the corresponding organ-absorbed dose rate and effective dose rate?'.

In our previous model’, the general expression for the CED (mSv) from combined external and internal
exposure arising from the initial ground deposition of nuclear fallout containing '*’Cs with accompanying
short-lived fission products and **Cs, was given by the following expression:

CED(tacc' Adep,Cs—137,loc' Adep,Cs—137,reg) = External effective dose

Adep.Cs—137,loc : Sdecont : dCs : QK/H(6OOkeV) : CE/K :

J T(f) : fsnow ) (fout + (1 - fout) ’ fshield) ndt +

to
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0
(@ m@ )
feex - €cs—137(W = 70kg) + FR - e Ty, cs-137 Ti,Cs-134
ecs—13a(w = 70kg) - dt

dose

(1)

where ¢, (y) is the time considered for integration of the dose rate after the initial fallout at t=0. In Table 1 is
given a further explanation of the other parameters. Note that the first term on the right-hand side of Eq. (1)
refers to the external dose contribution from the local ground deposition, A, ¢, 1370c (kBq m™), and the second
term refers to the internal dose contribution from radioecological transfer of regional deposition of 1*’Cs (rep-
resented by the quantity Ay, o, 137, (kBq m?)).

The corresponding expression for a specific organ-absorbed dose, Doyg sex» as a function of 137Cs deposition
was given by:

Dorg,sex (t' age (t)' Adep,Cs—lS 7,locy Adep,Cs—lS 7,reg) =
External absorbed

tace dose to organ
Adep.Cs—137,loc : Sdecont ! dCs : ®K/H(600kev) . fsnow :
to

kSEQ,Organ,ext : T‘(t) ) kSEQ,K (age(t)) ) (fout + (1 - fout) ' fshield) dt +

Adep,Cs—137,reg : Tag,max : Saliment :

tace -2 , -2, ~in@), Internal
f .<<1_e & ).(Cl.e 2 4c,oe G ))'fsex‘ absorbed

to dose to
(kOrgan,int,Cs—137 " €cs-137 (W(age(t))) +FR - organ

( n@) @2 )-t
e \Tcs=137 ThCs-13a) . kOrgan,int,Cs—134 " €cs-134 (W(age(t))) dt

)

The cumulative lifetime attributable risk, CUMLAR, of radiation-induced cancer in a specific organ resulting
from the external and internal exposure pathways is given by:
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Parameter

Description (unit)

Adep,Cs—l37,Ioc (X, }’)

Average local deposition of '*’Cs (kBq m™) at the dwelling coordinates (x and y), decay-corrected to the time of the fallout event. This quan-
tity is often obtained through airborne gamma spectrometry mapping used e.g. in geological surveys

Adep,Cs— 137,reg

Average regional deposition of '¥Cs (kBq m2), decay-corrected to the time of the fallout event, can be attributed to the area over which fresh
milk and meat are produced. This area was typically the county level (~ 10.000 km?) in Sweden at the time of the Chernobyl fallout in 1986

Ratio between air kerma rate and ambient dose equivalent rate 1 m above ground for an infinite uniform surface deposition of gamma emit-

P/ (600keV) ters with photon energy 600 keV (mGy mSv!). A value of 0.83 was used in the previous model
Crx Ratio between effective dose rate and air kerma rate, in mSv mGy ', at 600 keV (See also Réf et al.?)
7 Snow cover shielding factor (dimensionless), averaged over the whole year for the ambient dose rate 1 m above ground. In this study, no
snow snow cover was included, and f,,,,, was thus set to unity
Time-dependent function describing the decrease in external ambient dose equivalent rate 1 m above ground, normalized to the maximum
initial dose rate following NPP fallout corresponding to Chernobyl-like wet deposition at locations remote from the release point. Apart
r(t) from external gamma contributions from **Cs and '*’Cs, corresponding contributions from gamma emitters such as '*'I, '*I, **Te, and
140Ba, are included” A time-dependent function composed of four components was taken from Jénsson et al.”, with time constants expressed
in terms of y! (Eq. 1)
i The fraction of time spent outdoors by an individual residing in a temperate climate zone. Typical values range between 0.1 and 0.2 for
out Northern European populations®. A value of f,,,=0.2 was used in this and previous work
i Shielding factor due to indoor shelter, ranging between 0.1 and 0.4 for Northern European houses®. A value of fy,;,,;=0.4 was used in this
shield work
boce Time over which the radiation exposure is integrated (y)
t Timeiny
Tiiaco137 Physical half-life of *’Cs=30.2y
T112,05.134 Physical half-life of **Cs=2.06 y
S Factor representing the ratio between the ambient dose equivalent rate in the area after and before a decontamination procedure. Since the
decont calculations in this study refer to unmitigated conditions with no protective measures, Sy, is by definition unity
FR Initial activity ratio between '**Cs and '¥Cs in the fallout

di(B(t = 0,age(t)))

Organ-specific external absorbed dose rate per unit deposition of the radionuclide in the nuclear fallout for an individual of a given age and
sex at time t after the fallout. The age- and sex-dependent organ-specific coefficients were taken from the ICRP™

K ongan,int,Cs-134 AN Korgan ing 5137

Ratio between the organ-absorbed dose and the average whole-body absorbed dose resulting from a uniformly distributed internal contami-
nation of **Cs and '*’Cs, respectively (explained more extensively in Ra4f et al.”)

T,

agmax,Cs

Amplitude factor of the aggregated transfer over all radioecological transfer pathways. This parameter determines the magnitude of the
time-dependent transfer function, Ty asci(t) (Bq kg™')/(kBq m™2), from regional-average ground deposition to whole-body concentration of
PGy in residents. The value of T4y, thus varies from 6.7 in the general population to ~ 20 (Bq kg™")/(kBq m ) for hunters and > 115
(Bq kg™")/(kBq m™?) for reindeer herders in Sweden. An overview of the parameter T,g,,,.,c, and the time constants ¢,, t,, and t; for different
Swedish populations is given in Isaksson et al.®

N

aliment

Factor representing the relative decrease in proportion to the standard radioecological transfer factor of foodstuffs resulting from various
protective measures. Since the calculations in this study refer to unmitigated conditions with no protective measures, S, is by definition
unity

Jeex

Empirical factor accounting for the lower observed radiocaesium concentration per unit body mass in females than in males (Raaf et al.,
2006a). f,,,=0.61 for female aged >20 y; f,,,= 1 for male of all ages and female <20 y. An average sex factor of f,,,=0.81 (mean value for adult
men and women) was used for the estimation of CED in our previous studies

eco137(W)

The effective dose rate conversion coefficient (mSv y~!/(Bq kg™!)) taken from Falk et al.?’. This is expressed as ec, ;3,(w) = 0.0014-w(age(t))"1!1,
where the factor 0.0014 is a constant obtained from curve fitting and w(age) (kg) is the mean body weight of an individual of a certain age. It
is assumed that this quantity is numerically equal to the absorbed dose rate per unit activity concentration in the body (see also Raaf et al.”)

eco134(W)

Likewise for '*Cs, expressed as ec, ;3,(w) = 0.00164-w(age(t))"%

w(age(t))

Body mass (kg) as a function of age. A fit to the data given by Wikland et al.?® (see also Raif et al.”)

t;, t,and t5

Time constants for radioecological transfer depending on type of population. Values used here are t,=1.0 y, £,=0.75 y, and t;=15y. Values
for other types of populations can be found in Isaksson et al.®

c;and ¢, Weighting factors for the above time constants for radioecological transfer. Values used in this study are ¢;=1 and ¢,=0.1
& Organ-specific absorbed dose rate per unit kerma rate 1 m above ground for an adult of sex female or male. Values for the organs related to
SEQOrgam,ext cancers specified in EPA'® are given as sex-specific Ksgo, organ,ewe (Gy Gy™') and were taken from Zankl et al.””
Age-dependent organ-specific absorbed dose rate per unit kerma rate, normalized to the corresponding value for an adult (female or male,
respectively). The age-dependence curve for the thyroid (R44f et al.>®) was assumed to be applicable for all organs:ksgq,x (age, t) =
kseqx 0.0015 - age(t)°—0.1214 - age(t)* . ..

+3.473 - age(t)*—40.28 - age(t)* ... | /1017 for age < 20
+136.3 - age(t) + 1233
1

for age > 20

Table 1. Parameters used in the previous models for calculation of the CED, and CUMLAR resulting from
fallout from a nuclear power plant. Note that some of the parameters are still used in the updated models (see
Sect. "Updates and extended features of LARCalc").

CUMLARorg,sex (age (to), tacc' Adep,Cs—137,10C' Adep,Cs—137,reg) =

tacz
f Dorg,sex(t' age(t)' Adep.Cs—137,loc' Adep,Cs—137,reg) ’ LARorg,sex(age(t)) - dt

to

€)
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Figure 2. Illustration of the age- and sex-dependent lifetime attributable risk per unit absorbed organ dose for
the sum of all 15 cancer types specified by the EPA, excluding non-fatal skin cancer (adopted from the EPA'®).

where Darg,sex is the organ-specific absorbed dose rate (i.e. the time-derivate of Eq. (2)) and LAR,,, ., is the
organ- and sex-specific risk coefficient of cancer induction per unit absorbed dose, as given by EPA'S. The
remaining parameters for the given equations are given in Table 1. The equations for the empirical transfer func-
tions between ground deposition and whole-body concentration of '*’Cs and "**Cs, T,g uasci(t) are explained
in Isaksson et al.%. These expressions have been used to estimate representative values of CED and D, for
various Swedish populations**~,

The quantity LAR,,,..(age) is expressed as the probability of cancer arising from low-dose and low LET
exposure, incurred at a certain age of the exposed person, during the person’s remaining life expectancy. Values
of LAR ¢ can be obtained from the EPA® for 15 organ-specific cancers (12 for male and 14 for female) and
for 5-year age classes from newborn to 80 y old. Interpolation using a piecewise cubic hermite interpolating
polynomial (PCHIP)*® was used to obtain a continuous expression from the age- and sex-specific values tabulated
by the EPA'® (see Fig. 2).

Description of protective measures

When comparing the potential impact of accidental fallout from a NPP and the outcome of protective measures
in terms of CED and CUMLAR for representative individuals in a population, three quantities are of special
importance in order to comply with the ICRP’s recommendations®*%. The first is the projected radiological
consequences in terms of effective dose if no protective measures are implemented (Eq. 1) and the second is
the time integration of LAR (Eq. 3). When integrated between 0 and 70 y, the quantities CED(f,..=70 y) and
CUMLAR(t,..=70 y) can thus be referred to as the projected unmitigated CED and CUMLAR , respectively. The
residual dose, CED,,,, is the amount of remaining cumulative effective dose to a representative individual in a
population after a given set of protective measure has been in use. Thus, CED,,, excludes the cumulative effective
dose averted by those protective measures.

The main protective measures used to reduce external dose from groundshine, are: (i) sheltering, (ii) evacua-
tion and (iii) clean-up, or a combination of these. Regarding internal exposure, initial indoor sheltering reduces
the dose resulting from inhalation of airborne radionuclides, but the most influential protective measure will
be food restrictions. As well as providing the residual dose, we have included the computation of the so-called
avertable cumulative lifetime attributable risk, CUMLAR,,, in LARCalc. This quantity, which was mainly used
in the previous system for radiological protection®, enables a direct comparison how a given protective measure
relates to the averted detriment and it can be related to the efficiency of the measure. The quantities S;, 50> Sevac,
Satiment A0 Sgocon; are coarse parameters describing the average dose-reducing effects of protective measures for
external and/or internal exposure. All these quantities reduce the total dose rate by a factor in the range 0 to 1,
(see e.g. Equations 1, 2 and 11). All the protective measures used in the model are described in the equations
below (Eq. 4 to Eq. 8).

The shielding effect of staying indoors (sheltering) is described in Eq. (4) by the so-called damping factor,
f» and the previously mentioned factor fj,;;;. The factor f, describes the damping of the internal dose rate from
inhalation by staying indoors, whereas f;;,,;; describes both the shielding from external dose rate resulting from
groundshine, as well as the external dose rate resulting from the passing plume (cloudshine). Default values of
f.=0.5*and f;;;=0.4%%* are used in LARCalc. The overall damping effect of sheltering is given by S;,,4., (Eq. 4a)
and for inhalation by S;,4e0rimn (EQ. 4b):

Sindoor (t) = fout (t) + (1 - fout (t)) ' fshield (4a)
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1- (t - tdecont,start)'

Sindaor,inh(t) = fout(t) + (1 - fout(t)) ' fu (4b)
where f,, is the fraction of time spent outdoors, as described in Eq. (5), and can vary between 0 to 1.
0.2 i tO <t< tshelter,start
fout (t) = 0 ’ tshelter,start St< tshelter,stop (5)

0.2 i tshelter,stop <t< tacc

The effect of evacuation on the effective dose rate (Eq. 1) and the organ-absorbed dose rate (Eq. 2) as a
function of time is given by S,,,. (Eq. 6). During evacuation (frer,start < t < tret,stop) this will be equal to 0 and
otherwise 1. Evacuation affects both internal and external pathways.

1 ) tO S t< tret,start
Sevac(t) =10, tretstart S U S Lretstop (6)
1 ’ tret,stop <t< tacc

The dose-averting effect of food restrictions on internal radiation dose is described by Eq. (7). Calculated as
the effectivity of restrictions, f,;,..,. may be in the interval 1 to 0, where 0 implies 100% effective restrictions, and
1 is the level of food restrictions assumed by the Swedish authorities after the Chernobyl fallout in 1986°°. This
factor only affects the pathways for the ingestion of radiocaesium and radioiodine.

1 ) t() <t< tfood,start
Saliment (t) = faliment ’ tfood,start =t< tfood,stop (7)
1 ’ tfood,stop <t< tacc

The effect of decontamination on external radiation dose is described by the factor S, given in Eq. (8) and
is dependent on the effectivity of clean-up in terms of relative instantaneous dose reduction, fy,.,,..- A default
value of f;,.,,,=0.5 is set as default in this study, reflecting an average value of clean-up efficiency, giving a value
of Sgecont=0.5. When f;;,.,,, = 0.9, representing a highly efficient clean-up measure, the value of S, will be 0.1
after clean-up at ¢ =10, gone- Default values are based on previous experience from Japan and Eastern Europe™.
Linear interpolation is performed between the start (£= 14,0, s1arr) @a01d end (£ =1;,00n1.0nq) Of decontamination.

Sdecont (t) =

’ tO St< tdecont,start
1- fdecont

t t , tdecont,start St< tdecont,end
( decont,end ~— decont,start)

1- fdecont , tdecont,done <t< tacc

(8)

Updates and extended features of LARCalc

Introducing nuclide vectors

The NPP fallout scenario in connection with a release to the atmosphere can involve a number of volatile
radionuclides, depending on the efficiency of the consequence mitigation systems of the NPP. In addition to
134Cs and *7Cs, radionuclides such as *', %2, and '**Te can also be released. The initial activity ratio of a fallout
radionuclide in relation to that of '*’Cs is given by the following expression (Eq. 9).

Adep,i(t =0)
Adep,Cs—137,loc(t =0)

)

Table 2 lists nuclide vectors representative of four nuclear fallout scenario, normalized to the initial fallout of
137Cs. In the updated LARCalc, nuclide vector can be adjusted to a specific fallout scenario involving '*’Cs and
accompanying radionuclides.

Element-specific ecological half-time, Eco(t)

In this updated model the ecological element-specific half-time is defined as a separate entity that can be modified
by the operator for each element. The ecological half-time is a quantity that describes the aggregated effect on
external dose rate 1 m above ground, resulting from various ecological and weathering processes, such as depth
migration into soil*!. In the LARCalc tool, Eco,(#) is thus defined as a damping factor that takes into account the
gradual decrease in the external dose rate to air 1 m above ground, and is expressed as a bi-exponential function
in the form given in Eq. (10):
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Nuclide Chernobyl 1 Chernobyl 2 Fukushima Swedish NPP
Swedish Chernobyl fallout®® gz:;;ﬂ%zl fallout in Brjansk area, Fukushima release Northern trace'? Swedish NPP release

Hmpg 0 0 0.0028 0.00101

140Ba 0.8118 0.72 0 0.0403

82Br 0 0 0 0.0133

14Ce 0.058 0.26 0 0

B34Cs 0.575 0.54 1 1.47

136Cs 0.231 0.27 0.17 0

137Cs + 1¥7mBa 1 1 1 1

131 8.04 11 11.5 13.1

1321 0 0 0 4.37

135 0 0 0 3.25

135 0 0 0 0.0172

0 ¢ 0.818 0.84 0 0.0274

*“Mo 0.181 0 0 0.0307

SNb** 0.0403 0.064 0 0

9Nb 0 0 0 0

ldppos 0.058 0.26 0 0

105Ru 0.425 1.68 0 0

106Ru + 1%Rh 0.133 0.5 0 0

1258b 0 0 0 0.00217

1278b 0 0 0 0.0125

898r 0 4.25 0 0

9Sr + 7Y 0 0.5 0 0

9mTe 0 0 0 0.0297

13ImTe + 129mTe 4 19T 0 0 1.1 0.325

*Te 0 0 0 424

132 + 1321* 5.19 16.6 8 0

SZr 0.00719 0.065 0 0

Table 2. Initial nuclide vectors for three NPP fallout events and one fictious NPP release, normalized to the
initial fallout of '*’Cs (A4 Agep,cs-137)- *In several publications the initial ground deposition of the fission
products **Te and "I is reported in terms of **Te. (T,,=3.2 d) assuming secular equilibrium with '*2I
(T,,=0.096 d). **Activities of **Nb, *°La and **Pr will all accumulate until reaching transient equilibrium with
their mother nuclides **Zr, 14°Ba and **Ce, respectively.

—In(2) —in(2)

Ecoi(t) = Cshort,i * eTeco,i,short + (1 — Cshort,i) . eTeco,i,long (10)

Such a biexponential ecological damping was found for caesium nuclides by Gale et al.>, with a short-term
component (i = Cs) of ¢y, c;=0.63 (which was somewhat lower than the median value of about 0.78 found from
observations by Kinase et al. for urban areas*?), and with T, ¢, ¢0re=0.6 y. Jonsson et al.” performed polynomial
regression, (1), to estimate the contribution of radiocaesium to the total ambient dose rate equivalent (H*(10))
in the areas of Sweden that were most affected by the Chernobyl fallout after 1986. The r(¢) was normalised to
the H*(10) measured on the first day of the plume’s arrival. They found a long-term component with an effective
half-time of 5.5 y, corresponding to T, c, 1one = 6.7 y. No significant short-term component for the radiocaesium
contribution could be extracted from the reported data, and Jonsson et al. therefore suggested that a value of
Canort,cs =0 provides a better fit to the environmental conditions in those parts of Sweden (for a detailed list of
locations, see Jénsson et al.”).

Based on the second component in the equation for r(¢) given by Joénsson et al’, it can be deduced that the
decrease with an effective half-time of 6.8 d is mainly attributed to *'I, which would roughly correspond to an
ecological half-time of 0.125 y. Due to the relatively short half-life of *'I it is suggested a short-term component
of ¢ ;=1 combined with T, , ; 4., =0.125 y will adequately describe the ecological damping of the short-lived
radioiodine nuclides.

Bremsstrahlung generation in soil and air from radiostrontium (including daughter nuclides) will contribute
to the external dose, the effective dose rate for **Sr/*’Y being as high as 0.068 (mSv y!)/(kBq m) for deposi-
tion on a plane surface'®. However, this will decline rapidly as radiostrontium penetrates the surface and lower
soil layers (< 0.001 (mSv y™!)/(kBq m™) at a penetration mass depth of 0.5 g cm™). According to Sahoo et al.*,
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Nuclide Caorti | Tecojishort () Wit )
1mpg 0.63 0.6 22.7

140Ba 0.63 0.6 22.7

82Br 0.63 0.6 22.7

144Ce 0.63 0.6 22.7

134Cs 0 0.6 320r6.70r15
136Cs 0 0.6 3.20r6.7or15
137Cs + 137mBa 0 0.6 320r6.70r15
B3I 1 0.125* 22.7

1321 1 0.125 22.7

1331 1 0.125 22.7

1351 1 0.125 22.7

1407 g% 0.63 0.6 22.7

“Mo 0.63 0.6 22.7

S Nb* 0.63 0.6 22.7

9Nb 0.63 |06 227

l44pp* 0.63 0.6 22.7

13Ru 0.63 0.6 22.7

106Ru + 1%Rh 0.63 0.6 22.7

1256b 0.63 0.6 22.7

1278k 0.63 0.6 22.7

89S+ N/A | N/A N/A

908 + 20y *+* N/A N/A N/A

9omTe 0.63 0.6 22.7

131mTe 4 129MTe  129Te 0.63 0.6 22.7

132Te 0.63 0.6 22.7

132Te + 1321 0.63 0.6 22.7

SZr 0.63 0.6 22.7

Table 3. Element-specific ecological half-times parameters of the contribution to the external dose rate 1 m
above ground from fallout in terms of a double exponential decay function (Eq. 9) for the elements represented
in the nuclide vectors in Table 2. N/A = Not applicable. *Based on the initial slope of ambient equivalent dose
rate data from J6nsson et al.”. **For the pure beta-emitters *Sr and *°Sr/*Y, the bremsstrahlung generates an
external dose contribution that will be ecologically damped more rapidly than for gamma emitters. According
to Kumar Sahoo et al.* radiostrontium migrates at a rate of ~1 cm y™! which, in combination with data from
the ICRP™* suggests that the bremsstrahlung component decreases rapidly (T, sqshort <1 ¥)-

radiostrontium typically migrates 1 cm y, and we therefore suggest values of T, g o Of 0.15 'y, and cgop.5,=1
for dry deposition, leading to an almost zero contribution to the external dose after reaching a mass depth of
0.5 g cm™, assuming a soil density of 1.5 g cm™. Due to the lack of comprehensive data on ecological half-times
in terms of external dose rate from ground deposition for radionuclides of other elements than Cs, Sr and I,
we suggest default ecological half-times of T, ; 0 = 0.6 y (With a ¢y, ;=0.63) and T, ;jon=22.7 y, for all other
radionuclides, which are the same as the values for Cs reported by Gale et al.*2. Users of the LARCalc tool can
however use specific values for the long-term and short-term ecological half-times of the various elements repre-
sented by the NPP fallout scenario radionuclide vector based on the data available. The suggested default values
in the absence of any local or region-specific values are 6.7 y for radiocaesium, with options of using e.g. 3.2 y
(representing the lower extreme value reported from Japan®®), or 15y, representing values observed in Russia®.
Table 3 lists suggested values of the parameters T, ; shor> Teco,ilong 30 Copor,i

Inclusion of the ICRP nuclide-and organ-specific dose coefficients

In this study, the model used in LARCalc has been adapted to include the recently published nuclide-specific dose
coefficients for a given fission product, relating the ground deposition, A, to the corresponding dose rate (effec-
tive, organ, air kerma and ambient dose equivalent rate 1 m above ground) by the ICRP', to enable a broader
range of hypothetical NPP release scenarios. The initial external dose rate during the first few days following a
single fallout event will depend on the initial ground penetration depth of the nuclide i in the fallout. Hence, the
user must define the initial penetration (or relaxation) mass depth, 8 (g cm™) of the fallout. Dry deposition is
associated with a shallower depth distribution in soil, whereas the wet deposition of NPP nuclides may lead to
initial ground penetration of several cm?. In the LARCalc model, the user can choose between dry or wet initial
deposition by setting 8 equal to 0.0 or 1.0 g cm™ If dry deposition is selected, an initial penetration depth, 8= 0.0
g cm™ will be the default value assigned to all nuclides included in the nuclide vector. If wet deposition is chosen,
the default ground penetration depth is set to 8= 1.0 g cm™, at which LARCalc then retrieves the corresponding
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dose coefficient from the ICRP tabulated data'®. This penetration depth can be considered representative of wet
deposition following the Chernobyl fallout in Sweden?.

Petoussi-Henss et al.*® and the ICRP'* have presented age-dependent organ dose rate and effective dose rate
coefficients for the uniform surface deposition of a gamma emitter for the estimation of external dose rate in
environmental irradiation geometries such as a radioactive fallout. Raaf et al.” used polynomials of organ dose
as a function of age as correction factors to account for the higher organ dose rate to children than in adults
for a specific surface deposition. The ICRP' now provides age-dependent coeflicients of effective dose (e;) and
organ-specific equivalent dose (d;), which have been incorporated into the groundshine model. A library con-
sisting of the dose conversion coefficients for newborns, 1-year-, 5-year-, 10-year-, 15-year-olds and adults (=20
y) is defined in LARCalc, and the dose conversion factors for an individual of a specific age, e;(age) and d;(age)
are then obtained by PCHIP of the tabulated data in the library. The updated external organ dose rate equation

(Eq. 2) is thus as shown in Eq. (11).

Dorg,sex,ext (t' Adep,Cs—137,loc'

Adep,Cs—137,loc(t = 0) : Sdecont(t) ' Sevac (t) : fsnow 'Sindoor(t) :
Adep,i,loc(t = 0)

age(t)) =

: Adep,Cs—137,loc(t =0)

—ln(Z).
e Ty .

Eco;(t)

Updated internal organ-absorbed dose rate coefficients
The age dependence of the internal dose contribution from long-term intake of radiocaesium has been accounted
for by adopting the same mathematical relationship between average body dose and body weight for a homo-
geneous distribution of radiocaesium body burden, as reported by Leggett et al.*’, and later adopted by Falk
et al.?’. Isaksson et al.* have recently published computed sex- and nuclide-specific organ dose coefficients for
radiocaesium isotopes distributed in the human body when exposed to protracted intakes of radiocaesium.
Organ-specific absorbed dose rate coefficients &, cc-157,5ex a0d Ggyg c5-1345ex Were taken from Table 4 in Isaksson
et al*!, but are here expressed in units of mGy y™' instead. These parameters replace ec, and Ko,ga,inc; in the
previous model (see Eq. 2). The dose rate coefficients have thus been updated based on models described by the
ICRP™. The calculated effective dose rate coefficients are given in Table 4.

The coefficients § and 4,

org,Cs-137,sex

g, Cs-134,sex

dorg,i,sex(ﬁ(t = O)' age(t)) '

(11)

are implemented in LARCalc in the aggregate transfer functions

between ground deposition and internal organ-specific absorbed dose resulting from the intake of contaminated
foodstuff (corresponding to the transfer parameter P,; defined by UNSCAR'") according to Egs. (12) and (13).
by the product of f f)‘"‘PM - P45 - dt, and that P, corresponds likewise

Note that the time integral of P,; is given
to Py; and P, in Fig. 1.

DCS—137,0rg = Adep,Cs—137,reg :

-in(2) , =in@),
Tag,max,Cs ' <1 —e ) : <C1 ‘e b

+cye B3

—In(2)

P24

I) 'fsex(age) )

6org,Cs— 137,sex * <

Wsex (age (ﬂ)) .

Wsex,adult

—0.889

P45

Saliment (t) : Sevac (t)

Adult male (mSvy™')/ (Bqkg™)

Adult female (mSvy™') / (Bqkg™)

Sex average (mSvy') / (Bq
kg™)

IMCS 137Cs

lSdCs 137Cs

134Cs 137(:s

4.14E-05 2.40E-05

(t)

5.33E-05 3.02E-05

4.73E-05 2.71E-05

(12)

Table 4. Effective dose rate coefficients calculated from sex- and nuclide-specific organ dose coefficients for

radiocaesium isotopes from Isaksson et a

121,
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DCs—134,org = Adep,Cs—137,reg '

Pa |
-in(2)
p— T _
T . Adep,Cs—134._reg(t =0) - eT¥,cs—134
agmax,Cs — —
AdEP,CS—137,reg(t = 0) _—in@ -t

eT,Cs-137

-in(2) , =n(@),
(1—6 t )-(cl-e 2 " +cy-e

—-In(2)

t3 At) 'ﬁs‘ex(age)'

é‘org,Cs—134-,sex ' (

Wsex (age (t))>

Wsex,adult

—0.812

Pas
]

Saliment (t) ' Sevac (t)

The explanations of remaining parameters are given in Table 1.

Although radiocaesium is the dominant contributor to long-term internal dose from accidental NPP fallout,
initial transfer of radioiodine to humans via contaminated fresh milk can be substantial if no iodine prophylaxis
is distributed to local residents'!, or if dairy cows continue to graze (as happened in Belarus after the Chernobyl
fallout in 1986). Furthermore, if fallout from nuclear weapons or fallout in areas close to a damaged NPP is
considered, radiostrontium may be present in high concentrations and contribute significantly to the internal
dose many decades after the fallout, as was the case after the global fallout from nuclear weapons testing in the
1950s and 60s'°. In contrast to radiocaesium, both radioiodine and radiostrontium exhibit high organ-specific
uptake in humans; iodine being highly accumulated in the thyroid and strontium, a calcium analogue, being
mainly retained in bone tissue”.

The yearly fallout and measured *°Sr activities in human bone in Denmark® were used to numerically obtain
time-dependent aggregated transfer factors for radiostrontium. For a detailed description of the derivation of
the transfer functions for radiostrontium, the reader is referred to Sundstrom'.

Age cohort
Parameter | >1month |1 month-4years |4-19y |19-29y | <29y
Togsr 0.2016 0.2993 0.2594 | 0.2465 0.2358
Cororsr 1 1 1 1 1
Clongsr 0.1426 0.1271 0.2112 | 0.2003 0.1664
To sushort 0.6312 0.9663 0.3861 |0.2146 | 0.1598
oo Stong 9.9998 9.4492 6.4569 | 6.6598 | 8.6654

Table 5. Age-specific parameters for the bi-exponential aggregated transfer factor and ecological half-time

given in Eq. (16). Values are taken from Sundstrom'®.

Organ defined in LARCalc

Absorbed dose rate coefficient

OMIRD,org5r-90+¥-90 (MGY v

Oyirp,orgsr-s9 (MGY Y™)

Bone/Skeleton

0.001052

0.000536

Red bone marrow

0.000795

0.000182

Effective dose rate coefficient

-1
EMIRD,Sr-90+Y-90 (mSv Yy )

extirp.sr-s9 (MSV y™)

‘Whole body

8.17E-05

2.72E-05

Table 6. Organ-specific absorbed dose rate coefficients, Sy rp,orgs» for an adult subjected to chronic intake of

radiostrontium-contaminated foodstuff. Values are taken and/or adopted from Snyder et a

1.2,
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Adep,Sr—90,reg (t=0)

* Shuitd-up (t) -

D.S‘r—90,org = Adep,(:s—137,reg .A t=0
dep,Cs—137,reg( - ) P24

Tag,Sr (age (t)) :

_ cn®@ _ mm@
Cor short (age(t)) . eTeco,Sr,shart(age(t)) + Csr long (age(t)) . eTeco,Sr,long(age(f))

SMIRD,0rg,5T-90+Y-90 " Mca,sex (age(t)) | Pas

(14)
Spuita-up(t) is a linear function that takes into account the build-up of radiostrontium in the body in the first
3 months from the start of the fallout. T, is the age-dependent aggregated transfer factor between the ground
deposition and *°Sr activity in human bone, normalized to the mass of calcium ((Bq g(Ca)™")/(kBq m2)). s ghors
and ¢y, are the short- and long-term weighting factors for the transfer parameter. T, s, ot a0d T, 5,10ng 21€ the
age-dependent ecological half-times in years for short- and long-term transfer, respectively. Age-specific values
for the parameters of aggregated transfer factors and ecological half-time for strontium are given in Table 5. The
coefficient Syrp, orgsr-90+v-90 (MGy y™') is the sum of the absorbed organ-specific dose rates per unit activity in bone
for *°Sr and *°Y, taken from MIRD pamphlet no. 11%2. m, .(age(t)) is a PCHIP fit to the age- and sex-dependent
whole-body mass of calcium in kg**. A more comprehensive description of the derivations of the parameters in
Eq. (14) can be found in Sundstrém'®. Note that no protective measures have yet been included in Eq. (14). This
work is still in progress, and is intended to be published separately.

In scenarios with NPP releases of radiostrontium, the more short-lived strontium isotope #Sr may also
accompany *°Sr/*°Y. To be consistent with the approach used in the model for LARCalc, a similar absorbed dose
rate coefficient, §ypp g sr-59» to that used for the sum of *°Sr and *Y must be defined for *Sr. Since this nuclide is
not listed by Snyder et al.”, the absorbed dose coeflicient 8yrp,org 550 Was interpolated between 8yrp, g sr-90 and
OpirD,org v-90 With regard to the maximum emitted beta energy, Eg ... Coeflicients for the effective dose rate (eyrp)
were calculated for radiostrontium, following the same procedure as for radiocaesium (Egs. 12, 13), excluding all
organs except the skeleton and bone marrow. The values of Sy;gp,org,s, for the skeleton and red bone marrow, and
eymrp are listed in Table 6. Corresponding coefficients for the other organs are assumed to be negligible compared
with the skeleton and red bone marrow and are therefore excluded.

Additional exposure pathways: Internal dose from inhalation during plume passage and external dose from
cloudshine

Although the model behind LARCalc was originally intended for long-term predictions of unmitigated and
remediated exposures from NPP fallout, the need for coarse estimates of the magnitude of inhalation doses dur-
ing plume passage, related to a certain ground deposition was identified. An additional algorithm has therefore
been added so that LARCalc can provide a conservative estimate of the inhalation dose, in which the average
near-ground concentration in the passing plume, C,,,, (Bq m™), is related to the local ground deposition of a
given radionuclide, Ay, 1, (Bq m™) by the equation:

Adep,i,loc(t)

Ci,ave(t) = Adep,Cs—137,loc(t = O) : (15)

Vg - Adep,Cs—137,loc(t)

where v, (m s™) is the dry deposition velocity>. For wet deposition the velocity is assumed to be infinite (due to
washout) and thus giving a C, ,,.(t) =0 Bq m™. This gives rise to two extremes: a conservative plume in the case
of dry deposition, and an attenuated plume in the case of wet deposition. Assuming an age-dependent inhalation
rate, INH(age) (m® s™')*°, and using nuclide-, age- and organ specific-dose coefficients taken from the ICRP,
the conservative estimate of the time-integrated dose rate from inhalation, D;,;, (mSv) is given by Eq. (16).

Dinh,i,org = Ci,ave (t) : INH(age(t)) : dinh,i(age(t)) ' Sevac(t) : Sindoor (t) (16)

The dose coefficients, d,,, ;, relating unit intake with the committed equivalent or effective dose (Sv Bq™*),
depend on aerosol or particle size, and whether the radionuclide is inhaled as a gas, vapour or organic molecule.
This is important for iodine, as the inhalation of gaseous iodine (I,(g) or organic iodine, CH,I) results in more
than double the organ dose to the thyroid compared to the inhalation of iodine bound to aerosols®. A detailed
description of the way in which the dose contribution from inhalation of airborne radionuclides from the release
plume is estimated in relation to the remaining ground deposition is given by Sundstrém'’. The inhalation
absorbed dose rate will hence be nuclide-, age- and organ-specific as well as being specific in terms of aerosol
size in the form of activity median aerodynamic diameter (um), AMAD, and absorption type fast (F), moderate
(M) or slow (S). For a more comprehensive description see the ICRP*®.

The algorithm for cloudshine dose uses the same average time-integrated near-ground air concentration
(Eq. 15) in combination with the air submersion nuclide-, sex-, age- and organ-specific dose coefficient, d;jy,q
from the ICRP'. The dose rate from cloudshine, D jy,4,,; (mGy y™') is given by Eq. (17).
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Dcloud,org = Ci,ave (t) ' dcloud,i,sex,org (age(t)) ' Sevac(t) ' Sindoor (t) (17)

Additional exposure pathways: Internal dose from ingested iodine-131 from consumed milk

A rapid transfer of radioiodine through cow’s milk was observed in many places after the Chernobyl NPP acci-
dent, both in the area surrounding the damaged plant’, and also further away from Chernobyl, resulting in
high doses to the thyroid in the population. An algorithm to estimate the absorbed dose rate (mGy/y) due to the
consumption of milk containing '*'1 is given in Eq. (18).

—In(2) +
DI—131,org = AReg,I—lSl(t = 0) ' TFmilk,grass : finter : kdelay -eTeffgrass . (18)
a(age(t)) : ding,org (age(t)) : Sevac(t) : Saliment(t)

where TF,, iy, gras; i the transfer factor from grass to milk (in this case 0.274 Bq L™'/Bq m™), f;,,,, is the inter-
ception factor (0.1), ky, is a factor correcting for the decay between milking and consumption (in this case
3.5 days, giving a factor of 0.739), T, is the effective half-time of '*'I in the pasture, in this study assumed to
be 3.5 days as reported by Hikansson et al.*8, a(age(t)) is the age-dependent dairy milk consumption rate. The
latter was determined using PCHIP of age-dependent annual intake data of 50 kg y~! for 1-year-olds, 100 kg y™*
for 12-years-ols and 150 kg y™! for 20-year-old and older (values taken from Riif et al.* and references therein).
d;,, is the age- and organ-dependent dose coefficient for ingested '*'I, taken from the ICRP*. For a more detailed
description of the model, see Sundstrom?.

Final expression of CED and CUMLAR for updated LARCalc

The final expressions for the CED and the CUMLAR as a function of local and regional average deposition den-
SitY, Adep,cs-13710c A0 Agep, e 137,10 TESPeCtively, for the combined internal and external pathways considered in the
current version of LARCalc are given in Egs. 19 and 20:

CED (tacc' Adep,Cs—137,loc' Adep,Cs—137,reg' age(to)) =

External effective dose

Adep Cs—137loc(t = 0) : Sdecont : Sevac(t) : fsnow : Uout + (1 - fout) : fshield) :
J‘tacc Adepz(t) _ln(z)-t
to

(Bt =0),age(t)) e ™i - Ecoylt)-dt+
Adep Cs— 137loc(t)

cloud (age (to)) +

Adep,Cs—137,reg t=0)- Tag,max * Satiment * Sevac(t) - Internal effective dose

tacc —in(2) + —ln(z)_t —ln(z).t
f <1 —e & ) : (cl e 2 +ce B )  frex(age(®)
t

0

Ade Cs—134 (ﬂ—ﬂ)t
Ecs—137(W = T0kg) + 2" . e\ThCs=137 Twcs-134) - 0015, (w = 70kg)

Adep,Cs—137,reg

dt + Egr_q (age(to)) + Einp (age(to)) + Emilk,l—131(age(t0))

(19)

Protective action scenarios

CUMLAR,, CED,,

(1) Indoor sheltering (¢,

CUMLAR(t=0t0 70 y; Sgeon(t)=1)—CUMLAR(t=0 to

CED, ;= CED(t 01 t0 70 Y, Stecont(t) = 15 Stiment = 1
tinetts Sdecont(t) = fonieta-finn Din’ LAR(age(t))) " (b ¥ Saconlt) =1

Satiment= 1. Sheltering 3 days

Evacuation with resettlement time (f,,,). Relaxed food
) restrictions as in Sweden after the Chernobyl fallout:

CUMLAR(t=010 70 y; Sgeeom(t)=1)—CUMLAR(t=t,,, to

705 Secont(t) =1) CED, ;= CED(1 t0 70 Y5 S gocont(t) = Satiment=1)

3) Evacuation until time t,,,=1 y and decontamination with | CUMLAR(t=0 to 70 y; Syecon(t) =1)—CUMLAR(t=1 to
50% efficiency. Sjjen = 1. Sheltering 3 days 70'Y; Sgecont(t) =0.5)

CED, ;= CED(t=11t0 70 ¥; Sgecont (1) =0.5; Spjimens=1)

Satiment= 1. Sheltering 3 days

) Evacuation t,,, and decontamination with 90% efficiency. | CUMLAR(t=0 t0 70 V; Sypeon () =1)—CUMLAR(t=t,,,

©70y: S (1) 0.1 CED, ;= CED(t,,, 10 70 ; Speoni(t) =0.1)

tooa- Sheltering 3 days

Evacuation f,,, and decontamination with 50% efficiency, | CUMLAR(t=0 t0 70 ¥; Syecon(t) = 15 Sjimens=1) = CED(t=t,6, t0 t1204 Y3 Stecont(t) = 0.5;
(5) | with lifting of extensive food restrictions, Sy =0, at | (CUMLAR(E=t,10 g  Stecon®) = 0.5 St =0)+ CU | Sutne=0) + (CED(E b1 £0 70 Y3 S (6)=0.5;

MLAR(t= 104 t0 70 Y5 Sgecont(t) = 0.55 Satimens=1)) Satiment=1)

Table 7. Examples of protective measures listed by extent and time duration and the quantities describing the
outcome of protective measures, CED,,, and CUMLAR,,, based on sheltering, evacuation, decontamination,
and extensive food restrictions.
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Figure 3. CED for an adult male (30-years-old at accident) after exposure fictious Swedish NPP fallout scenario
(Swedish NPP in Table 2), assuming dry deposition (0 g cm™). Calculated in LARCalc.
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Figure 4. Effective dose rate for an adult male (30-years-old at accident) after exposure fictious Swedish NPP
fallout scenario (Swedish NPP in Table 2), assuming dry deposition (0 g cm™)as calculated by LARCalc. Note
that both x- and y-axis are in log-scale.
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NPP fallout scenarios

Chernobyl 1 Fukushima Swedish NPP
et Dry dep Wet dep Dry dep Wet dep Dry dep Wet dep
0od 167.4 106.7 200.6 128.2 230.8 148.6
1d 165.1 106.6 197.7 128.0 227.9 148.5
3d 164.8 106.4 197.3 127.8 227.6 148.3
7d 164.4 106.2 196.8 127.5 227.2 148.1

Table 8. CED,,, (mSv) to a 30-year-old male for three NPP fallout scenarios (listed in Table 2) using protective
action scenario (1) in Table 7. Values are presented for dry- (0 g cm™) and wet deposition (1 g cm™), and for
various sheltering times. Note t,.;,=0 d gives the effects of no sheltering.

CUMLARorg,sex (age (t)' tacc' Adep,Cs—137,loc' Adep,Cs—137,reg) =

tacc
‘leep,Cs—137,loc(1'L = 0) : (Sdecont(t) : Sevac(t) : fsnow :

to

Agep,ijoc(t)
(fout(t) + (1 - fout(t)) : fshield) : ZA Pt (t) :
7 dep,Cs—137,loc External
=In(2) . re

dorg,i,sex (ﬁ(t =0), age(t)) e Twi - Eco;(t) + E[Jg:/lr:-—As:ecmc
Dcloud,org,sex(tr age(t))) : LARorg,sex (age(t)) -dt +

—-in(2)
ty

tacc

(1-787).

+ Adep,Cs—137,reg (t = 0) : Tag,max,c‘s ' f
to

—in(2). =n@) ,
(c1 e 2z " 4c, e B3 ) -fsex(age(t)) - Satiment () Internal
—0.889 organ-specific
Wsex (age(D)) CUMLAR
Sevac (t) . 5org,Cs—137,sex : ﬁ
sex,adult
—In(2)
—a) 4 -0.812
Adep,CS—134(t) Tl/z,Cs—134- Wsex(age(t))

. .8 _ .
Adep,Cs—137,reg(t) —ln(Z) o org,Cs—134,sex (
1,05—137
D1—131,org(age(t)) + Dinh,org(age(t)) + DSr—90,org (age(t))) :

LAR g sex (age (t)) -dt

Wsex,adult

)

(20)

Thus, for a given NPP fallout scenario including the assumed local or regional average ground deposition of
137Cs, LARCalc predicts the anticipated unmitigated dose accumulated over a specified time period (e.g. 70 years).
The corresponding residual dose, CED,,,, and averted cumulative lifetime attributable risk, CUMLAR,,, can be
found for a given set of protective measures using the S-factors for the different protective measures, S,, > Sqicia»
Satiment a0d Sycon- The CED,, can then be compared with reference levels suggested by the ICRP for existing
radiation exposures®, e.g. 20 mSv annual effective dose for returning evacuees, or 100 mSv residual dose for
returning evacuees.

For planning purposes, the emergency preparedness coordinator of the NPP, as well as the relevant national
authorities, may need to address the following questions:

For a certain average local deposition of '*’Cs, accompanied by other fission products resulting from a certain

fallout scenario, for how long must the residents in the affected area be evacuated to ensure that the residual
dose of 100 mSv or returning dose rate of 20 mSv y™' is not exceeded?

and to which extent?

on more sensitive sub-cohorts, in terms of CUMLAR,,?

At which ground deposition, A, c. 13, should restrictions on foodstuffs be implemented, for how long time
What is the averted risk of developing radiation-induced cancer for different age and sex cohorts, especially

Given that decontamination of evacuated zones can be important when encouraging evacuees to return to an

evacuated area, what additional gain in terms of CUMLAR,,, can be achieved by decontamination measures?
How does this gain depend on the time frame and dose reduction efficiency for different age and sex cohorts?
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NPP fallout scenarios
Chernobyl 1 Fukushima Swedish NPP
30-year-old Newborn 30-year-old Newborn
ot Newborn female | male female male female 30-year-old male
(CO/EJ)MLAR“V*‘“‘““’ 0.20 0.015 0.26 0.018 0.25 0.016
1d FcuMLAR, (%) | 217 2.77 25.4 3.19 292 3.63
CED,,, (mSv) 205.1 165.1 246.6 197.7 284.5 2279
ggMLARW*""d"‘” 0.28 0.019 0.36 0.024 0.33 0.021
3d CUMLAR,,; (%) |21.6 2.76 253 3.19 29.1 3.62
CED,,, (mSv) 204.6 164.8 2459 197.3 284.0 2276
(((:,/E;MLAR“V'"“"”" 0.37 0.025 0.49 0.032 0.43 0.027
74 TCUMLAR, (%) | 215 2.76 252 3.18 29.0 3.62
CED,,, (mSv) 204.0 164.4 245.1 196.8 283.4 227.2

Table 9. CUMLAR,, (%), CUMLAR,, (%) and CED,, (mSv) for a newborn female and a 30-year-old male for
three NPP fallout scenarios (Table 2) using protective action scenario (1) in Table 7. Values are given for dry
deposition, and for various sheltering times.

Table 7 presents an overview of the mathematical expressions for CED,,, (mSv), and CUMLAR,, (%), for some
typical combinations of protective measures to decrease radiation exposure after NPP fallout. If the individuals
are evacuated before the plume reaches their habitat, S, =0 for t<t,,,., where t,,, is the time of resettlement
in the area. For t>t,,,, the value of S, is selected by the operator, between 0 to 1, and represents the average
external dose rate reduction resulting from decontamination measures implemented in the residential area.

Results and examples

To illustrate the use of LARCalc, we here present some different examples of how the tool can be applied. The
general set-up for the calculations of the CED and CUMLAR in these examples were mainly based on a fictious
Swedish NPP fallout scenario (see Table 2).

Default values for all following accident fallout scenarios and subsequent protective actions were: no pro-
tective measures, t,..= 80 y (life expectancy), A e, ioc = Adepree=1 MBq m> of '¥7Cs, fy.1a= 0.4, f3:=0.2, fiuon =1,
Ticocotong=6-7 ¥s Tugmarcs= 6.7 Bq kg'/(kBq m™), inhalation absorption type “medium” with 24 h plume passage,
including all pathways. Any deviations from these values will be mentioned in the title of the table or figure in
the following sections. Figures 3 and 4 are based on a '*’Cs ground deposition of 1000 kBq m™? both locally and
regionally, assuming dry deposition, for an adult male aged 30 at the time of fallout, to an age of 80 y. In this case,
no protective measures were included, corresponding to the first example in Sect. 3.1 below.

Results of CED,,, and CUMLAR,, for the different NPP fallout scenarios and protective action
scenarios
CED,,, and CUMLAR,, for residents in protective action scenario (1) in Table 7
Table 8 gives the results obtained from LARCalc and the underpinning model when computing the CED,, as a
function of sheltering time, t,,,, for three different NPP fallout scenarios (Chernobyl 1, Fukushima and Swedish
NPP, specified in Table 2), for dry and wet deposition. The calculations are based on Scenario (1) in Table 7. For
3-days’ sheltering, the typical residual doses will range from 106 to 230 mSv per MBq m, depending on the
fallout scenario and whether the deposition of the fallout is dry or wet.

The residual cumulative lifetime attributable risk, CUMLAR,,,, and the CUMLAR,, for a newborn female and
a 30-year-old male, and the corresponding CED,,, for dry deposition of radionuclides for the three NPP fallout
scenarios are given in Table 9. The CUMLAR,, due to sheltering will depend heavily on age, and the averted risk
for a newborn female is ten times higher than for adult male. Note that CUMLAR,, and CUMLAR,,, both are
given in the unit percental points, or total risk of developing cancer.

NPP fallout scenarios

Chernobyl 1 ‘ Fukushima Swedish NPP

Toco,cslong
trer 32y 6.7y 15y 32y 6.7y 15y 32y 6.7y 15y
ly 89.5 130.9 194.3 106.0 151.8 218.4 121.0 171.5 241.6
5y 46.2 76.5 132.5 51.3 83.0 140.4 53.2 86.4 145.3
10y 31.2 49.3 94.0 349 53.2 98.1 35.2 53.7 99.0

Table 10. CED,,, (mSv) for a 30-year-old male for three NPP fallout scenarios using protective action scenario
(2) in Table 7. Values are presented for different values of T, ¢, 1o,g(¥) and for different evacuation times, 3 days’
sheltering, assuming dry deposition.
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%MLARMMW 0.28 0.019 0.36 0.024 0.33 0.021
CUMLAR 10,0

1y | o) 7.28 051 8.80 0.65 10.5 0.81
CUMLAR,,, (%) | 143 225 16.5 2.53 18.7 2.82
CED,,, (mSv) 148.6 130.9 1736 151.8 196.2 1715
(CO/OU)MLARWW 0.28 0.019 0.36 0.024 0.33 0.021
CUMLAR 0,

5y | ) 153 1.49 184 1.85 22.0 225
CUMLAR,, (%) |6.26 1.27 6.93 133 7.13 1.37
CED,,, (mSv) 82.3 765 90.3 83.0 93.2 86.4
(%MLARWW 0.28 0.019 0.36 0.024 0.33 0.021
CUMLAR 40,0

10y | @) 18.1 1.97 214 2.37 253 2.81
CUMLAR,,, (%) | 3.47 0.79 3.92 0.82 3.88 0.81
CED,,, (mSv) 51.9 493 56.9 532 56.4 537

Table 11. CUMLAR,, (%), CUMLAR,, (%) and CED,,, (mSv) for a newborn female and a 30-year-old male
for three NPP fallout scenarios (in Table 2) using protective action scenario (2) in Table 7. Values are given for
Tico.cslong=6.7 ¥, dry deposition, 3 days’ sheltering, and for different evacuation times, f,,,.

Oy 61.7 |741 |925 |1209 |748 |885 |108.0 |137.1 [86.4 |101.7 |1223 |152.3
ly 455 | 574 |756 |1039 |523 |655 847 |113.7 |58.9 73.6 939 |123.7
5y 253 | 340 |50.1 76.8 |269 |36.0 52.5 79.6 | 27.7 37.3 54.2 81.7
10y 174 1226 |354 59.4 | 183 |23.6 36.5 60.5 | 18.3 23.7 36.6 60.8
15y 131 | 16.0 |258 46.4 139 |16.9 26.6 473 |13.8 16.8 26.5 47.3

Table 12. CED,, (mSv) as a function of resettlement time, t,,;, and long-term ecological half-time of caesium,
wco,Cslong 3SSUMINg protective action scenario (3) in Table 7 with 50% decontamination after evacuation.
Residual dose computed for ¢, ;=0 (conservative assumption for all nuclides), 3 days’ sheltering, and
assuming wet deposition.

~

ly 1.87 0.24 2.54 0.33 3.14 0.41
2y 2.88 0.39 3.89 0.53 4.89 0.67
5y 4.47 0.66 5.90 0.87 7.35 1.08
10y |541 0.85 6.93 1.08 8.50 1.32

Table 13. CUMLAR,, (%) of total cancer (excluding non-fatal skin cancers) from external ground exposure
for newborn female and 30-year-old adult for various resettlement time, using T, s jong=6-7 ¥ Corors,cs = 0, with
3 days’ sheltering, and assuming wet deposition.

CED,,, and CUMLAR,, for residents in protective action scenario (2) in Table 7

CED,, after sheltering and evacuation for one year before resettlement for three different NPP fallout scenarios,
for three different ecological half-times of radiocaesium, T, ¢, jonp assuming dry deposition, is given in Table 10.
The calculations are based on the mitigated accident Scenario (2) in Table 7. CUMLAR,, is given for various
resettlement times, f,,;, in Table 11. It can be seen that a one-year evacuation will give the highest CED,,, for
nuclide vectors with high '**Cs/**Cs-ratios, like Swedish NPP (Table 2).
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NPP Fallout scenario*
Chernobyl 1 Fukushima Swedish NPP
T,

ok
eco,Cs,long

trer 32y 6.7y |15y |60y |[3.2y 6.7y |15y |60y |[3.2y 6.7y |15y |60y

Oy 2429 1514 | 972 627 1893 840 1246 | 564 1559 1056 | 736 510

ly 3582 1928 | 1133 | 691 2903 1006 | 1640 | 635 2429 1417 | 900 585

2y 4930 2334 | 1274 | 744 4131 1160 | 2046 | 697 3578 1819 | 1062 | 654
5y 11,314 | 3807 |1712 |89%4 10,126 | 1636 | 3552 | 867 9671 3383 | 1576 | 844
10y 32,723 | 7436 2562 | 1151 |29,004 |2517 |7159 |1139 |31,420 |7223 |2512 |1135

Table 14. Initial local deposition density of *’Cs (kBq/m?), A, cs-137100 at which a certain resettlement time
will ensure compliance with the reference value CED, ;=100 mSv from external dose, calculated for three
fallout scenarios and for four values of T, ;o *Scenario includes a wet deposition with a 3 days” sheltering
period. **For the T,.,-values a conservatively assumption of c,,;=0 has been used.

Toco,cotong

32y 6.7y 15y
| 50% 90% 50% 90% 50% 90%
ly 58.9 42.8 73.6 45.7 93.9 49.8
5y 27.6 239 37.3 25.8 542 29.2
10y 18.3 17.4 23.6 18.5 36.6 21.1
30y 6.72 6.71 7.17 6.80 10.48 7.47

Table 15. CED,,, (mSv) for decontamination efficiencies, S, of 50% and 90%, and for three different values
Of T, c10ng (Table 3), with 3 days’ sheltering. NPP fallout scenario: Fictious Swedish NPP fallout scenario
(Table 2), assuming wet deposition and extensive food restrictions, S, =0.

In Table 11, the high impact of age on the averted risk by this protective measure can be seen, where, regard-
less of the fallout scenario, the CUMLAR,, for a newborn female can be more than a factor 10 higher compared
with a male adult.

CED,,, and CUMLAR,, for residents in protective action scenario (3) in Table 7

CED,, for three NPP fallout scenarios, decontamination with 50% efficiency, for four different ecological half-
times for radiocaesium, T, ¢, jonp assuming wet deposition, is given for various resettlement times in Table 12.
The calculations are based on the mitigated accident Scenario (3) in Table 7. It can be seen that CED,,, can vary
by up to a factor of 2 for short resettlement times between a very short and very long T,.,, ¢, on, 2nd that the rela-
tive difference increases for longer resettlement times.

Table 13 gives CUMLAR,, for various relocation times, using protective action scenario (3) in Table 7, The
consistently higher averted risk for newborn female compared to adult (average of 30-year-old old male and
female) (almost a factor 7) can be clearly seen for short resettlement times, although this difference decreases
somewhat with increasing t,,,. The higher **Cs/!*’Cs ratio for fallout event Fukushima and Swedish NPP results
in a substantially higher benefit of evacuation, in terms of averted risk, especially for newborn female.

External dose from groundshine: Initial local deposition density vs. reference level of 100 mSv

LARCalc can be used to calculate which A, ¢, 1374 values are compatible with evacuation when considering
various protective measures. This A, ¢ 13,0 Value can then be used as an initial operational intervention level
for e.g. evacuation. Table 14 gives the corresponding initial deposition density values for '*’Cs that will give
rise to an external dose contribution from groundshine exceeding 100 mSv for a certain resettlement time, ¢,,,.

CED,,, and CUMLAR,, for residents in protective action scenario (3) and (4) in Table 7
CED,,, resulting from fictitious fallout from a Swedish NPP, assuming wet deposition, decontamination with 50%
efficiency for three different ecological half-times, T, ;g are given in Table 15 . The calculations are based
on the mitigated accident Scenario (4) in Table 7. From Table 15 it can be seen how the residual dose increases
with an increasing T, ¢, jone- Assuming a similar decontamination efficiency to that in Japan after the Fukushima
accident, the residual dose would have been much higher if T,., ¢ jon, had been similar to that found in the Russian
rural settings after the Chernobyl accident (around 15 y)**.

The CUMLAR,, for Scenario (3) in Table 7 for the fictious Swedish NPP fallout scenario (Table 2) is illustrated
in pie charts for a 30-year-old male, a newborn female, and a female born 10 years after the accident in Fig. 5.
In this scenario, a value of T, c;j0n,=6.7 ¥, and a decontamination efficiency of either 50% or 90% were used.
It can be seen that in relative terms, evacuation will have a proportionally higher protective effect on newborn
female than male adult.
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Male, 30 years, t,o; =5y Girl, new-born, t,e; =5y Girl, born 10 years post-accident, t,; =5y
CUMLAR,, = 1.76 % CUMLAR,, =12.8 % CUMLAR,, = 0.263 %
CUMLAR; = 0.853 % CUMLAR, ¢ = 3.11 % CUMLAR o = 1.32 %
CED, s = 37.3 mSv CEDy¢s = 39.5 mSv CED,¢¢ = 20.6 mSv

I Evaca,= 931 %
[ Decont = 6.6 %
[ (ndoor,, = 0.308 %

[ Decont,= 100 %
I \ndoor,,=0 %
[ |Foodg=0%

I Evaca,= 895 %
I Decont = 10.3 %
I \ndoor,=0.215 %

a. [ Fooda,=0% b. [ ]Fooday=0 % c. I Evac.,=0%
Male, 30 years, t,et =10y Girl, new-born, t,; =10y Girl, born 10 years post-accident, t,o; =10y
CUMLAR,, =2.06 % CUMLAR,, =14 % CUMLAR,, = 0.267 %
CUMLAR ¢ = 0.552 % CUMLAR, . = 1.82 % CUMLAR, ¢ = 1.33 %
CEDyes = 23.6 mSv CED, = 25.2 mSv CED,¢ = 19.6 mSv

I Evac.,=96.1 %
I Decont,, = 3.76 %
I 'ndoor,,=0.183 %
[ |Fooda=0%

I Evac.,= 978 %
[ Decont,, = 1.89 %
I 'ndoor,,=0.28 %
[ |Fooda=0%

I Decont 5= 99.5 %
I Evac,,=0.521 %
I 'ndoora,= 0 %

[ |Fooday=0%

Figure 5. Pie charts showing the CUMLAR,, for two different evacuation times, for an adult male, a newborn
female and female born 10 years after the accident. The fallout scenario was Swedish NPP (Table 2), with
Tico.cslong=6-7 Y, assuming 3 days’ sheltering, decontamination with 50% efficiency performed after evacuation.
Note that Evac,,, Decont,,, Indoor,, and Food,, are given as percent of the total averted risk, and that averted risk,
CUMLAR,,, are given as percental points.

10y 50.3 29.8 21.9 50.3 29.8 21.9 50.3 29.8 21.9
20y 43.8 23.3 15.4 43.8 233 15.4 43.8 23.3 15.4
30y 39.8 19.3 114 39.8 19.3 11.4 39.8 19.3 11.4

Table 16. CED,,, (mSv) for various food restriction times, and resettlement times for typical urban
populations, for three different fallout scenarios (Table 2) assuming extensive food restrictions (Sjpen=0),
3 days’ sheltering, and assuming wet deposition. Decontamination with 50% efficiency performed after
evacuation.

CED,,, and CUMLAR,, for residents in protective action scenario (5) in Table 7

Values of CED,,, for three NPP fallout scenarios (Table 2) and various resettlement times, combined with differ-
ent durations of food restrictions are given in Table 16. Lifting food restrictions 10 y after the accident can result
in up to twice as high a CED,,, to the resettled population, compared with when lifted after 30 years. Another
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Male, 30 years, t,o; =5y
CUMLAR,, =2.2%
CUMLAR, s = 0.415 %
CED,¢g = 23.3 mSv

I Evaca=717%
[ |Fooda,=19.9%

I Decont = 8.21 %
I 'ndoor,,=0.172 %

Male, 30 years, t,o; =10y
CUMLAR,, =2.3 %
CUMLAR, ¢ = 0.312 %
CED,¢s = 15.4 mSv

Girl, new-born, t,; =5y
CUMLAR,, =14.5%
CUMLAR,s =1.33 %

CED,¢s = 23.4 mSv

I Evaca,=81.7 %
[ |Foodg=122%
I Decont = 5.8 %
I 'ndoor,,=0.271 %

Girl, new-born, t,e; =10y
CUMLAR,, =15.1 %
CUMLAR,¢s = 0.758 %
CED,s = 14.3 mSv

Girl, born 10 years post-accident, t,e; =5y
CUMLARj, = 0.962 %
CUMLAR, ¢ = 0.626 %

CED,¢s = 13.7 mSv

[ |Foodg=72.7%
I Decont,, = 27.3 %
I Indoorg,=0 %
I Evac,,= 0%

Girl, born 10 years post-accident, t,¢; =10y

CUMLAR,, = 0.972 %
CUMLAR, ¢ = 0.629 %
CED, = 13.1 mSv

I Evaca,=86.1 %
[ |Foodg,=10.4%

[ Decont,, = 3.37 %
I ndoor,=0.164 %

Il Evaca, =91 %
[ |Fooda,=7.02%

I Decont = 1.76 %
I ndoor,,= 0.26 %

[ |Foodg,=725%
I Decont = 27.4 %
I Evaca,=0.143 %
I ndoora,=0 %

Figure 6. Pie charts showing the averted risk, CUMLAR,,, for two different evacuation times, for an adult
male, a newborn girl and a female born 10 years after the accident. The fallout scenario was Swedish NPP

(Table 2). Results are given for 3 days’ sheltering, 20 years of food restrictions (S, =0) and decontamination
with 50% efficiency performed after evacuation. CED,,,, CUMLAR,,, and CUMLAR,, are included. Note that
Evac,,, Decont,,, Indoor,, and Food,, are presented in terms of their relative contribution to the total averted risk,
CUMLAR,,, whereas CUMLAR,, and CUMLAR,,, are given as percental points of lifetime cancer risk.

observation is that extensive food restrictions (8., = 0) will generally lead to less reduction in the radiation
detriment than decontamination for future generations of newborns in the affected area.

The CUMLAR,, from a fictitious Swedish NPP release event in relation to the protective measures imple-
mented (according to Scenario (5) in Table 7) is illustrated as pie charts for a 30-year-old male, a newborn female,
and a female born 10 years after the accident in Fig. 6.

Inclusion of 1311 in milk, aggregate transfer of °Sr/°°Y and °Sr, and initial inhalation dose in
LARCalc

To illustrate the impact of the added exposure pathways in LARCalc including the dose from plume inhalation,
their contributions to the unmitigated CED (mSv) are given in Table 17. Here the residual doses, CED,,, (mSv),
are presented for a 30-year-old male for three different NPP fallout scenarios using protective action scenario
(1) in Table 7 when including 1 MBq m? of *°Sr/*°Y ground deposition. Values are presented for dry deposition,
with the default values: f;;,,,,=0.4, f,,,=0.2, f,,,,,= 1, inhalation absorption type “Medium” and a 24-h plume. The
corresponding values for the unmitigated CUMLAR,,, are given in Table 18.

It can be seen in Tables 17 and 18 that groundshine will dominate the radiation risk to all age cohorts, and
that the increasing **Cs/'*’Cs ratio between the nuclide vectors (Table 2) is reflected in an absolute increase in
CUMLAR,,, for a given deposition density of A, c, 137, It can also be seen that the relative contributions from
Sr transfer will be more significant for adults than children, as the build-up of Sr is related to the total mass of
calcium in the bones'®. Furthermore, iodine transfer in milk will have a higher impact on CUMLAR,, in children.
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Groundshine 140.5 117.9 172.8 140.9 203.0 164.6
Cs transfer 29.4 34.2 32.8 38.5 36.6 43.3
Sr transfer 16.2 36.5 16.2 36.5 16.2 36.5
Todine in milk 17.6 6.5 25.3 9.2 28.8 10.5
Inhalation dose

from conservative | 27.1 16.0 334 18.4 353 19.0
plume

Cloudshine from

conservative 0.64 0.55 1.34 1.14 1.19 1.02
plume

Total 231.5 2115 281.9 244.7 321.1 275.0

Table 17. CED (mSv) without any protective measures for dry deposition from different NPP fallout scenarios
(Table 2) and including 1 MBq m™ *°Sr, for a 30-year-old male at the time of the accident and a 1-year-old

female.

Groundshine 14.7 1.62 17.0 1.94 19.8 227
Cs transfer 3.66 112 4.02 1.22 442 1.33
Sr transfer 0.12 0.21 0.12 0.21 0.12 0.21
Todine in milk 1.36 0.01 1.95 0.02 222 0.02
Inhalation dose from 1.82 0.10 230 0.10 2.52 0.10
conservative plume

Cloudshine from con- | ; ;¢ 0.01 0.12 0.01 0.11 0.01
servative plume

Total 218 3.07 256 3.50 29.1 3.93

Table 18. CUMLAR,, (%) without any protective measures for dry deposition from different fallout scenarios
(Table 2) including 1 MBq m™ *°Sr, for both an adult male (30 years at accident) and a 1-year-old female.
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Figure 7. (a) Estimate using the strontium model with the IGFD fallout data® as input, averaged over each
year, and measured bone activity concentration®. (b) Absolute and relative error between the modelled estimate
and UNSCEAR data®.
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137Cs (mSv/(MBq m2)) 20Sr (mSv/(MBq m™))

COSYMA LARCalc COSYMA LARCalc
Internal effective dose 12.4 23.4 81.0 32.7
External effective dose 8.6 39.5 0 0.040

Table 19. Long-term dose contribution to adults (mSv/(MBq m?)) (integrated to age 80 years, average for
male and female, 30 years old at accident) assuming wet deposition occurring at the beginning of the growth
season. Calculations made with the European COSYMA model reported by Andersson et al.* and LARCalc.

Validation with other models and observations
The strontium transfer described in Eq. (16) was compared with the monthly fallout of *°Sr in New York dur-
ing the years 1950 to 2000 given in The Integrated Global Fallout Database (IGFD)®, in order to estimate the
activity concentration in bones for adults. As the data in the IGFD are monthly averages, the average activity
concentration was calculated for each year, and compared with the data published by UNSCEAR®2. The results
are given in Fig. 7. The average absolute error between the model and the UNSCEAR data is 0.024 Bq/kg(Ca)
while the LARCalc average relative error is a factor 2.12 times larger the UNSCEAR data, for the period 1955
to 1970 (seen in Fig. 7b).
A comparison with the European COSYMA model for the transfer of fission products to man, presented by
Andersson et al.??, shows a factor 2-3 agreement with the present LARCalc model, as can be seen in Table 19.
LARCalc predicted a 4.6 times higher external dose from *”Cs than COSYMA. This discrepancy may be
due to the use of coefficients from the ICRP'* in LARCalc, which were not available at the time of the study by

Parameter Mean or central estimate ‘ SD ‘ Min ‘ Max
Normal distribution

t 1 0.025

t, 0.75 0.0188

ts 15 0.375

G 1 0.125

I 0.1 0.0125

w 77.5 19,375

Megmae(adult) | 1.2 0.03

a(adult) 150 3.75

INH(adult) 15.52 0.388

Lognormal distribution

Atepcs137.10c 6.818 0.42

Adep,Cs-137,reg 6.818 0.42

Tocoitong LN(T, 5 10ng “0.9141) 0.42

T short LN(T,o; ghor0.9141) 0.42

Carorts LN(Cypore,10.9141) 0.42

Togmaxcs 1.812 0.42

Tograss 1.369 0.42

Uniform distribution

Ay, i(t=0) 50% 200%
Togsi(<29) 0.1179 | 0.4716
Tagsrtong(< 29) 0.0832 | 0.3328
Tecosnshort(< 29) 0.14382 | 0.17578
Tecosniong(< 29) 7.79886 | 9.53194
K jetay 0.5009 | 0.9172
Triangular distribution

Sonow

Jou 0.9 0.8 1

Sohieta 0.2 0.1 0.3
Sonieldinh 0.4 0.25 0.55
TF itk grass 0.5 0.4 0.6
Jinter 0.274 0.137 | 0.548

Table 20. Parameter probability distributions used in uncertainty and sensitivity analysis. Empty cells indicate
parameters that are not applicable for the respective type of distribution.
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Figure 8. Histogram of the CED for an adult male (30 years-old at accident, until age of 80) living in an area
affected by fallout containing a nuclide vector according to the Chernobyl 1 (Table 2) without any protective
measures. The parameters used in the computations are based on the uncertainties given in Table 20.

Andersson et al.®*. Using the coefficients given by the ICRP™ to calculate the dose for constant outdoor exposure
(i.e. excluding all types of shielding) to *Cs, only taking into account for the physical- and ecological half-time
of 6.7 y and assuming wet deposition, gives a CED of 84.5 mSv.

Results from LARCalc have been compared with observations made in Russia, in a study by Isaksson et al.%.
It was found that the Russian data on the aggregate transfer of radiocaesium from the 1990s were between the
Togmax.cs(t) values obtained for hunters and urban residents in Sweden using LARCalc. A more detailed com-

parison between the T, ¢, values for radiocaesium in the Nordic countries has been performed by Hjellstrom
etal.l’.

Sensitivity and uncertainty analysis

An uncertainty analysis was performed in the present study in which each parameter was sampled from a prob-
ability distribution (see Table 20). Parameters included in the underlying models but not listed in Table 20 were
assumed to have no uncertainty, and thus had fixed values in this analysis. Results for the CED to an adult male
(aged 30 y at the time of the fallout) and up to the age of 80 y, are presented in Fig. 8, following the Chernobyl
fallout in Sweden (Chernobyl 1 in Table 2), normalized to A, ¢ 137, a0d Agep, s 137,00 = 1 MBq/m? '7Cs. The
nuclide vector were edited to Ay, s.90= 1 (resulting in 1 MBg/m? of *°Sr) to include the strontium model, thus
the doses are comparable to those in Tables 18 and 19. The simulation was performed with 50,000 samples, and
yielded a median CED of 225.8 mSv with a 5" percentile of 118.8 mSv and a 95" percentile of 429.5 mSv (note that
the mean of the doses will be overestimated due to the distributions, as there is a greater probability of a higher

5! Percentile 5th i
Cshol’t,i : 595”’ Percentile : a(?rdu“) [ 5;5“}3;2?22:356 |
inter eco,i [ 4
C, - B tf |
Teﬁ,l-131 [ ) Teco,Sr [ il
out [ 8 t - |
1‘snow [ 7 INH(adult) - g
fshield [ E t3 L ]
CSr,long [ 7 male i
ag,Cs [ 7 fu B 7
TaQ,SF [ ] MGamale [ )
dep,i | l kdelay [ b
eco,ilong | 7 Cir 4
Adep,Cs-137,reg [ l ) Teco,Sr,Iong [ l )
Adep,Cs-137,loc [ l ) TFmiIk,grass [ ]»
-60 -40 -20 0 20 40 60 80 100 120 -3 -2 -1 0 1 2 3 4
a. A CED (mSv) b. A CED (mSv)
Figure 9. Results of the first sensitivity analysis of the total CED for adult male (30 years) up to the age of 80 y.
The 5% (blue) and 95 percentiles (yellow) of the 5,000 samples are shown for each parameter. (a): results for the
14 most dominant parameters. (b): results for the 14 least dominant parameters.
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Figure 10. Results of the second sensitivity analysis of the total CED for adult male (30 years) up to the age of
80 y. The results for a 10% decrease (blue) and a 10% increase (yellow) in each parameter. (a): results for the 14
most dominant parameters. (b): results for the 14 least dominant parameters.

value for both lognormal and uniform distributions). The values given in Table 20 were based on uncertainties
considered to be appropriate for each parameter (uncertainties briefly described in Isaksson et al.?).

Two sensitivity analyses were performed on the LARCalc tool. In the first, each parameter was randomized
5000 times and sampled from the distributions given in Table 20. In the second, each parameter was varied +10%
from the default value. Both analyses were performed on CED, including all pathways, without any protective
measures, for an adult male (aged 30 years at the time of the accident) up to the age of 80 years. Figure 9 shows
the absolute change in CED for 5® and 95 percentiles from the sample distribution of each parameter in the
first analysis, while Fig. 10 shows absolute change in CED when each parameter was varied. It should be noted
that A,,,; and cg,,,,,; affect all nuclides in the nuclide vector except *¥’Cs.

The results of the sensitivity analyses show that the parameters that directly affect the fallout, such as
Adep,Cs-137,100 Adep,Cs-137,re¢ A0 A ey, i, and the shielding effect of remaining indoors, fs have considerable impact
on CED. On the other hand, parameters that have a short-term effect, such as T, ; g.orr and Cg0p > and the body
weight (in this analysis, for a male), w,,,,;,, have a smaller effect on the CED.

Future work with Larcalc

At the same time as this work was being carried out, the ICRP was updating the dose coefficients for members
of the public (ingestion and inhalation of nuclides). Our plan is to include these dose coefficients in an updated
version of LARCalc. We also intend to include our own future work on e.g. nuclear weapons fallout and accident
releases from the European Spallation Source (ESS) to make LARCalc a more complete tool for estimating doses
and risks from different pathways of radiation exposure. There are also plans on making the tool more available
as a python program or as an online-based web calculation tool.

Conclusions

The LARCalc easy-to-use tool is based on models for the prediction of radiation exposures and the associated
LAR resulting from an atmospheric release of radionuclides from NPP. LARCalc is intended to be used as a
training tool for decision makers and can facilitate visualization of how different protective actions can affect the
dose and lifetime cancer risk to populations in the event of an NPP emission. In its current version, it is designed
to relate the CED and CUMLAR,, to the initial local and regional average ground deposition of '*’Cs. The tool
is based on previously published models®~'°. This paper presents a number of extended features, including the
implementation of dose conversion factors presented by the ICRP™ to obtain relationships between equivalent
doses for various organs and ground deposition of a gamma-emitting radionuclides at various depths, as well as
inhalation doses and the contribution to the internal dose from radionuclides such as *'T and *°Sr/*°Y.

Furthermore, various doses can now be computed for a wider range of NPP fallout scenarios and their asso-
ciated nuclide vectors. The user can customize the event after a specific fallout scenario by editing the nuclide
vector and '¥’Cs deposition.

This paper has also provided examples of ways in which LARCalc can be used to estimate the projected
cumulative effective dose (CED), the residual dose (CED,,,), and the cumulative averted lifetime attributable
risk (CUMLAR,,) for various combinations of protective measures. The target audience for LARCalc comprises
decision-makers involved in emergency preparedness planning at authorities.

The LARCalc tool has been developed for Swedish conditions. For use in other countries, it is recommended
that the parameter T, ¢, and its related time parameters (presented in Table 1) be adapted to better match
locally or regionally recorded body burdens of radiocaesium. The sheltering factor and occupancy factor may
also need to be adjusted in other countries.
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