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In memory of my fellow Elis Holm, Ph.D. professor

ANALYSIS AND MODELLING RADIOECOLOGICAL
CONCENTRATION PROCESSES
OF THE FOOD CHAIN LICHEN - REINDEER — MAN

Bertil R.R. Persson, PhD, MDhc, emeritus professor,

Lund University, Medical Radiation Physics, 22185 Lund, Sweden.
E-mail: bertil _r.persson@med.lu.se

Abstract

At the first international radioecology conference 25-29 April 1966, in Stockholm, Sweden, I presented
a study about the transfer of *°Fe in the food chain lichen-reindeer-man. This present paper was presented
on the 6th-9th, November, 2016 in Seville (Spain) for the 2" INTERNATIONAL CONFERENCE ON
RADIOECOLOGICAL CONCENTRATION PROCESSES (50 years later) which was organized by
prof. Elis Holm, University of Gothenburg (Sweden) and prof. Rafael Garcia-Tenorio, University of
Seville (Spain).

Analysis and modelling of the natural radioactive '°Pb and ?'°Po in the same food-chain was
performed by using the methods of Partial Least Square regression (PLS-r) information about the
atmospheric deposition of *'°Pb and ?'°Po is derived from local precipitation data. The result of
modelling the activity concentration in lichen is compared with experimental sample data collected
during 1966-1971.

Data about reindeer lichen consumption, gastrointestinal absorption and organ distribution is
derived from information in the literature. The results of modelling the transfer of *'°Pb and *'°Po to
reindeer meat, liver and bone from lichen consumption is compared with measurements of samples
collected in Sweden and Finland during 1966-1971.

Finally, the results of modelling *'°Pb and ?!°Po activity concentration in various organs of man is
compared with samples collected from reindeer breeders in Sweden and Finland during 1966-1971. The
activity concentration of 2'°Pb in the skeleton is modelled by using the results of studying the kinetics
of'lead in skeleton and blood in lead-workers after end of occupational exposure. The result of modelling
21%Ph and #'°Po activity in skeleton is compared with samples of teeth from reindeer-breeders and
autopsy bone samples in Finland.

Keywords: Radioecology pathways, PCA, PLSr
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I. Introduction

Radioecology is the study of the pathways of radionuclides released into the environment. The
endpoint is the estimation of the radiation absorbed dose and the risk detrimental effects on
various species including man. If the source is unknown the first step is usually to collect
samples at different steps on the path in question. Usually aquatic and terrestrial pathways are
separated and this presentation deals with terrestrial radioecology only.

Radio-ecological investigations usually study the radioactivity in various samples in relation to
the latitude and longitude coordinates as well as and the time of sampling occasion. It is also
important to record the fresh to dry weight ratio of the various samples and other parameters of
important for analysing and modelling of the radio-ecological pathways.

The radio-ecological pathways considered in the present terrestrial model are the following:

Atmospheric deposition on the ground

Direct input to vegetation due to atmospheric deposition
Input to vegetation due to uptake from the ground

Intake rate of vegetation by animals or vegetables by man
Intake rate of full diet by animals and man

Activity concentration in diet

Gastrointestinal absorption of Activity in diet

Activity concentration in various organs and tissues

ToOmmoaws

Definition of model parameters:

Rate of atmospheric radionuclide deposition
DR(t) is the annual rate of radionuclide deposition (Bq.m™2.a™!);

Transfer to vegetation by deposition:
Input rate is equal to deposition and the deposited activity (Bq.m?) is
converted to activity per unit of dry weight (Bq.kgaw™ ).
Psp is the standing biomass density i.e. ratio of vegetation surface
standing above soil to dry mass of vegetation (kgaw'm™)
kV is the elimination rate due to various processes

Transfer to vegetation by uptake from soil:
Transfer factor, the ratio of activity-concentration in plant and
activity concentration in soil

Rate of intake per body weight
The food intake varies due to the body mass of the subject (animal or man).

IR (kgaw.a'.kgow!) is the intake rate kgaw.a™! by a subject of bodyweight kgbw.
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Gastrointestinal absorption (GIA)
The amount of activity absorbed by the body varies a lot with the type of
radioactivity and diet.

Fraction of absorbed activity that goes to a specific organ.
In radio-ecological modelling one assume that a physiological
equilibrium of input and output from the various organs and tissues
is established. Thus the distribution of radioactivity is in steady state
ODF s the fraction of absorbed activity in the total body that is retained
in the tissue or organ “O” (Bqo/Bgs)

Ratio of body mass kgyw and mass of tissue or organ RBO
In order to convert to concentrations, it is necessary to establish the ratio of
body mass to the weight of the organ (kgow.kgsw™!). This factor is usually given
in dissection protocols.

Rate constant for the excretion of the radionuclide from the body.
By assuming physiological equilibrium, the excretion rate of the
radioactivity from the total body is considered.
kg is the elimination rate of the specific radionuclide from the

body.

Rate constant for the physical decay of the radionuclide:
A is the decay constant of radionuclide in question.

My first radio-ecological study was about iron-55 in the food chain lichen-reindeer-man,
presented in 1966 at the first international radioecology conference (Persson, 1966).

Now 50 years later I will use the food chain lichen-reindeer and man as an example for dynamic
modelling of radio-ecological concentration processes due to atmospheric fallout of 2!°Pb and
210p,

The main structure of the “lichen-reindeer-man” food chain model is shown in Figure 1-1.

P

o Deposition N/

Figure 1-1

The food chain lichen

Lichen .
reindeer man

Reindeer

|

Man
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The mathematical description of the Lichen-Reindeer-Man “L-Rd-M” pathway in this food
chain is represented by a system of linear differential equations one for each step (i) in the
food chain.
dA;
dt

= F(4;_p)linput] — F(A)[output]

Step 1

The first step is the atmospheric deposition of the radioactivity to the top layer of lichen at a
rate DR Bq.m™.a™!. The elimination of the activity from the top layer depend on the
radioactivity decay constant of the radionuclide in question A and the transfer rate to deeper
layer kL. The activity concentration “ACL(t)” in the top-layer of lichen “L” that is grazed by
the reindeer is described by the equation:

L0 = DR(t) - Psg - IF — ACL(t) - (KL + 2); [Bq. kgaw. 2]
where
ACL(t) 1is the radionuclide activity concentration in
Lichen at time t after deposition (Bq.kgdw');
DR(t) is the annual rate of radionuclide deposition
(Bq.m2.a);
Psp is the standing biomass density i.e. ratio of vegetation surface
standing above soil to dry mass of vegetation (kgaw m™):
Psz = 0.63 for lichen
IF is the Interception fraction . defined as the ratio of the activity
retained by the vegetation Ar [Bq.m™] standing above soil,
to the total activity deposited Ap [Bq.m™]: IF = 1 for lichen
ke is the elimination rate constant from Lichen
A is the decay constant of radionuclide in question
Step 2

The activity concentration in the tissue or organ in question is described by a model displayed
in Figure 1-2.

[ —p Skeleton
G

SkDF RbwS

Meat
MDF RbwM| kBl

Man
Figure 1-2
Model of the organ distribution of the radioactivity intake by reindeer
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This simplified model of the organ and tissue distribution of the radioactivity consumed by
reindeer is characterized of following parameters.

Body parameters
The intake rate of lichen per bodyweight of reindeer IRAL (kgaw.a™'.kgow™!) and the ratio of

body mass kgpw and mass of organ or tissue in question (kgow.kgrw') RbwO. These parameters
are taken from reindeer research reports.

Model parameters

The fraction of consumed radioactivity, IRdL - ACL(t) , that is absorbed by the body is the
gastrointestinal absorption GIA. This parameter is taken from scientific reports as well as the
fraction of absorbed activity that goes to the tissue or organ ODF. The factor BO (kgow kgfw™)
convert to activity concentration in the organ in question. The elimination of the activity from
the organ depend on the radioactivity decay constant of the radionuclide in question A and the
elimination rate kO.

L2220 = IRdL - ACL(t) - GIA - ODF - BO — ACO(t) - (kO + 2);

(kgaw.a' kgow ") (Bq.kgaw™) (kgow kgiw') = [Bq.kgmwa™']

where
IRAL s the lichen intake (kgaw) rate by reindeer per kg

of bodyweight (kgaw.a™'.kgow ™)
ACL s the radionuclide activity concentration in
lichen at time t after deposition (Bq.kgdw™);
GIA Gastrointestinal absorption or the radionuclide
ODF s the fraction of absorbed activity that goes to
the tissue or organ in question
BO is the ratio of body mass kgpw and mass of tissue or organ
(kgow-kga")
ACO s the radionuclide activity concentration in
The tissue or organ in question (Bq.kgey™!);
A is the decay constant of radionuclide (a™!);
kO is the elimination rate constant from the body (a™')

This model is used for fitting the analytical results of samples taken from lichen and various
organs and tissues from reindeer and man that will be exemplified in the following presentation.
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I1. Atmospheric Deposition input to Lichen

I1.1 Atmospheric Deposition of '°Pb and *!°Po

In the effort of modelling the global distribution 2!°Pb and 2!°Po in surface air, the results from
exploration of radioactivity exploration from the Arctic to the Antarctic during 1980 to 1996
are compiled with the results reported by other authors (Persson and Holm, 2014, Persson,
2015). Partial least square regression modelling PLS-regression, predict missing >'°Pb and
210pg values of air concentration or annual deposition.

The ?'°Pb deposition rate was estimated to 12.5 + 0.7 mm.s™! with no significant variation
with latitude, height, or average of interval of sampling date. With longitude, however, the
210pb deposition rate varied significantly (linear k=0.02) R=0.99.

In order to find an equation to predict the deposition of 2!°Pb from rainfall reported data of
correlated annual rainfall and deposition of 2!°Pb was modelled with Projection to Latent
Structures, PLS-regression (Persson, 2016). This resulted in the following equation:

20Phgep. = 70.703 + 0.032xHeight + 0.205xLat. + 0,601xLong.+ 0.0829xRain (Bq.m>.a™")

Reported values of 2°Pb deposition (in black dots) and the predicted values of equation
above ((in red dots) and lineat fit with 95% prediction and concidence limis are given in the

Figures 2-1 versus longitude.

500 — T T T T — T T T T
_ Figure 2-1
= 400 - | Reported values of *!°Pb
.E deposition (in black dots)
o= and the predicted values
[ of equation above ((in red
~ 300+ % . dots) and linear fit with
g u ] 95%  prediction and
= coincidence limis are
E 200 - . i | displ.ayed vesus
a a ] longitude.
() ® o
a 1 i
2100 - | > ! -
2 " | "
0 T — T T 1

— .
180 135 .90 45 0 45 90 135 180
W  Longitude °E

This equation was used to predict the deposition of 2!°Pb at the sampling station Lake Rogen (62.3
°N,12.4 °E, height 758 m a.s.l.), from reported annual precipitation data at Myskeldsen 12 km
NE of the sampling station and the results are displayed in Figure 2-2 and Table 2-1.
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Table 2-1

Annual precipitation data and predicted value of annual
210pp deposition-rate “DR(t) at at the sampling stationLake Rogen

Year Rain 210pp
mm Bg.mZ2.a?
1961 590 164
1962 567 162
1963 595 165
1964 640 168
1965 610 166
1966 650 169
1967 755 178
1968 456 153
1969 460 153
1970 560 162
1971 395 148
1972 565 162

The latitudinal and longitudinal distribution of the 2!°Po/?!°Pb activity ratio was modelled by
PLS regression analysis of the values recorded at the Swedish Polar Research expeditions
(Persson and Holm, 2014). The PLS regression modelling of the 2!°Po/?!°Pb activity ratio with
latitudes and longitudes resulted in following equation:

210po210ph = .542 + 1.13-10°x(Lat.) + 2.85 -10”*x(Long.)

By using this equation, the air concentrations and deposition values are estimated from reported
210pp values of either air concentration or annual deposition. The 2!°Po/?!°Pb activity ration of
the atmospheric deposition for the Rogen area (62.3°N, 12.4°E) estimated by this equation is
about 0.7.
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The activity concentration “ACL(t)” in the top-layer of lichen “L” that is grazed by the reindeer

is described by the equation:

44O = fmal - DR(t) — ACL(t) - (kL + A); [Bq. kgdw'. a™']

ac
300 1 1 1 1 1 1
[ ]

280 I
1
1

260 -| Od

\O /
240 | //.\ /.\\:I

220

— & Sample values
200

—O— Predicted values

180 ' '
1960 1962 1964

210pp activity concentration / Bq.kgy,,

T
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1968 1970 1972

Year

Figure 2-3

Modelled activity
concentration of 2'°Pb in
lichen “A(Bq.kgew) (in open
circles as well as
experimental sample values
in red dots (Persson et al.,
1974, Persson, 1974).

These values agree quite well with the 2!°Pb average activity concentration of 263 + 42
Bq.kgaw! of lichen samples collected in Finland (Kauranen and Miettinen, 1969).

The 2'°Po/?!Pb activity ratio in lichens is typically close one as *!°Po approaches secular
equilibrium with 2!°Pb. The activity concentrations in lichens of Cladonia family which is
grazed by reindeer and caribou. varies between 110 to 430 Bq/kga.w. with an average of 243+11
Bq/kga.w. The average 2!°Po/?!"Pb-activity ratio recorded is about 0.9, in agreement with the

value in Table 2-1 for an annual cycle of 2!°Pb deposition.
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III. Modelling 2!°Pb and 2'Po in Reindeer

3.1 The model for 2'°Pb and *'’Po in Reindeer meat

The model for predicting the activity concentration “ACRM(t)” in the fresh reindeer meat
“O=RM” is described by the equation:
L2220 = IRL- ACL(t) - GIA - RMDF - BRM — ACRM(t) - (kRM + 1);

(kgaw.a ' kgow!) (Bq.kgaw!) (kgow kgtw!) = [Bq.kgmw'a!]

The average value of 2!°Pb in fresh reindeer meat in central Sweden and northern
Scandinavia varies between 250 and 600 mBg/kgrw. with an average of
360+50mBg/kgrw.(Persson, 1970a, Persson, 1972, Persson, 1974, Kauranen and Miettinen,
1969, Kauranen et al., 1971, Skuterud et al., 2005).

The average value of 2!°Po in fresh reindeer meat in central Sweden and northern
Scandinavia varies between 2.8 and 13.3 Bq/kgtw. with an average of about 9 Bg/kgr.w.(Persson,
1970a, Persson, 1972, Persson, 1974, Kauranen and Miettinen, 1969, Kauranen et al., 1971,
Skuterud et al., 2005).

3.1.1 Modelling of 21°Pb and ?'°Po in Reindeer meat in Rogen area (Persson 1972)

Modelling parameters for intake of 2!'Pb:

Activity concentration “ACRM(t)” of !°Pb in the fresh reindeer meat “RM” that is consumed
man is modelled with the parameters in Table 3-1. The mean consumption rate of lichen for
11 reindeer was estimated to be 1.42 + 0.08 kg/day of dry lichen or 16.4 + 0.55 g/day per kg
body weight (Holleman et al., 1979). Assuming lichen feeding only half of the year and a
body weight of 80 kg, the annual consumption is estimated to 3 kgaw.a™"kgow.

Table 3-1 Modelling parameters of 2!°Pb in Reindeer meat in Rogen area

Reindeer IRL GIA RMDF BRM kRM 210pp 210pg

ACRM(t) Bq.kgs! kgaw.a' kgow! kgow kgpw! a’! a’! a’!

Meat 3 0,01 0.01 2.4 0,66 0.0311 1,828
Table 3-2

Activity concentration ACL of 2!°Pb and 2!°Po

in lichen used in reindeer meet model at Rogen

Year 210pp 210pg
Bqg.kgdw? Bg.kgdw?
1961 255 230
1962 255 230
1963 252 227
1964 256 230
1965 261 235
1966 257 231
1967 263 237
1968 276 248
1969 236 212
1970 238 214
1971 238 214
1972 252 226

10
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The result of activity concentration in reindeer meat modelled by using values of the various
parameters in Table 3-1 and the annual activity concentration of lichen varying between 242
and 264. The results of about 0.8 Bq.kgs' agree pretty well with the few experimental data
reported in the literature (Ramzaev et al., 1969, Persson, 1972, Persson, 1974, Kauranen and
Miettinen, 1969, Kauranen et al., 1971, Skuterud et al., 2005).

1’7 L 1 L 1 L 1 L 1 L 1 L 1

"E 1,6 . - .
o “%Pb in I Figure 3-1
= 157 Reindeer meat N
o q
1,4 4 Russia 1966-67 - . ..
@ I Result of modelling activity
~ 1,34 - . . .
- I concentration in reindeer meat
1,2 L .
2 I and experimental values from
o 1 C Russia and Sweden (Ramzaev
- - -
< 1.0 I et al., 1969, Persson, 1972,
o 097 N Persson, 1974).
Sog] wmwwwuwER-g g ]
() L
z Sweden 1966-71
S 064 L
S 05 i
< I

0,4 T T T T T T T T T T T T
1960 1962 1964 1966 1968 1970 1972
Year

Modelling parameters for intake of 21°Po:

Activity concentration “ACRM(t)” of 2!°Po in the fresh reindeer meat “RM” that is consumed
man is modelled with the parameters in Table 3-3.

Table 3-3 modelling parameters of >!°Po in Reindeer meat in Rogen area

Reindeer IRL GIA RMDF BRM kRM 210pp 210pg
ACRM(t) kgaw.a”! kgow! kgbw kgpw! a’! a’! a’!
Bq.kgs!

Meat 21°Po 3 0,4 0.084 2,4 6,2 0.0311 1,828

A GIA value of 0.4 for reindeer consuming lichen is considered here. Data from humans
consuming reindeer meat containing 2!°Po indicated absorption of about 0.3-0.7 (Hill, 1965,
Kauranen and Miettinen, 1967, Ladinska. et al., 1973, Thomas et al., 2001b). The value of
0.5 is recommended to Po in foodstuffs (ICRP, 1993).

The fraction of 2!°Po activity that goes to the meat RMDF is estimated to 0.084 (Henricsson

and Persson, 2012). Ratio of reindeer body mass and mass of muscle tissue BRM = 2,4 (kgbw
kg ™).

The elimination rate constant of 2'°Po (T =50 d) from muscle tissue in reindeer is kM = 6.2
(a’!) (Henricsson and Persson, 2012).

The ingrowth of 2!°Po from 2!°Pb as a function of time T is estimated by the equation:
[ACPo;] = [ACPby,] - 1.017 - [e=093T —0,0363 - ~505T — ¢~183T]

As seen in Figure 3-2 the ingrowth of ?!°Po from 2!°Pb present in reindeer meat quite low
compared to the 2!°Po due to intake.

11
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Figure 3-2

Activity concentration of
219pg in reindeer meat in
Funisdalen, Sweden.

3.1.2 Modelling Reindeer meat in Inari area (Kauranen and Miettinen, 1969)

210pb and 2!°Po activity concentration in Reindeer meat collected at various moths during the
period 1964-67 from Inari are given in Table 3-4 (Kauranen and Miettinen, 1969).

Sample measurements of 2'°Pb and ?!°Po in fresh
reindeer meat from Inari (Kauranen and Miettinen, 1969).

Table 3-4

Sampling Ba/kgw  Ba/kgmw
Year Month 21%pg 210pp
1966 8 3,2 0,12
1967 10 3,0 0,27
1964 12 4,8
1965 12 5,4 0,17
1967 3 12,4 0,30

Average 10 6,4 0,25

SD 3,6 0,05

Modelling parameters for intake of 2!'Pb:

The activity concentration in Lichen was simulated randomly around the average
263 + 42 Bq.kgaw' (Kauranen and Miettinen, 1969).
The annual variation of 21%Pb activity concentration in reindeer meat in Inari is modelled by
using values of the various parameters in Table 3-5.

Table 3-5 modelling parameters of 2!°Pb in Reindeer meat in Inari area

Reindeer IRL GIA RMDF BRM kRM 210pp 210pg
ACRM(t) kgaw.a"L.kgow! kgbw kgt a’! a’l a’!
Bq.l({:{fw'l

Meat 219Pb 3 0,01 0.01 24 0,66 0.0311 1.828

12
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Modelling parameters for intake of *'°Po:

Due to the short halftime of 2!°Po compared to 2!°Pb the timescale for modelling of 2!°Po is
taken to months instead of years. The 2!°Po activity in green food intake during the summer
period April-September is also considerd.

The monthly intake rate of lichen by reindeer per kg of body weight (80 kgvw) during Oct-
March “ILR” is estimated to 0,4 (kgaw.a™'.kgow ). The activity concentration of >!°Po in Lichen
PoACL during this period is estimated to 270 (Bq.kgaw™).

The monthly intake rate of green food “G” by reindeer per kg of body weight (80 kgbw)
during April —Sept “IRG” is estimated to 0,4 (kgaw.a'.kgow!). The activity concentration of
210p¢ in green food POACG during this period is estimated to = 6,5 (Bq.kgaw™).

Data from humans consuming reindeer meat containing >'°Po indicated a fraction of GI-
absorption of about 0.3 — 0.7 (Hill, 1965, Kauranen and Miettinen, 1967, Ladinska. et al., 1973,
Thomas et al., 2001b). The value of 0.5 is recommended to Po in foodstuffs (ICRP, 1993). For
modelling the intake of 2!°Po in reindeer GIA = 0.2 is considered.

The fraction absorbed 2!°Po activity that goes to the meat is estimated to RMDF = 0.09 and

the elimination rate kM = 0.53 (month™!) (Henricsson and Persson, 2012).

The activity of ingrown 2!°Po:
The model for predicting the activity concentration of >!°Po in reindeer organs O “ACOPo(t)”

in the fresh reindeer organ take into account the ingrowth of 2!°Po from 2!°Pb also present in
the organ:

Activity of Polonium
[APo(D)] = [Po] - Ap, = ﬁ [APb,] - (e~*P>*t)=1,01731[APb(t)]

dACOPo(t)

= IRL-ACL(t)  GIA+ ODF + BO + Jp, - 1.02- ACOPb(t) = (KO + Ap,) - [ACOPo(2)]

13
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is the 2!%Po activity concentration in organ O at time t (Bq.kgdw™)
is the 2!°Pb activity concentration in organ O at time t (Bq.kgdw™)

2020-06-23

The model for predicting the activity concentration of 2!°Po in reindeer meat “ACRMPo(t)” in

the fresh reindeer meat take into account the ingrowth of 2!°Po from 2!°Pb:

Activity of Polonium

A -
[APo(t)] = [Po] - Apy = —2>—[APb,] - (e~*P*t)=1,01731[APb(t)]
(APo=2Pb)

dACRMPo(t)

——— " =IRL"ACL(t) - GIA- RMDF - BRM + 7p, - 1.02+ ACRMPb(t) — (kRM + Zp,) * [ACRMPo(0)]
ACRMPo(t) is the 2!°Po activity concentration in meat at time t (Bq.kgdw™)
ACRMPDb(t) is the 2!1°Pb activity concentration in meat at time t (Bq.kgdw™)

Table 3-6 modelling parameters of 2'°Po in Reindeer meat in Inari area
Reindeer IRL GIA | RMDF BRM kRM 210pp 210pg
IRG
ACRdm(t) kgaw.month ' kgpy! kgow kgr' | month! month’! month'!
210pg intake 0,4 0,2 0,09 2,4 0,53 0,0026 0,15
- r T 1 1 T T r r rrrrr r r rrr r 1 r 1 rri Figure3-4
; 219p4 Reindeer meat 21%P0 in reindeer meat from
= Inari, Finland Inari Finland (Kauranen and
S 40 o __ Miettinen, 1969).
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3.1.3 Modelling Reindeer liver in Inari area (Kauranen 1969)

Experimental sample measurements of reindeer liver

2020-06-23

210pb and 2'%Po activity concentration in Reindeer liver collected at various years from Inari
are given in Table 3-7 (Kauranen and Miettinen, 1969).

Table 3-7

Sample measurements of 2!°Pb and 2!°Po in fresh

reindeer liver from Inari (Kauranen and Miettinen, 1969).

Sampling Ba/kgw  Ba/kgmw
Year Month 210pg 210pp
1966 8 38 11
1967 10 45 10
1964 12 122 24
1965 12 136 23
1967 3 174 56

Average Winter 144 34

Average Summer 41 11

Modelling parameters for intake of 2!°Pb:

The result of activity concentration in reindeer liver “L” in Inari modelled by using following
values of the various parameters. The fraction of absorbed 2!°Pb activity that goes to the liver
RLDF is 0,01 (Lloyd et al., 1975). Ratio of body mass kgbw and mass of liver kg BRL =
120(Krog et al., 1976). The activity concentration in Lichen was simulated randomly around
the average 263 + 42 Bq.kgaw ! (Kauranen and Miettinen, 1969)

Table 3-8 Modelling parameters of >'°Pb in Reindeer liver in Inari area

Activity concentration / Bq.kg,,™
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Modelling parameters for intake of 21°Po:

Due to the short halftime of 2!°Po compared to >'°Pb the timescale for modelling of 2!°Po is
taken to months instead of years. We also have to consider the >'°Po activity in green food
intake during the summer period April-September.

The monthly intake rate of lichen by reindeer per kg of body weight (80 kgbw) during Oct-
March “ILRd” is estimated to 0,4 (kgaw.a'.kgow™).

The activity concentration of 2!°Po in Lichen PoACL during this period is estimated to = 270
(Bq.kgaw ™).

The monthly intake rate of green food “G” by reindeer per kg of body weight (80 kgbw) during
April —Sept “IGRd” is estimated to 0,4 (kgaw.a™'.kgow™!). The activity concentration of 2!°Po
in green food POACG during this period is estimated to = 9 (Bq.kgaw™).

Data from humans consuming reindeer meat containing ?'°Po indicated a fraction of GI-
absorption of about 0.3 — 0.7 (Hill, 1965, Kauranen and Miettinen, 1967, Ladinska. et al.,
1973, Thomas et al., 2001b). The value of 0.5 is recommended to Po in foodstuffs (ICRP,
1993). For modelling the intake of >!°Po in reindeer GIA = 0.4 is considered here.

The fraction of Gl-absorbed 2!°Po activity that goes to the sliver is estimated to SKDF = 0.022

and the elimination rate kRLi = 0.53 (month™!) (Fellman et al., 1994, Henricsson and Persson,

2012).
Table 3-9 Modelling parameters of 2°Po in Reindeer liver in Inari area
Reindeer IRL GIA RLDF BRL kRL 210pp 210pg
Liver IRG
ACRL(t) kgav.a!. kgbw kgsw! month™! month™! month™!
Bq.kgsw! kgow
219pg intake 0,4 0,4 0,022 120 0,53 0,0026 0,15

Ingrowth of 2'°Po activity:

Due to the high accumulation of 2!°Pb in the liver to about 28 Bq.kgsw the ingrowth of 2!°Po
become quite high. Due to the faster kinetics of 2!°Po the activity level of the ingrown 2!°Po

become about 6,2 Bq.kgfw.
. L L L L L L L L L L L L L L B L L B B L B B Figure3-6
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3.1.4 Modelling Reindeer bone in Inari area (Kauranen 1969)

16



Acta Scientiarum Lundensia

(open access)

Vol. ASL 2020-002

Experimental sample measurements of reindeer bone

2020-06-23

210pb and 2!%Po activity concentration in Reindeer liver collected at various years from Inari
are given in Table 3-10 (Kauranen and Miettinen, 1969).

Table 3-10

Sample measurements of 2'°Pb and 2!°Po in fresh
reindeer bone from Inari (Kauranen and Miettinen, 1969).

Skeleton: 210pg 210Pb
Year Month Ba/kgsw Ba/kgsw
1966 8 73.3 173
1967 10
1964 12 78.3 138
1965 12 76.2 196
1967 3
Average 77.1 167
SD 0.9 29

Modelling parameters for intake of >!°Pb:

The result of activity concentration of 2!°Pb in reindeer bone “B” in Inari modelled by using
following values of the various parameters. The fraction of GI-absorbed 2!°Pb activity that
goes to the bone is estimated to 0,5 (Lloyd et al., 1975). Ratio of body mass kgbw and mass of
liver kgsw bwRdL is 20 (SILVA et al., 2009). The activity concentration in Lichen was
simulated randomly around the average 263 + 42 Bq.kgaw™!' (Kauranen and Miettinen, 1969)

Table 3-11 modelling parameters of 2!°Pb in Reindeer bone in Inari area
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Modelling parameters for intake of *'°Po:

Due to the short halftime of 2!°Po compared to 2!°Pb the timescale for modelling of 2!°Po is
taken to months instead of years. We also have to consider the 2!°Po activity in green food
intake during the summer period April-September.

The monthly intake rate of lichen by reindeer per kg of body weight (80 kgbw) during Oct-
March “ILRd” is estimated to 0,4 (kgdaw.a'.kgow!). The activity concentration of ?'°Po in
Lichen PoACL during this period is estimated to =270 (Bq.kgaw™).

The monthly intake rate of green food “G” by reindeer per kg of body weight (80 kgbw)
during April ~Sept “IGRd” is estimated to 0,4 (kgaw.a™'.kgew™!). The activity concentration of
210pg in green food POACG during this period is estimated to =9 (Bq.kgaw™).

Data from humans consuming reindeer meat containing 2!°Po indicated a fraction of GI-
absorption of about 0.3 — 0.7 (Hill, 1965, Kauranen and Miettinen, 1967, Ladinska. et al., 1973,
Thomas et al., 2001b). The value of 0.5 is recommended to Po in foodstuffs (ICRP, 1993). For
modelling the intake of >!°Po in reindeer GIA = 0.4 is considered here.

The fraction of absorbed *!°Po activity that goes to the skeleton is estimated to RBDF =

0.09 and the elimination rate kRB= 0,53 (month') (Fellman et al., 1994, Henricsson and
Persson, 2012).

Table 3-12 modelling parameters of >!°Po in Reindeer bone in Inari area

Reindeer IRL GIA | RBDF BRB kRB 210pp 210pg
bone IRG A A
ACRdb(t) kgaw.month™' kg, ! kgow kgry! | month™! month! month!
210pg intake 0.4 0.2 0.09 20 0.53 0.0026 0.15

Ingrowth of 21°Po activity:

Due to the high accumulation of 2!°Pb in the skeleton to about 170 Bq.kgsw the ingrowth of
210po become quiet high. But due to the more rapid kinetics of 2!°Po the activity of the
ingrown 2!°Po become about 40 Bq.kgsw.
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IV. Results of modelling *'°Pb and 2'’Po in Reindeer breeders

4.1 Modelling 210ph and *°Po in Reindeer breeder in Rogen area Sweden

The 2!1°Pb and 2!°Po activity concentration in blood collected from reindeer breeders at
Funidsdalen is given in the table 4-1 below (Persson, 1970b);(Persson, 1972)

Table 4-1
Activity concentration of 2!'°Po and >!°Pb
in samples of blood from reindeer breeders. (Bq.kgs™');

Year 210pp Bq.kg! 210pp Bq.kg!
1968 0,159 0,39
1969 0,133 0,29
1970 0,122 0,28
1971 0,148 0,22
Average 0,141 0,29
+0,014 +0,07

210pp Modelling parameters:

The activity concentration of 2!°Pb in Reindeer meat at time t after deposition ACRdm(t)
(Bg.kgdw™) is from Figure 3-3. The annual intake of reindeer meat (kgaw) by reindeer breeders
per kg of bodyweight (80 kg) IMRdm. is estimated to 3.68 (kgaw.a'.kgow™).

By letting 14 volunteers consume 2.0 kg of caribou meat containing 9-40 Bq/kgtw. while
collecting urine and faeces, the average GI absorption factor was estimated to 56+4%. This
value agree well with the value of 50% recommended that by the ICRP (ICRP, 1994, Thomas
etal., 2001a).

Fractional Gastrointestinal absorption (GIA) of 2'°Pb is 0.1 (Heard and Chamberlain, 1982,
Leggett, 1993, Chamberlain et al., 1979). The fraction of Gl-absorbed activity that stays the
blood MDFbl is 0.1 (Kaushal et al., 1996). The ratio of body mass kgbw and mass of blood
bwMbl is 12.25 (kgow kgaw'!), derived from human blood volume of 77 ml/kgbw. The geometric
average of the elimination rate constant of 2!°Pb from blood in Man kM is estimated to 0.6 (a-
1 (Nilsson et al., 1991).
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Table 4-2 Modelling parameters of 2!°Pb in Reindeer breeders in Rogen area
Man.blood IMRdm GIA MDFbl bwMbl kRdm 210pp 210pg
ACMDI(t) kgaw.al. kgbw kgtw! a’l al a’l
Bq.kgs! kgow!
210pY intake 3.68 0.1 0.1 12.25 0.6 0.0311 1.828
g 0320 T T T T T T T
a Reindeer breeder Funisdalen, Sweden Figure 4-1
™ 0,18 ]
5
= Modelled and sampled
£ 0.16- 4 activity concentration of
5 210Pb in blood of reindeer
B breeders at Funisdalen
E 0,14 . Sweden.
)]
Q
<
o 0,124 —O— Modelled iy
E —e— Blood samples
2 —=— Average samples
t 0510 T T T T T T T T T T T T T
< 1964 1966 1968 1970 1972 1974 1976
Year
210pg Modelling parameters:
Table 4-3 Modelling parameters for intake of 2!1°Po
IMRd GIA MDF bwMbl kM 210pp 210pg
Blood Man
ACRdm(t) kgaw.al. kgow kgpw! a’! a’! a’!
kgbw_1
210p¢ intake 2.1 0.1 0.08 12.,25 2.5 0.0311 1.828

Ingrowth of 21°Po activity:

The ?!°Po activity concentration in blood at time t PoACMbI (Bq.kgs!) due to ingrowth
from 2!°Pb is estimated to about 0.05 Bq.kgsw ™.
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Figure 4-2
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4.2 Modelling activity of >°Pb and ?'°Po in Reindeer breeders from
Inari area in Finland

210ph and 21°Po in blood

The 2!°Pb and 2!°Po activity concentration in blood collected from reindeer breeders at
Inari area in Finland is given in Table 4-4 (Kauranen and Miettinen, 1969)

Table 4-4

Result of 2'°Pb and 2'°Po activity concentration

in blood samples from Finland (Kauranen and Miettinen, 1969)

Blood Ba/kg Ba/kg

Year Month 210pg 210pp
Inari 1966 Mar-Apr 0,5 0,26
Helsinki  1966-67 Jan 0,026 0,10

210php Modelling parameters:

The result of activity concentration of 2!°Pb blood of reindeer breeders in Inari area modelled
by using following values of the various parameters

Table 4-5 Modelling parameters of 2!°Pb in blood of Reindeer breeders in Inari area

Reindeer breeder IMRdm GIA MDFbl bwMbl kRdm 210pp 210pg
blood

ACMbI(t) kgaw.al. kgbw kgsw! a’! a’! a’l
Bg.kgn' Kgbw!

210pp intake 4.1 0.1 0.1 12.25 0.6 0.0311 1.828
ACMDI(t) kggy.month™. kgbw kgrw! | month’! month™! month™!
Bq.kgfw- ! kgbw-l

219pg intake 0.27 0.26 0.13 12.25 0.15 0.0026 0.15
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4.3 Modelling of 2!°Po activity concentration in human blood (Kauranen 1969)

The activity concentration of 2'°Po in human blood due to intake of reindeer meat with the
210pg activity concentration ACRdm = 6.5 Bq.kgdw™' assumed to be constant. The annual
amount of reindeer meat intake by man per kg of bodyweight BW = 80 IMRd is assumed yo
be 2.1 kgawkgow!.a™l. The adopted gastrointestinal absorption of 2!°Po from

reindeer meat GIA is 0.26, and the fraction of GI-absorbed activity that stays to the blood
MDF = 0,13 (Henricsson and Persson, 2012). The ratio of body mass kgbw and mass of blood
(derived from human blood volume of 77 ml/kgbw) bwMbl = 12.25 kgew kg

The elimination rate constant of 2!°Po from blood in man kM = 0.15 month™! (Henricsson and

Persson, 2012).

Table 4-6 modelling parameters of 2!°Po in blood of Reindeer breeders in Inari area

Blood man IMRd GIA | MDF bwMbl kM 210pp 210pg
A A
ACMbI(t) kgg,.month. kgow kgr! | month! | month! month™!
Bq.kgiw! kg
210pg intake 0.27 026 | 0.13 12.25 0.15 0.0026 0.15

Ingrowth of 21°Po activity:

The 2!°Po activity concentration in blood POACMbI (Bq.kgsw') due to ingrowth from 2!°Pb is
estimated from the equation (?) to about 0.14 Bq.kgs ™.
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4.5 219ph and 21°Po in skeleton

The 2!°Pb and 2!°Po activity concentration in the skeleton from reindeer breeders at
Inari area in Finland given in the Table 4-7 was estimated from samples of teeth and autopsy
(Kauranen and Miettinen, 1969)

Table 4-7 Activity concentration estimated
from teeth and autopsy samples

210PO 210pb
Location Year Month  Bg/kgm  Ba/kgsw
Inari 1966 Mar-Apr 4,8 5,8
Helsinki  1966-67 Jan 2,0 2,1

210ph Modelling parameters:

The result of activity concentration of 2!°Pb in reindeer skeleton in Inari is modelled by using
following values of the various parameters:

The 2!°Pb activity concentration in Reindeer meat at time t after deposition ACRdm(t)
(Bq.kgdw™) is taken from Figure 3-4. The annual amount of reindeer meat intake IMRd (kgaw)
by reindeer breeders per kg of bodyweight BW =80 (kgow) is 4.1 (kgaw.a™' .kgow™).

Fractional Gastrointestinal absorption or 2!'°Pb GIA is taken to 0.1(Heard and Chamberlain,
1982, Leggett, 1993, Chamberlain et al., 1979). The fraction of GI-absorbed activity that stays
to the skeleton MDF is 0.7 (Kaushal et al., 1996). The Ratio of body mass and mass of Skeleton
Rbwsk = 20 kgowkgm '(SILVA et al.,, 2009.The elimination rate constant of 210Pb from
Skeleton in Man kMsk has been estimated to 0.231 a-1 by {McNeill, 1997 #2333),0,04 (a’!) by
(Nilsson et al., 1991) and 0,1 by (Christoffersson et al., 1986). In the present model kMsk a
value of 0,4 a! was adopted.
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Table 4-8 Modelling parameters of 2!°Pb in skeleton of Reindeer breeders in Inari area
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The activity concentration of 2!°Po in human estimated from samples of teeth and autopsy is
given in Table 4-7.

The 2!°Po activity concentration in skeleton of man PoOACMsk in Inari after intake of reindeer

meat is modelled on a monthly time scale by using following parameters.

The average *'°Po activity concentration in Reindeer meat during the year was assumed to be
about 6,5 Bq.kgaw!

The monthly amount of reindeer meat intake by reindeer breeders per kg of bodyweight
IMRd = 0,22 kgaw.month™ kgow.

Th fractional Gastrointestinal absorption or ?!°Po GIA = 0.26 (Heard and Chamberlain,
1982, Leggett, 1993, Chamberlain et al., 1979)

The fraction of GI-absorbed 2!°Po activity that stays to the skeleton MDF = 0.13
(Kaushal et al., 1996).

The Ratio of body mass and mass of skeleton in man is Rbwsk 20 kg kgr' (SILVA et al.,
2009). The elimination rate constant of 2!°Po from skeleton in man kSk = 0,15 (month™!)
(Henricsson and Persson, 2012).
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Table 4-9 Modelling parameters of 2!°Po in skeleton of Reindeer breeders in Inari area

Man Skeleton IMRd GIA MDF Rbwsk kM 210py, 210p,,
Inari A A
ACMSKk(t) kgaw.month!, kgow kgs' | month! month™! month™!
Bq«kgfw_1 kgbw_1
Intake 2!%Po 0.22 0,26 0.13 20 0.15 0.0026 0.15
6.0

Ty 55- - )
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The 2!°Po activity concentration in skeleton PoOACMsk (Bq.kgsw!) due to intake of >!°Po is
modelled to 3,22 Bq.kgsw!

Ingrowth of 21°Po activity:
The 2!°Po activity concentration in skeleton PoACMsk (Bq.kgm!) due to ingrowth from 2!°Pb
is estimated from the equation (?) to about 1,6 Bq.kgsw !

The sum of intake and ingrowth activity is 4,8 Bq.kgs' in agreement with the sample value
in Table 4-8

V. Summary and Conclusions

21ph Summary
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Figure 4-5 display the values of modelled and sampled activity concentration of 2!°Pb in lichen, reindeer meat
and in blood of reindeer breeders at Fundsdalen Sweden. There is at least 2 order of magnitude difference
between the 2!°Pb activity levels in lichen and reindeer meat and one decade further to man.

Activity Concentration / Bq.kg™
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Figure 4-5

Modelled and sampled
activity concentration of
219Pb in lichen, reindeer
meat and in blood of
reindeer breeders at
Funisdalen Sweden,

Figure 4-6 display the values of modelled and sampled activity concentration of 2!°Pb in reindeer meat liver and
skeleton at Inari Finland. The activity concentration in Lichen was simulated randomly around the 1966-67
average of 263 + 42 Bq.kggw' (Kauranen and Miettinen, 1969).
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Modelled and sampled
activity concentration of
210pb in reindeer meat liver
and skeleton at Inari
Finland. The activity
concentration in Lichen
was simulated randomly
around the 1966-67
average of 263 + 42
Bq.kgaw! (Kauranen and
Miettinen, 1969).

The transfer of 2!°Pb and %!°Po in the food chain lichen-reindeer-man is considered as an

example of dynamic modelling of radio-ecological concentration processes. The model for

deposition apply differential equations with various parameters such as Interception fraction

“IF”, and bio-elimination rate constants. The Standing biomass density Ps» = 0.63 (kgdw.m™),

the Interception fraction IF=1, elimination rate constants kL = 0.3 a™, and A = 0.031 a!. The
values for lichen were, Ps» = 0.63, IF=1 and kL = 0.3 a’!. With different values of these
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parameters, however, the equation can be applied to modelling of other radio-ecological
vegetation pathways as well.

The Model equations for animals and man involves gastrointestinal absorption “GIA”, the
distribution fraction “DF” of radionuclide that is distributed to the various organs, and the ratio
of body mass versus mass of organ in question “BO “ (kgow kg ). With different values, these
parameters can be applied for radio-ecological modelling of various subjects. Even if only a
few samples are available, the dynamic modelling can be used to predict the temporal and
seasonal variation of the activity concentration of various radio-ecological compartments.

The final message for researchers in radio-ecological concentration processes is to embrace,
as many descriptor variables as possible in the sampling procedure. By both dynamic and PLSR
modelling, it is then possible to predict both the most important variables in the process, and

the progress of activity concentration in various radio-ecological compartment with time.

References

CHAMBERLAIN, A. C., HEARD, M. J., LITTLE, P. & WIFFEN, R. D. 1979. Dispersion of
lead from motor exhausts. Philosophical Transactions of the Royal Society a-
Mathematical Physical and Engineering Sciences, 290, 577-+.

CHRISTOFFERSSON, J. O., AHLGREN, L., SCHUTZ, A., SKERFVING, S. &
MATTSSON, S. 1986. Decrease of skeletal lead levels in man after end of
occupational exposure. Archives of Environmental Health, 41,312-317.

FELLMAN, A., RALSTON, L., HICKMAN, D., AYRES, L. & COHEN, N. 1994. Polonium
metabolism in adult female baboons. Radiation Research, 137, 238-250.

HEARD, M. J. & CHAMBERLAIN, A. C. 1982. Effect of minerals and food on uptake of
lead from the gastrointestinal-tract in humans. Human Toxicology, 1,411-415.
HENRICSSON, F. & PERSSON, B. R. R. 2012. Polonium-210 in the bio-sphere: bio-kinetics

and biological effects. In: GUILLEN GERADA, J. (ed.) Radionuclides: Sources,
Properties and Hazards. Hauppauge NY 11788-3619: Nova Science Publishers, Inc.

HILL, C. R. 1965. Polonium-210 in man. Nature, 208, 423-&.

HOLLEMAN, D. F., LUICK, J. R. & WHITE, R. G. 1979. Lichen intake estimates for
reindeer and caribou during winter. Journal of Wildlife Management, 43, 192-201.

ICRP 1993. Age-dependent doses to members of the public from intake of radionuclides: Part
2 ingestion dose coefficients. Annals of ICRP, 23.

ICRP 1994. Age-Dependent Doses to Members of the Public from Intake of Radionuclides:
Part 2. Ingestion Dose Coefficients ICRP Publication International Commission on
Radiological Protection.

KAURANEN, P. & MIETTINEN, J. K. 1967. 210Po and 210Pb in environmental samples in
Finland. In: ABERG, B. & HUNGATE, F. P. (eds.) Radioecological Concentration
Processes. Oxford:: Pergamon press.

27



Acta Scientiarum Lundensia
(open access) Vol. ASL 2020-002 2020-06-23

KAURANEN, P. & MIETTINEN, J. K. 1969. ?!°Po and ?!°Pb in Artic Food Chain and
Natural radiation exposure of Lapps. Health Physics, 16, 287-295.

KAURANEN, P., MIETTINEN, J. K. & PULLIANINEN, E. 1971. Polonium-210 and lead-
210 in some terrestrial animals in Finland. Ann. Zoo. Fennici, 8, 318-323.

KAUSHAL, D., GARG, M. L., BANSAL, M. R. & BANSAL, M. P. 1996. Biokinetics of
lead in various organs of rats using radiotracer technique. Biological Trace Element
Research, 53, 249-260.

KROG, J., WIKA, M., LUNDLARSEN, T., NORDFJELL, J. & MYRNES, I. 1976.
Spitsbergen reindeer, rangifer-tarandus-platyrhyncus vrolik - morphology, fat storage
and organ weights in late winter season. Norwegian Journal of Zoology, 24, 407-417.

LADINSKA., L. A., PARFENOV, Y. D., POPOV, D. K. & FEDOROVA, A. V. 1973. Pb-
210 and Po-210 content in air, water, foodstuffs, and human body. Archives of
Environmental Health, 27, 254-258.

LEGGETT, R. W. 1993. An age-specific kinetic-model of lead metabolism in humans.
Environmental Health Perspectives, 101, 598-616.

LLOYD, R. D., MAYS, C. W., ATHERTON, D. R. & BRUENGER, F. W. 1975. Pb-210
studies in beagles. Health Physics, 28, 575-583.

NILSSON, U., ATTEWELL, R., CHRISTOFFERSSON, J. O., SCHUTZ, A., AHLGREN, L.,
SKERFVING, S. & MATTSSON, S. 1991. Kinetics of lead in bone and blood after
end of occupational exposure. Pharmacology & Toxicology, 68, 477-484.

PERSSON, B. Iron-55 from fallout in Lichen Reindeer and lapps. In: W., H. F. & ABERG,
B., eds. Radioecological Concentration Processes, 25-29 April, 1966 1966
Stockhoilm, Sweden. Pergamon Press, Oxford.

PERSSON, B. R. 1972. Lead-210, Polonium-210, and stable Lead in the Food-Chain lichen
Reindeer and man. /n. ADAMS, J. A. S., LOWDER W. M. & GESELL T. F. (eds.)
The Natural Radiation Environment I1. Rice University , Houston, Texas, USA.

PERSSON, B. R. R. 1970a. 55Fe, 90Sr, 134 Cs, 137Cs and 210Pb in the Biosphere.
Radiological Health Aspects of the Environmental Contamination from Radioactive
Materials in Northern Sweden. PhD, Lund University.

PERSSON, B. R. R. 1970b. 55Fe, 90Sr, 134 Cs, 137Cs and 210Pb in the Biosphere.
Radiological Health Aspects of the Environmental Contamination from Radioactive
Materials in Northern Sweden. PhD thesis, Lund University.

PERSSON, B. R. R. 2015. Global distribution of "Be, 2!°Pb and, 2!°Po in the surface air
Acta Scientiarum Lundensia, 2015, 1-24.

PERSSON, B. R. R. 2016. Analysis and modeling of radioecological concentration processes
in the food chain lichen - reindeer - man. Acta Scientiarum Lundensia, 2016.

PERSSON, B. R. R. & HOLM, E. 2014. Be-7, Pb-210, and Po-210 in the surface air from the
Arctic to Antarctica. Journal of Environmental Radioactivity, 138, 364-374.

PERSSON, B. R. R., HOLM, E. & LIDEN, K. 1974. Radiolead (Pb-210) and stable lead in
lichen Cladonia-alpestris. Oikos, 25, 140-147.

PERSSON, R. B. R. Stable lead and 210Pb in the food chain lichen- reindeer-man.
Comparative Studies of Food and Environmental Contamination. Proceedings of a
Symposium on Nuclear Techniques in Comparative Studies of Food and
Environmental Contamination organized by the FAO, IAEA and WHO, 27 e 31
August 1973 1974 Otaniemi, Finland, . International AtomicEnergy Agency, Vienna, ,
231 -247.

RAMZAEV, P. V., NEVSTUEVA, M. A., DMITRIEV, J. M., IBATULLIN, M. S.,
LISACHEMKO, E. P., LITVER, B. Y., MOISEEV, A. A., NIGNIKOV, A. L,
TROITSKAJA, M. N. & HARCHENKE, L. A. Radioactivity in the lichen-reindeer-
reindeer herding man food chain in the north of the USSR. /n: MIETTINEN, J. K., ed.

28



Acta Scientiarum Lundensia
(open access) Vol. ASL 2020-002 2020-06-23

Fifth Symposium on Radioactivity Investigation in Scandinavia, 1969 Helsimki,
Finland. Helsinki University.

SILVA, A. M., CRUBEZY. E. & CUNHA, E. 2009. Bone Weight: New Reference Values
Based on a Modern Portuguese Identified Skeletal Collection. Int. J. Osteoarchaeol.,
19, 628—-641.

SKUTERUD, L., GWYNN, J. P., GAARE, E., STEINNES, E. & HOVE, K. 2005. Sr-90, Po-
210 and Pb-210 in lichen and reindeer in Norway. Journal of Environmental
Radioactivity, 84, 441-456.

THOMAS, P. A., FISENNE, 1., CHORNEY, D. & BAWEJA, A. S. 2001a. Human absorption
and retention of polonium-210 from caribou meat. Radiation Protection Dosimetry,
97, 241-50.

THOMAS, P. A., FISENNE, 1., CHORNEY, D., BAWEJA, A. S. & TRACY, B. L. 2001b.
Human absorption and retention of polonium-210 from caribou meat. Radiation
Protection Dosimetry, 97, 241-250.

Supplementary data:

The radioactive decay of '°Pb and ingrowth of *'’Po

Table S-1 The radioactive decay-chain of 2!°Pb

210pp, ) | 'Bi = | "Po =) | Pbua
™ (a) 23 0.014 0379
A= (@ 0.031 50.47 1.83
TV, (month) | 267.6 0.16 455
A (month) |0.0026 421 0.15
TV (days) 5.013 138.4
A (days") 0.138 0.005

The equation for in-growth of number of nuclei 2!°Po from 2!°Pb is:

dg)tb] = —App ' [PD] [Pb] = [Pb,] - e *rbt
a[Bi d[Pb e
ElB;L] — ! Edpt ] = App- [pb] = App - [Pbo] . e~ Appt
[Bl] = L[Pb ] . (e_/le'T _ e_)LBi'T)
(ABi - APb) 0
d[Po] d[Bi] .
& - ar - ‘e 1Bl
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d[Po] Aob

——— = Ag; - —————[Pb,] - e~ Appt _ p—Agit
Qe B Gy — Ay Pl )

Since Apb (0,03 ah) < Apo (1,83 a)< Asi (50,5 a™h)

d[Po] _ I e
d[P
% = Zpp * [Pbo] - (e7*P¥™)
dPoAC(t) .
T— Apo * PPAC(Y)

The equation of 2!°Po activity concentration [ACPor] in a sample with >!°Pb present

[ACPo,] is however given more exactly by the equation:

[ACPo;] = [ACPo,] - e~ *PoT +

[ACPb,] -

Apo " Api e~ T n Apo " Api e *eiT Apo * Api - e~ ]
(Apo = App)(Api = App) ~ (Apo — Api)(App — i) (Api = Apo) (App — Apo)

Since Apb (0,03) < Apo (1,83)<< Asi (50,5) this equation can be reduced to

Apo (Apo = App) - &7
[ACPor] = [ACPo,] e *roT 4+ [ACPb,] - -[e-APb'T + — e AT
’ ’ " Apo = App (Apo = Ap:i)

If [ACPo,] - e~#PoT=0

Apo . (Apo — App) -~ 28iT .
[ACPor] = [ACPb,] - ————- [e—APbT + — e~ tpoT
! >0 Apo = Apb (Apo — A1)

[ACPor] = [ACPb,]-1.017 - [e=003T —0,0363 - ¢~505T — ¢~ 1.837]

[ACPor] _ 1.017
[ACPby] ~ ¢-0,03T

. [8—0,03-T —0,0363 - e—SO,S-T _ 8—1,83-T]

Table S-2
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The activity ratio of 2'°Po and ?!°Pb as a function of time.

Time/a {jgl’j Zj
0 0

1 0,849
2 0,989
3 1,012
4 1,016
5 1,017
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