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K' Reasons for noble gas dosimetry
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® 35Kr and #*Ar account for approximately 75% and 10% of
airborne releases for nuclear reactors

® Smaller amounts of 131mXe, 133Xe and 8Kr also released.
41Ar and 8Kr contribute 80% from next-generation AP1000 reactors
8Kr the main radionuclide discharged from Sellafield (~ 40 PBq y?).
® For inert gases Ar and Kr plume immersion is the only concern.
® For Rn there is the problem of internal dose by the daughters.
® General drive to ensure that the environment is protected
Ongoing need to prove limited impact in new reactor designs

Compliance and public perception (birds roosting on stacks?)

The US NRC now includes the plume dose from noble gas
emissions in assessing dose to biota for new reactor licensing
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In previous habitat assessments, the EA (2002) suggested 3’Cs
as an analogue for application in assessments of 4Ar and 8°Kr,
and #39Pu for 2?Rn and its daughters.

However, the use of such an analogue led to highly conservative
dose estimates (Beresford et al., 2004).

Produce sufficiently robust methodology to allow the calculation
of Ar, Kr and Rn doses to biota without using analogues.

Explicit approaches developed in 2003 (Ar, Kr) and 2009 (Rn) at
Westlakes Scientific Consulting, UK

The Ar and Kr method was adopted in an updated version of the
EAR&D 128 methodology.

To date, no such approach exists in ERICA and the method remains
a valid option.
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Noble gases have a small but finite solubility in water and body
fluids.

4LAr and 8Kr are inert gases and internal incorporation in
animals can be neglected compared with cloud immersion.

Noble gases are not deposited to soil (so no plant uptake, etc.).

Will be exchanged within the air pore volume of surface soil (but
small component).

So we assume pore air concentration = ground level air
concentration
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Argon and krypton methodology
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® Calculate DCC values using the EA R&D 128 ellipsoid-based
Monte Carlo approach.

® Compare with human dose conv. factors (DCFs) from ICRP 72.
® Study dependence of DCC with area/volume ratio

® Incorporate methodology into R&D 128 terrestrial model.

® Update wqith ERICA geometries

z coordinate

DCC™ =5.77"10*" F " & (pE)

poce =577 10 (1- F) &3 pg 2 €=
e 1%}

X coordinate



STUDIECENTRUM VOOR KERNENERGIE
CENTRE D'ETUDE DE LENERGIE NUCLEAIRE

Inputs: Ar and Kr in air (measured or calculated with simple semi-
infinite cloud model)

Outputs: Convert DCC in nGy h-{/Bg m- instead of kg using 1.2
kg m-3 air density.

Usual approximations: equilibrium transfer, ellipsoid geometries,

uniform density between organism and media, uniform
distribution in organism and doses averaged for whole body.

Species considered: all terrestrial R&D 128 + “reference man”
ellipsoid defined for comparison with ICRP-72.

Method has been recently revamped to include:
DCCs for the ERICA reference organisms
DCCs for 131mXe, 133Xe and 88Kr

Paper submitted to STOTEN
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Dose!™ =C (dcf " +a” dcf ™(1- f™(1- b)) f<h

Dosgi'™ - Plumeimmersion dose to age group i, nuclidej (Sv yb).

dcf;Sin - Skin dose from unit air concentration, nuclide j (Sv h*/Bg m).
C - Air concentration (Bq m).

dcf;'™™ - Dose from unit air concentration, nuclide j (Sv h't/Bg m®).

a - Multiplier to account for departure from semi-infinite plume.

b - Multiplier to account for shielding from a building.

fjind - Fraction of time spent indoors during site occupancy.

f;occ - Fraction of time spent at site (site occupancy).

hy - Number of hoursin one year (8760 h y™?).

This is a modified semi-infinite cloud model for close distances
from source

For biota we adapt tistouse a=1, b =0, fi"d =0, and f,°cc = 1.
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K' DCCs FOR Ar, Kr and Xe (ERICA organisms)
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— A U7 BIIET davs)

Douclint)low bata 16E-11 1.6E-11 1.6E-11 1.6E-11 1.6E-11 16E-11 76E-11 1.6E-11 1.6E-11 1.6E-11 16E-11 76E-11 7.6E-11
Douclinfibetaplus photon 3 304 1 9E-04  1JE-04  28E-M4 13E-04  LBE-M 19E-04 LIE04 3IQE-04 L3E-04 10E-04 24E-04 4]E-M
Dpuc{int) photon 2UE05 89E06 34E06 6905 34E06  S8E06 B4E06  2)E06  29E04  43E05  19E06 LIEDS 2.0E-M
Douclznt) lowbsata L3E-15 SHE-15 1.2E-14 LUOE-15 2.0E-14 B0E-15  3.ZE-13 33E-14 2.JE-16 6.7E-16 3.8E-15 13E-17 31]E-16
Dpucest) bataplusphoton 5 9F 04 §2E-04  66E-04  S3E-M4  66E-04  64E-M4 62E04 TIE04 3]E04  16E-04  AIE04 IBE-04 40F-M
Dpuc{zst) photon 33E-04 39EM  39E04 S3EM4  S3E04  S9E-M S9E04 G0E04  3IE04 33E04 33E04 LJE-M 40E-M
Douclint) low bata Q0E+00  OOFEH0  OOE+00  O0FH0  Q0E+00  OQ0E#0 0Q0EH0 Q0B Q0EH0  00E+00  00E+00 O0E#0 0.0FH0
Dpuclintibetaplusphoton 1 1E04 1 JE04  99E-05  12E-4  98E-05 LIE-M LI1E-04 84E-05 12E04 12E-04 LIE04 LIEM4 12E-M
Dpuclint) photon 41E-08 LJE0E 63E09 L3E07  A3E09  LIE08 1 6E08 40E09 3SE07  B4E08  L3IE08  GIE08 40E7
Dpuclzst]) lowbata O.0E+00 OQ0EH0  O0E+00  Q0E#0  OQE+H0 Q0EH0 OQ0EH0  Q0EH0  0Q0E+00  OQ0E+00  O0E+00  O0EH0 OQOEHN
Dpuclesf) btaplusphoton 3 7F.06  §0E-06  19E-05  LJE-06 19E-05  LI1E-05 §2JE-06 34E-05 3SJEO7T 10E-06 63E-06 2JE-06 83E07
Dnmmiphnliz 99E-07 1.0E-06 10E-06 §9E-07 10E-06 10E-06 LOE-06 LO0E-06 43E-07 94E-07 10E-06 9JE-07 &3E-O7
Dpuclint)lowbeta O.0E+00 OQ0EH0  O0E+00  O0E#0  OQEH0  Q0EH0 OQ0EH0  Q0EH0  0Q0E+00  OQ0E+00  O0E+00  O0EH0 OQ0EHN
Dopuclint)betaplusphoton~ 79E-04  4,8E-04  2,8E-04 1 1E-03  18E-04 39FE-4 48E-04 16E-04 1JE-03 10E-03 52E-04 §IE-04 13E-03
Dpuc{int) photon 40E05 LIE0S 63E06  13EM4  63E06  LIE0S 1 6E05 33E06 34E04  BIJE05  L3E05  31SE05 LJEM
Dpuc(est) lowbeta QQE00 OQOFE0 00Ex00 OQ0E:0  00E00  QOE0 OQ0E00  O0E00  O0E:00  O0Ex00  O0E00 00E:00 O.0E0
Donclest) btaplusphoton ) SE03  1.8E-03  2.0E-03  12E-03 20E-03  19E-03 18E03 12JE03 §6E04 L3E03 LSE03 14E-03 §3E-M
gnmmhmn LIE03 12E03  1JE03 LIE03 12E03 12E-03 12E03 1JE03 §4E04  LIE03  1IE03 LIE03 EIEM
1o (1.19F+) ] davs)

Douclint) low bata 18E-06 1BE-06 1BE-06 1BE-06 1BE-06 1BE-06 LSE06 18E-06 1SE-06 1SE-06 1SE-06 1BE-06 LSE-06
Dpuclintibetaplusphoton g 6E.05  §4E-05  §1E-05  £9E-05  G1E-05  §3E-05 §4E-05  56E-05  13E05  68E-05  64E05 6JE05 LIEDS
Dpuc{int) photon LIE06 19E07  36E07  38E06 3gE0T  I6E07 I6E0T 23E07  13E06  19E06  1JE07 LIED6 G4E-06
Dpuclant) lowbata 3 RE-11 L3E-10 4,3E-10 2.06E-11 SH0E-10 Z0E-10  14E-10 E4E-10 3IE-12 LIE-11 9.8E-11  33E-11 7.6E-12
Dpuclest) btaplusphoton g 1E.06 1 0E05  14E-05  5JE-06 14E-05  LIE-05 10E-05 18E-05 18E06 66E-06 93E-06 16E-06 3.0E-06
Druczst) photon 16E-06 83E-06 90E06 33E06 90E06 88E-06 86E06 9)E06 1SE06  G4E-06  S6E-06 1IE-06 2.9E-06
1112; [;zm Eﬂi 5)

Dpuclint)lowbeta 1JE06 12E06 1JE06 12E06 12E06 12E06 12E06 1JE06 12JE06 12E06 1IE06 1IE06 1IE06
Dpuclintibetaplusphoton g 4F 05 §2E05  §0E-05  &JE-05  G0E-05  G1E-05 §2E-05  5JE-05  18E05  66E-05  6IE05 G4E05 T4E0S
Douc(int) photon 2IE-06  §.BE-07 JE-07  L.6E-06 1E07  GQE-07 §4E-07  23E-07 L6E-05  39E-06 B3IE07 28E-06 LIE05
Douclznt) lowbsata 2.3E-11 2.3E-11 3. 0E-10 LJE-11 3.3E-10 L3E-10 93E-11 S.2E-10 3A4E-12 LIE-11 64E-11 22E-11 ZAQE-12
Dpuclest) btaplusphoton 3 005 2,]JE05  2,3E-05  L6E-0S  13E-05  22E-05 11E-05 26E-05 30E06 18E-05  2]E05 13E05 91E-06
Douc{est) photon 1L9E-05 2])E-05 21E-05 16E-05 21E-05 2]E05 2]E-05 2]E-05 50E-06 18E-05 2JE-05 19E-05 91E-06




d

Ke Implementation in EA R&D 128
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® Simple modifications to the code necessary to accommodate the fact
that 4*Ar and 8Kr (like 3H, *C, 3°P and 3°S, already in model) derive
from a concentration in air rather than in soil, and

® Small changes in coding to include doses from immersion of organisms
in air in the calculation.
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Internal dose negligible: default Ar and Kr CRs for all organisms
set to 0.

Although no deposition, some migration into soil pores possible
leading to a transfer factor.

Assume pore air is at the same concentration as ground level air
concentrations

assume a free air space of 0.15 v:v, bulk density for soil of 1500 kg
m-3, so free air space = 0.15/1500 = 104 m3 kgt. Thus Bq m-3(air) x
104 = Bqg kgt (wet soll).

A TF of 104 is therefore specified as a default for air (Bq m-3) to soll
(Bq kgt wet).
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For plants and fungi occupancy factors are changed to 1.0 soll,
0.5 air (instead of 0).

Soil, bacteria and earthworms are assumed to reside only in the
subsurface soil and are exposed only to “Ar and 8°Kr in the air
pore spaces.

External DCCs for fungi are those calculated for bacteria (i.e.
infinite medium DCCs). Internal DCCs are those calculated for
the dimensions of the fruiting body.



Dose calculation formulae
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® The R&D 128 spreadsheet uses the following formulae for all radionuclides
whose concentration is referenced to air: H, 14C, 3P, 3°S, 4Ar and 8°Kr.

(SO” Conc)nuclide = (Air conc, BqM™®) yiee” CRcice
(Air conc, BAKg™) e = (Air conc, Bgm™),,q4/1.2
(Internal dose) nuclide organism = (Alr Conc:)nuclide, C OL:?:ﬁr;:m ’ DCC:Ir:flrir:jiorganism

(EXternal dose) nuclide, organism
(Soil dose) = DCC2™r ’

nuclide, organism

. , %fsonorganism + fSOilsurorganism/z) d]
< SOII ConC)nuclide : - : Tl]
+ fair (reduction factor)

=(Soil dose+ Immersion dose)

@ D D

radiation type m

organism
- — ternal . - -1 g
(I mmersion dose) - DCCr?)chelggeorganism (Alr conc, Bq kg )nuclide
(fairy ganiam + FSOISUr, i/ 2)

® \Where the reduction factor is the modifier for dose to organisms in air is
received from exposure to soil: O for a and low-energy b radiation and 0.25 for
high energy b+gradiation.
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Sour ce Description DCC (nSv ht per Bg m™)
41Ar 85K r
Human dosimetry | External ¢ DCF! 2.20E-04 4.73E-07
Skin (b) DCF? 8.69E-07 4.44E-07
Total (b+g) DCF | 2.21E-04 9.17E-07
Monte Carlo External DCC3 2.03E-04 3.89E-07
calculation

!Data from ICRP 72 (1996). °Data from Simmonds et al. (1995).

3Geometry-corrected as 2~ external DCC (beta plus photon) values for

the "human geometry" above.

ICRP 72 85Kr immersion dose rate is 9.2 x 10-13 Sv h-1 per unit air conc.

This is an effective dose (includes skin dose with a weighted by 19%o).

From the EU methodology (Simmonds et al. 1995), the weighted beta

dose rate to skin is given as 4.44 x 1013 Sv h-1,

Assuming that only the skin receives beta dose, the dose rate due to
gamma is therefore 9.17 x 1013 - 4.4 x 1013 = 4.73 x 1013 Sv h-L.




STUDIECENTRUM VOOR KERNENERGIE
CENTRE D'ETUDE DE LENERGIE NUCLEAIRE

Human DCFs are calculated for a plume emitting "from above", i.e.,
over a 2p (semi-infinite) geometry.

Biota DCCs, are calculated assuming that the medium envelops the
organism (infinite) geometry.

This is not an inconsistency in so far as it is recognised that the human
DCFs and biota DCCs refer to two different geometry definitions.

Having corrected biota DCCs by a factor of 0.5, we should obtain
identical results for 4*Ar and about a half different for 8Kr.
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For 4!Ar, only 0.25% of the total biota DCC arises from b-radiation.
For Kr, the b- component is significantly higher.

For grays, both methods (DCF and DCC) give the same result for Kr.
However, for B-radiation, the DCC method undershoots for Kr.

Explanation: The DCC method averages the external dose over the
whole volume, whereas the DCF method averages over an outer layer.

The averaging method makes little difference for small organisms and
significant difference for large organisms like a human.

Hence, the "1% of skin dose" component of the human DCF (4.7 x 10
uSv h-t per Bg m-3) should resemble the DCC for a very small organism
(divided by geometry factor of 2).

Examination of a suitable small organism ("germinating seed") confirms
this. 3 DCC = 6.1 x 10°/2 = 3.1 x 10> uSv ht per Bqg m-3.

The two values are less than 35% different; this provides assurance
that ignoring density differences has not introduced significant errors.



Relationship between DCC and organism size
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2.4E-03 - |
= 0.0003x + 0.0002
® Select area/volume " e=osen 7 -
- . ®
as the sizing variable.  21&-03 | . »*
®
® DCCs increase with °
larger area (more o LEEE - # o
surface to absorb) ¥ o« & KiBE
. - = L ]
and decrease with < % > o Kr-88
larger volume 3 oo
. . 1.2E-03 -
(averaging into larger & . xe
organism). 2 |
) g 9.0E-04 1 ® y = 5E-05x + 0.0003
® Predicted Ar and Kr & R*=0.9262 Y
e 2
DCCs of 2.6 <104 . ves w8 "
and 6.4 <107 nGy h- o see et
. . - @
1/ Bg m=3, similar to 30604 4o
explicitly calculated P it
values. 0.0E+00 +e op—009 co—o—ots—m—u——on oes 9
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In[Area/volume (m)]
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Previous statement that other Xe and Kr isotopes can be modelled
using 8°Kr as a surrogate (Copplestone et al., 2010).

We tested this assumption by calculating DCCs for 3imXe, 133Xe and
88Kr(+8Rb) explicitly.
The DCCs for 88Kr can vary significantly with respect to 8Kr: by a factor

between 10 and 300 (b-radiation > 10 keV) and between 1200 and
1400 (gradiation).

The corresponding factor ranges of variation for 131mXe and 33Xe are
0.2 - 3800 and 4 — 20, respectively; similar for both radionuclides.

The main sources of difference are therefore (a) the larger amount of
g-emissions of 8Kr (52 vs. 1 for 8Kr and 10 for the Xe isotopes), and
(b) the stronger high-energy b-component of the Xe isotopes.

The 8Kr analogue approximation is therefore not valid for 88Kr,

For Xe, it is only valid for small organisms — not for birds, mammals and
trees.
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Radon — allometric model
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® A model based on allometrically derived respiration rates and target
tissue masses, designed for calculating %°Rn daughter dose rates to
sensitive tissues and the whole body of terrestrial animals and plants.

Conceptual representation
of irradiated respiratory
tissue

: Simple respiratory model for
222Rn daughters

- AN
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Model the input of a constant flow of atoms into a compartment with
continuous decay, with these two fluxes in equilibrium.

Assume that the compartment is 100% efficient at trapping the material,
l.e. no particles escape by exhalation and decay is the only source of
removal.

The input flow I,' equals the specific activity = breathing rate / decay
constant (in order to convert disintegrations per unit time to particles).

_ B A i; Index labelling the radionuclide: 1 to 5 for 222Rn, 218Pq, 214Ph, 214Bj and 214Po;
I ' —_ R A;: Activity of radionuclide i [Bg m-3]= A, (secular equilibrium)
0 I _ BR: Breathing rate [m3s1] = tidal volume (V) ~ breathing frequency (ng)
I | : Decay constant of radionuclide i [s].
From here the DCC is: D B D2 B
DCC = = RZP =554"10°—R
n T T

Where D,P is the potential a-energy per Bq activity of the short-lived radon
daughters in secular equilibrium
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Many biological parameters relating to organism structure relate to
metabolism and scale according to the Brody-Kleiber law:

Y=A" M", b=0.75

Other parameters scale on the basis of surface exchange, like radiation

flux and heat transfer: , .

SurlandM pVpurip Spu I\/Iéandv§p M 3
For this study we use the following relationships:

Bs(M) = AxM Ber — (8.7i 4_4)' 1078\ 0762002
M (M)=A,M°® =(1.28+0.72)" 10"*M +70
M is the mass in kg and By, is the ventilation rate in m3 h,
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Allometric scaling

Breathing rate comparison using different allometric formulae

Oryzomys Drew & Eisenbud (1966)

6.67E-07 1.97E-06

M easur ed Predicted BR (m° s7)
Organism Reference BR (m®s?) Ref.Man DOE (1992) Peters(1983) Thiswork
Man Reference man 3.34E-04 3.33E-04 1.41E-04 1.88E-04 2.20E-04
Rat Hofmann et al. (1992) 3.90E-06 5.58E-06 2.23E-06 2.76E-06 3.49E-06

7.78E-07 9.07E-07 1.22E-06

Base and exponent of the allometric formulae for “’Rn daughter
DPUCSs (internal a irradiation)

Parameter B B L WB
Base A 5.14E-04 555E-05 3.77E-06 4.83E-08
Exponent B 9.63E-02 9.63E-02 -257E-01 -2.37E-01
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K' Animal DCCs
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® Simple power functions for DPCCs in nGy h* per Bq m-3:

_ e D2 A, 0, , Bor
DCC; = R, Ry gr ;TSEM MawiM — °  This approach is only
T @ recommended for mammals.

_ EDAA. . o3 -2 Applicability to other animals
DCCrs =Ry Rie h, Sr M ;M with structurally simpler
T respiratory systems (birds,
DCC, = F, R, aD; A, O —M Bar- By reptiles, amphibians and
g iInsects) is conjectural and

likely over-conservative.

DCCs = R, Ry (D?, ABR)M e

Fy: Unit conversion factor (3.6~ 10°nGy h'! per Gy s?);

BR: Gross extrapolation to the bronchial epithelium (airway generations 1 - 8);

TB: Full tracheobronchial epithelium (generations 1 - 15); L: Full lung; WB: Whole body;
Agr(A M), Ber(Bv): Base and exponent of the allometric formulae for breathing rate & lung
mass;

Sg™ and SgRM : surface area of the tracheobronchial tree or the bronchial epithelium;
R,: Radiation weighting factor for a-energy (default = 20).
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® The rate of resource use in plants = A x M”72, though isometric
respiration rates have also been suggested.
® We calculated a breathing rate relationship for plants from whole plant
respiration:
Use respiration rate (net CO, efflux in nmol CO, s1) = 1.19" MY from
Reich et al. (2005).
Apply conversion factor of 2.5 102 mols of air per mols of CO,
Apply a generic wet: dry mass ratio of 5 and a molar volume of 22.4 | STP.

This is the largest potential source of uncertainty in this calculation.

BRo ur (M*s) =1.95” 107 M (kg) ™ = A, M Br

Justification: dry air contains approximately 0.04% carbon dioxide. The
partial pressure of carbon dioxide in dry air at sea level is, therefore, 4 © 10
Pa. One mol of air will have 4 © 104 mols of CO, in it; hence there are 1/ 4

" 104=2.5" 103 mols of air per mol of CO.,.
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® Ellipsoid with axes L, a, a: V, :%pLaz

lipsoid

: : _ a
® ‘Equivalent’ cylinder radius: R=—

V6

® The target tissue is the space between the two interlocking cylinders of
radii R and R + h; and length L, with mass:

m. » \/gpl‘ aLh, = 2\/6%|\/|

® Where M is the total mass of the organism.

® Assume that assume that the whole plant is a surface exchanging gases
with the atmosphere.

® Give doses a factor of < 5 of what would have been obtained using the
allometric formulae for animals.
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® Simple power functions for DPCCs in nGy h* per Bq m-3:

Y W= V
DCC — D
PLANT TISSUE U I:RI\F P 2\/6h.r

DCC:\M-IOLE PLANT = U Rj\lF Dli A:’L M ot

Dp2: Potential a-energy factor 5.54 ~ 10° J Bg*;

Ap, : Allometric base for breathing rate in plants, 1.95 ~ 104 m?3 s calculated by Vives i
Batlle et al. (2012) based on previous data (Reich et al., 2005) and based on net CO,
efflux data;

a: Minor axis of the ellipsoid representing the plant in m (if the two minor axes of the
geometry are dissimilar then the average is taken);

hy: Depth of sensitive tissue =5.5" 10° m;
F,: Unit conversion factor (3.6~ 10°nGy ht per Gy s3);
R, Radiation weighting factor for a-energy (default = 10).




Dose calculation formulae (again)
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® Applicable to all radionuclides whose concentration is referenced to air - that is,
3H’ 14C, 32P’ 358’ 41Ar’ 85Kr and 222Rn:

(Internal dose, nGy h™)

nuclide

, (DCC, rrGy Bql h-l m3)intemal

nuclide, organism

= (Air conc, Bq m'3)

nuclide,organism

(EXternal d0$) nuclide, organism
(Soil dose) = (Air conc, Bqm™®), .4
-, (DCC, rrGy Bql h-l m3)externd

nuclide,organism

&obtsoil,, o + fsvilsur, .o /2) &
1.2 k m_3 , organism organism s
J §+ fair " (reduction factor)

organism

=(Soil dose+ Immersion dose)
- (CR, m3kg-l)soi|

nuclide

radiation type m@

, (DCC, rrGy Bql h-l m3)externd

nuclide,organism

(Immersion dose) = (Air conc, Bqm’®)

nuclide
’ (fal rorganism + fSOilsurorganism/z)
® \Where the reduction factor is the modifier for dose to organisms in air is

received from exposure to soil: O for a and low-energy b radiation and 0.25 for
high energy b+gradiation
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Internal DCCs for Rn (ERICA organisms)

Animals

Organism M (kg) a (m) b (m) c (m) f (m®s™) DCCpg DCCrg DCC,? DCCus
Amphibian (ICRP Frog) 3.1E-02 8.0E-02 3.0E-02 2.5E-02 5.9E-07 1.3E+01 1.4E+00 3.1E-01 3.7E-03
Reptile (FASSET snake) 7.4E-01 1.2E+00 3.5E-02 3.5E-02 6.3E-06 1.6E+01 1.7E+00 1.3E-01 1.7E-03
Mammal (ICRP Rat) 3.1E-01 2.0E-01 6.0E-02 5.0E-02 3.2E-06 1.5E+01 1.6E+00 1.6E-01 2.1E-03
Mammal (ICRP Deer) 2.5E+02 1.3E+00 6.0E-01 6.0E-01 6.9E-04 3.8E+01 4.1E+00 4.0E-02 5.6E-04
Bird (ICRP Duck) 1.3E+00 3.0E-01 1.0E-01 8.0E-02 9.4E-06 1.7E+01 1.9E+00 1.2E-01 1.5E-03
Mammal (FASSET Marine) 1.8E+02 1.8E+00 4.4E-01 4.4E-01 5.4E-04 3.6E+01 3.8E+00 4.2E-02 5.9E-04
Reptile (ICRP Marine Turtle) 1.4E+02 8.5E-01 3.9E-01 8.0E-01 4.3E-04 3.4E+01 3.7E+00 4.4E-02 6.2E-04
Mammal (FASSET Freshw.) 3.9E+00 3.3E-01 1.5E-01 1.5E-01 2.3E-05 2.0E+01 2.1E+00 8.9E-02 1.2E-03
Plants

Organism M (kg) a(m) b (m) ¢ (m) f (m°s™)  DCCriss DCCuws

Lichen & bryophytes (ICRP 1.1E-04 4.0E-02 2.3E-03 2.3E-03 1.8E-08 2.8E-01 3.2E-02

Bryophite)

Grasses & Herbs (ICRP 2.6E-03 5.0E-02 1.0E-02 1.0E-02 4.5E-07 1.3E+00 3.5E-02

Wild grass)

Tree (ICRP Pine tree) 4.7E+02 1.0E+01 3.0E-01 3.0E-01 1.0E-01 4.9E+01 4.4E-02




J
K' External DCCs for Rn (ERICA organisms)

STUDIECENTRUM VOOR KERNENERGIE
CENTRE D'ETUDE DE LENERGIE NUCLEAIRE

Organism DCC ext (nGy h™ per Bg m™)
b <10 keV b>10keV +g a

Amphibian (ICRP Frog) 4.6E-11 7.8E-04 0.0E+00
Reptile (FASSET snake) 3.3E-11 7.6E-04 0.0E+00
Mammal (ICRP Rat) 4.2E-11 7.3E-04 0.0E+00
Mammal (ICRP Deer) 4.0E-12 3.8E-04 0.0E+00
Bird (ICRP Duck) 2.6E-11 6.9E-04 0.0E+00
Mammal (FASSET Marine) 4.0E-13 4.3E-04 0.0E+00
Reptile (ICRP Marine Turtle) 9.3E-13 4.2E-04 0.0E+00
Mammal (FASSET Freshwater) 3.5E-12 6.4E-04 0.0E+00
Lichen & bryophytes (ICRP Bryophite) 1.2E-09 9.9E-04 0.0E+00
Grasses & Herbs (ICRP Wild grass) 1.7E-10 8.5E-04 0.0E+00
Tree (ICRP Pine tree) 3.6E-12 5.1E-04 0.0E+00




J
Ke Validation of the Rn approach

STUDIECENTRUM VOOR KERNENERGIE
CENTRE D'ETUDE DE LENERGIE NUCLEAIRE

Model validation with data from MacDonald and Laverock (1998)

Organism M ass (kg) DCC (nGy Bg*s* m?) Doserate (mGy h™) % diff.
B B L WB Calculated From paper

Mole 4,00E-02 3.77E-04 1.85E-05 8.63E-06 1.04E-07 596 451 32

Pocket gopher 2.00E-01 4.41E-04 2.05E-05 5.71E-06 7.07E-08 854 702 22

Ground squirrel  5.00E-01 4.81E-04 2.17E-05 4.51E-06 5.69E-08 311 268 16

Ground hog 3.00E+00 5.72E-04 2.44E-05 2.85E-06 3.72E-08 132 125 6

Badger 8.00E+00 6.29E-04 2.59E-05 2.21E-06 2.95E-08 90 89 1

Additional comparison with Hofmann et al. (2006) and Harley (1988)

Organism M (kg) Source DCC (nGy Bq™* h* m?)?
Reported Calculated

Rat 0.3 Hofmann et al. (2006) 135+ 125 76

Rats 0.35 Harley (1988) 10.3+ 25 76

®Using the conversion 1 WLM = 6.3" 10°Bghm™ (ICRP, 1978)
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Good agreement with McDonald ad Laverock (1998).

Additional comparison with rat DCCs for the
tracheobronchial tree by is problematic as reported sources
they use a full respiratory model:

Predicting significant fractions of the radon daughters removed by
the nasal passages.

Including lung clearance processes, resulting in transport from the
alveolar region to the bronchial area, with associated decay included
In transit.

The models consider atmospheres with various assumptions of
equilibrium resulting in varying particle size, F < 1 and f; values.

As a result, ours is a conservative approximation.



EEEEEEEEEEEEEEEEEEEEEEEEEEEE
CENTRE D’ETUDE DE L'ENERGIE NUCLEAIRE

Radon — advanced plant model
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We developed (using ModelMaker) a compartment model
representing:

Aerosol: free, unattached and attached fractions of 222Rn, 218pq,
214pp, 214Bj and 214Po

Plant uptake: surface interception of unattached and attached
daughters, diffusion of radon through stomata, permeation of radon
through plant epidermis.

Plant turnover: translocation of deposited activity from plant surface
to plant interior
We derived DCCs for internal, surface and external exposure as a

function of plant surface area and steady-state concentration at
ground level.



Conceptual model
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Clustering Attachment
o Unatt_daughters — Att_daughters

Radon_gas

Diffusion Respiration Interception_u Deposition_u Deposition_a

rception_a

AN \ N/
Surface Leaf interior Stomata =] Leaf exterior

Translocation
¢Washout

® Each sub-model contains the decay chain of radon: 2?2Rn b 218pg
b 214pph p 214Bj b 214pg,

® Exchange rates link individual compartments across sub-models,
with rate constants linked to the parameter set.



222Rn diffusion via stomata and permeation via epidermis
(Free fraction to plant interior sub-models).

218pg, 214pp, 214Bj and 214Po interception through stomata
(Unattached and attached fractions to plant interior sub-
models).

218pg, 214pp, 214Bj, 214Po aerosol deposition (Unattached and
attached fractions to plant surface sub-models).

Translocation of deposited 218Po, 214Pb, 214Bj and 414Po
(plant surface to plant interior)
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K' Basic equations and parameters
Deposition flux: f = A, (Bqm™®)’ ﬁ' v, (ms™)
Deposition rate: :ﬁ
G

Deposition velocity:
V™ = Apa® 2 A =2.17107°ms™, B, =1.04, r* =0.998

vt = A €B A =18910°ms?, B, =1.18 r? =0.997

Diffusion through stomata: - %_I:I :g( . - Cn) Wwith D the diffusion coefficient

dN _ - KS(

w
-1

C, - cout) with K the permeability

Permeation through leaf walls:

a.Ii nt a\l
a

Transfer factor: TF =

QII-O

Dosimetry:

ext ext

H!| =a"EAF(E)°a"DCC™; H/| =——E(1- AR (E))° ——DCC



Parameter Value

Duration of day 86" 10's

Activity of “’Rn in atmosphere, Ar, 1Bgqm®

Air column surface area, S 1

Height of radon mixing layer above soil, h 2m

Air density, r 4 1.2kgm*

Radon diffusion coefficient, D 1.1x10°nf s*

Clustering rate, rgus 2.3s?

Attachment rate, r 2° 10%st

Internal exposure DCCs for “Rn, “°Po, *Pb, #Bi and 3.2 x 10° 35x 10°, 7.9 x 10°, 6.6 x 10°, 44 x 10°nGy h
2P (total, unweighted) /Bgkg"

Surface deposition DCCs for #?Rn, ?*Po, *“Pb, ?Bi and 32 x 10°, 35 x 10°, 7.9 x 10°, 6.6 x 10°, 4.4 x 10°nGy h
“Po (total, unweighted) /Bgkg™

External exposure DCCs for “°Po, *Pb, Bi and *"Po  1.7x10° 8.1x 10°, 7.9x 10°, 2.2 x 10°nGy h*/Bqkg™
(total, unweighted)

Decay constants for ““Rn, *%Po, “*Pb, #*Bi and **Po, | , 2.1x10° 37x10° 43x10* 59x 10% 42 x 10°s™
Potential apha energy per unit activity weighting factorsfor  1.05x 10, 5.16 x 10", 3.79 x 10,

2805, 24Py 24Bi and 24Po 6x 10° _ S —
Permesbility constant for Rnin plant epidermis, K 125" 10" n? s? = =t
Leaf areaindex, | 2 LA
Porosity of substomatal cavity, g 0.35 3
Leaf thickness, L 25x10%m N G
Plant density, rp 10°kg m® S\ Euey
Stomata density, ns 3x10°m* >

Width of epidermis » stomatal length, |5 25%10°m

Stomata surface area (maximum) 49x 10" mf

Exponential  fit parameters for unattached deposition 2.1x10°ms?’

velocity, Aunatt, Bunatt 1.04

Exponentia fit parameters for attached deposition velocity, 1.89 x 10°ms*
Aatt, Bat 1.18




J
Ke Plant leaf geometries

STUDIECENTRUM VOOR KERNENERGIE
CENTRE D'ETUDE DE LENERGIE NUCLEAIRE

Deposition velocity values for different types of surface

Surface | V) (ms?h Ve (msh
Soil 0 2° 10° 27 10°

Grass 25 3.20° 10% 310" 10™
Wheat 4.2 157" 10* 290" 10°

Examples of (perennial) plant leaf geometries covering awide size range

L eaf type Major axis Major axis  Minor axis Area Volume M ass
a(m) b (m) c (m) (m? (m®) (kg)
Tiny 1.5° 102 50" 10° 25 10* 1.2° 10 987 10° 98  10°
Small 6.0" 107 357 10% 25 10* 337 10° 287 10" 28  10*
Medium 1.37 10 557 102 25 10* 1.1° 102 94 10" 94  10*
large 1.2° 10"t 1.1° 10t 25" 10* 207 102 177 10° 17  10°




Number of atoms

Model output
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L.E+04 :
1.E+06 E

1.E+04 - L.E+02 ( ;

1.E+02 f | L.E+00 -
1.E+00 f |

1.E-02 1 1.E-02 1 §
1.E-04 - §
f 1E-04 -
1.E-06 ‘/ [Day| | [Night]
1.E-08 A Rn_222 free Po_218 free 1.E-06 T .
Thim g, |
1E_10 - 0_214 free 0_218_unattache !
Eg—%ﬂ—ﬂﬂgﬁggﬂgg Elo—zzlf'g—u;t?;tcfgg d 1.E-08 Rn_222_interior Po_EZlS_interior Pb_214_interior
1.E-12 Ph_214 attached Bi_214 attached Bi_214_interior Po_214 interior Po_218_surface
Po_214_attached Pb_214 surface Bi_?l4_surface Po_214 surface
1.E-14 T T T 1.E-10 = T — T T
0 5000 10000 15000 20000 0 20000 40000 60000 80000

Time (days) Time (days)
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1.E+06
1.E+04
1.E+02 /ﬁ |
1.E+00 |
1.E-02
1.E-04 - K
1.E-06 ‘/
1.E-08 - Rn_222_free Po_218 free
Pb_214 free Bi_214 free
1.E-10 7 Pb-214-unattached Bi 214 Unatiached
Po_214_unattached Po_218 attached
1.E-12 Pb_214_attached Bi_214_attached
Po_214 attached
1.E-14 T T T
0 5000 10000 15000
Time (days)

20000

1.E-02

1.E-03 T

1.E-04 T

1.E-05 1

1.E-06

Model output

Day| | [Nignt
— Internal i
— External )
—— Surface E
0 20000 40000 60000 80000

Time (days)




Equilibrium factor F and f,
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: F(=0)
0.9 A
0.8
> 0.7 -
c
2 061 F( =2
o
5 0° 1 /
g 047 h( =6)
L 0.3 -
0.2 1\// |Fq =6)
0.1 - fo(l =2)\ [fp (=0
0 . : : ,
0 5000 10000 15000 20000 25000
Time (s)
E = Ceq _ 0.105 A(*®Po) + 0.516 A(**Pb) + 0.379 A(**Bi) + 6~ 10° A(***Po)
C0 A(zzan)
¢ = 0105A, (**P0) + 0.516 Ay (**P) +0.379 Ay (*'Bi) + 6” 10° A, (*Po)

P A(*Rn)" F
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Internal DCC (total), "Gy h"/Bq kg™

Nuclide Tiny leaf Small leaf Medium leaf Largeleaf Average =+ S.D.

222Rn
218P0
214Pb
214Bi
214P0

3.2E-03
3.5E-03
7.6E-05
5.8E-05
4.4E-03

3.2E-03 3.2E-03 3.2E-03 3.2E-03 1.6E-10
3.5E-03 3.5E-03 3.5E-03 3.5E-03 0.0E+00
7.9E-05 8.0E-05 8.0E-05 7.9E-05 1.7E-06
6.8E-05 6.9E-05 6.9E-05 6.6E-05 5.1E-06
4.4E-03 4.4E-03 4.4E-03 4.4E-03 0.0E+00

Surface DCC (total), "Gy h™*/Bq kg™

222Rn
218P0
214Pb
214Bi
214P0

1.6E-03
1.7E-03
3.2E-06
5.0E-07
2.2E-03

1.6E-03 1.6E-03 1.6E-03 1.6E-03 1.4E-09
1.7E-03 1.7E-03 1.7E-03 1.7E-03 3.3E-09
1.1E-04 1.1E-04 1.1E-04 8.1E-05 5.2E-05
1.0E-04 1.0E-04 1.1E-04 79E-05 5.2E-05
2.2E-03 2.2E-03 2.2E-03 2.2E-03 95E-11

External DCC (total), "Gy h™/Bq kg™

222Rn
218P0
214Pb
214Bi
214P0

2.3E-07
7.0E-09
2.4E-04
1.2E-03
4.8E-08

2.3E-07 2.3E-07 2.3E-07 23E-07 1.6E-10
7.0E-09 7.0E-09 /.0E-09 7.0E-09 3.2E-11
2.3E-04 2.3E-04 2.3E-04 23E-04 1.7E-06
1.1E-03 1.1E-03 1.1E-03 1.1E-03 5.1E-06
4.8E-08 4.8E-08 4.8E-08 4.8E-08 1.9E-11
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Transfer factors (m* kg™) for radon products in plants

Transfer factor type ~ Time ¥pg 21pp 214B;] 214pg

Plant surface Day 6.68E-02 5.82E-01 7.18E-01  2.09E+00
Night 6.70E-02 5.84E-01 7.20E-01  2.09E+00

Plant interior Day 3.84E-03 5.89E-03 6.92E-03 6.92E-03
Night 3.50E-04 350E-04 350E-04  3.50E-04

Comparison with allometric method

Modelling DPURN (MGy h™* per Bq m™)

approach Organism Time Internal Surface Int+surf External Total

New model Plantleaf Night 3.9E-06 4.8E-03 4.8E-03 5.3E-04 5.3E-03
Plantleaf Day  4.6E-05 4.8E-03 4.9E-03 5.3E-04 9.4E-03

Allometric Fungi All N/A N/A 3.9E-03 8.9E-04 4.3E-03
Herb All N/A N/A 3.9E-03 1.1E-03 4.4E-03

Lichen All N/A N/A 3.9E-03 9.7E-04 4.4E-03

Seed All N/A N/A 3.9E-03 1.2E-03 4.5E-03

Shrub All N/A N/A 3.9E-03 1.1E-03 4.4E-03

Tree All N/A N/A 3.9E-03 1.1E-03 4.4E-03

Average All N/A N/A 3.9E-03 1.0E-03 4.4E-03
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Example of application: Rn in burrowing
mammals
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Available dose rate estimates for 22?Rn:
One study in area of ‘Rn rich soils’ in Canada

Whole body dose rate >100 mGy y! for small burrowing animals (c.
10uGy hl)

So Dose rate similar to predicted no effect dose

So Beresford et al. (2012) delivered an estimation of 22°Rn dose
rates to burrowing mammals at sites in the United Kingdom

Dose rates calculated from measured field soil gas
concentration, using the allometric methodology described
previously

Assuming an equilibrium factor F = 0.8
Assuming an a-radiation weighting factor of 10

7 woodland, scrub and pasture sites selected to have range in
potential Rn soil gas concentrations
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® Make artificial burrows

® Use passive detectors
developed by NRPB
and SSI to measure
soil gas %22Rn activity
concentration

® Sites across gradient

of expected 22?2Rn
concentrations

® Detector placed in approximately 10-cm dlameter perforated
land-drainage tubing = ‘artificial burrow’

® Tube (c.1.2 m) open ended on surface detector 50 cm below soill
surface (surface length c.1 m). 3 per site

® Detector changed every 4-6 weeks (summer 2009 - summer
2010)
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Measured %22Rn concentrations in soil gas

16
i 3 ——Site 1
" Range: <0.1to 14.5 kBg m _»
// A - Site 3
12 -0~ Site 4
a / —a—Site 5
10 X\

N\ A
A\

I'cli'n:;!rn3
:
o
S
X
‘s/\\
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-1
® Dose rate from 222Rn B Max >60 puGy h

to burrowing mammals® |
likely to be at least 10 30
times higher than 20 +

W Fox
previously considered ol & Rabbit
natural exposure sour- | ® Mouse

ces (4K, Th/U series). ©

® In many areas likely
to considerably exceed
predicted no-effect dose rate benchmarks.

/ Fox

Organism (geometry) DCC (uGy h'! per Bq m-)
Mouse 2.6E-3
Rabbit 8.2E-4

Fox 9.1E-4
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Conclusions
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Argon and krypton (xenon)

Ar and Kr dosimetry now codified into EA R&D 128 terrestrial
spreadsheet.

The R&D 128 DCC methodology for biota is consistent with the
standard methodology for humans, the two only differences being:

External DCCs calculated for infinite geometry vs. DCFs for semi-infinite
geometry (DCC correction factor of 0.5).

DCC method averages doses over whole volume - makes most difference in
nucs. where external [3-component predominates over g, and (progressively)
as the organism becomes larger.

Radon (allometric model)

Radon dosimetry codified into DCCs for internal -irradiation arising from
exposure of animals and plants to short-lived 2??Rn daughters.

The 222Rn DCCs can be used to produce an assessment in the normal
way, using atmospheric radionuclide versions of the standard EA R&D
128 / ERICA formula for gaseous radionuclides.
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Radon (advanced plant model)

The predominant component of dose is surface-deposited ?*4Po and (to
a lesser extent) 2¥Po activity.

Less important are 214Bi external exposure and %4Po internal exposure.

Doses to plant surface tissue are x 10 higher than the surface
deposition dose averaged to the whole plant.

Differences with respect to the allometric model due to combination of
surface and internal dose and the equilibrium factor of 1 in the latter.

Radon exposures in mammals

Radon levels in burrows exceeding background levels and no-effects
benchmarks for non-nhuman biota.

Advised benchmark dose rates need to be better put into context with
background dose rates, including exposure to 222Rn, for credibility

Context will be determined by the purpose of the benchmark and the
assessment level.
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Integrate Ar, Kr, Rn assessment in a single tool (or incorporate
into ERICA).

Conduct assessments for new nuclear reactors including
exposure to birds roosting in stacks.

Perform additional investigations of allometric radon dosimetry
for insects and plants.

Seek evidence for dose rates that would cause stochastic effects
In the lung using more detailed lung modelling (if appropriate).

Consider how to extend the dose assessment for 22°Ra in soil.
Consider developing similar approach to calculate thoron doses.

Review benchmark values in context of background and radon
levels in the natural environment.
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