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Abstract In this paper, an estimation of the doses absorbed by terrestrial reference organisms due to naturally occurring radionuclides is described. For terrestrial organisms under normal circumstances, external exposure is estimated to be of the order of 0.1–0.4 mGy a−1 , depending on size and habitat, and the main contributor is 40 K. Internal background exposures of terrestrial organisms are more variable. Again, 40 K is an important contributor giving doses of the order of 0.3 mGy a−1 . The exposures of muscles and plant tissues to uranium, thorium, radium, lead and polonium are lower,but liver, bone and kidney may be exposed at levels of 0.1–1 mGy a−1 absorbed dose. There can also be significant increases in the received dose under specific environmental conditions as is the case for burrowing mammals that receive relatively high lung doses due to the inhalation of radon and its progeny.



1. Introduction Protection of the environment against the detrimental effects of ionising radiations has become the subject of a number of research and regulatory initiatives carried out by international organisations (EC3 , IAEA4 , ICRP5 , UNSCEAR6 ) and national institutions (US DOE7 ) in order to develop specific criteria for environmental protection that include the radiological impact in environmental impact assessments. The development of policies and strategies specifically addressed to the protection of non-human species requires an overall approach for assessment and management and the establishment of a reliable methodology for evaluating the environmental impact from ionising radiations. 3 4 5 6 7
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All living organisms exhibit some biological response to radiation at sufficiently high levels of dose. Therefore, the accurate estimation of the absorbed dose rate and the total dose absorbed by organisms other than humans is essential for evaluating the potential impact of radiation exposure and the risk of deleterious effects on flora and fauna. Such dose assessment may also be necessary for compliance purposes, decision-making and management as part of an integrated framework for environmental protection if environmental criteria are formulated in terms of absorbed dose limits. Background radiation originates from cosmic radiation as well as from radionuclides in the environment. Because all forms of life are exposed to natural background radiation and the direct cosmic contribution is not affected by human activities, an estimation of the doses absorbed by biota due to naturally occurring radionuclides is required to determine whether a given exposure produces a significant increment in the background dose levels or not. Although these levels have been estimated and measured for humans (in the terrestrial environment), significant differences can be expected for animals living below ground and those organisms with a size and geometry that are quite different from those of human beings. The assessment of the possible impacts of radiation exposure on flora and fauna requires a method for the estimation of the absorbed dose and absorbed dose rate, for both internal and external sources. Clearly, it would be nearly impossible to consider all species of flora and fauna during the course of an environmental impact assessment even within limited geographical boundaries. Instead, a limited set of reference organism types could be selected, to be representative of large components of common ecosystems and for which models could be adopted for the purpose of deriving tissue dose rates. This approach has been advocated in previous publications [1, 2] where it has been argued that an attempt should not be made to model everything, but that models should be selected on the basis of an appreciation of the actual and potential data that are likely to become available, and pre-existing information concerning the effects of geometry, the behaviour of radionuclides in the environment and the behaviour of the organisms. A methodology for estimating radiation doses to selected reference organisms has been developed within the FASSET project [3, 4] supported by the 5th Framework Programme of the EC. The absorbed dose rate is calculated from measured or calculated activity concentrations in biota or in environmental media (soil, water or sediments) using nuclide-specific dose conversion coefficients (DCCs) derived for the reference organisms depending on habitat, target size and exposure pathway. The DCCs for terrestrial biota have been calculated using Monte Carlo methods to simulate radiation transport in both soils and air [5]. In contrast to the situation for aquatic organisms [6], detailed Monte Carlo calculations are required due to the differences between the composition of tissues and the surrounding media and the large mean free path of photons in air. 2. Dose estimation methodology Due to the enormous variability of species and habitats in different ecosystems, it is impossible to consider all of them explicitly. Therefore a set of reference organisms differing in size and habitat were defined for further detailed consideration that allowed the assessment of exposures of a wide range of possible species. Within the FASSET project, the term ‘reference organism’ has been explicitly defined as: ‘a series of entities that provides a basis for the estimation of the radiation dose rate to a range of organisms that are typical, or representative, of a contaminated environment’ [2, 3]. The shapes of the reference organisms were approximated by simple geometric forms (ellipsoids, cylinders) and the dose conversion coefficients (DCCs) were derived for specific
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conditions of exposure to a set of selected radionuclides [4, 5]. It is therefore obvious that reference organisms do not correspond to actual individuals or species but are simplified models for estimating tissue absorbed doses in plants and animals of a given size. Reference organisms may be exposed to ionising radiation from radionuclides in the environment by both external and internal exposure. Doses are calculated using the specific DCC for each radionuclide and the corresponding activity concentration. Thus, we have   DCCext (i ) × Aext (i ) + DCCint ( j ) × Aint ( j ). D˙ = i



j



DCCext (i ) is the dose conversion coefficient for external exposure to radionuclide i ; Aext (i ) is the external activity concentration of radionuclide i ; DCCint ( j ) is the dose conversion coefficient for internal exposure to radionuclide j and Aint ( j ) is the internal activity concentration of radionuclide j ; both sums are extended to all the relevant radionuclides. Radionuclides distributed in the environment lead to an external radiation exposure of the organism living in or close to a contaminated medium. For a given radionuclide, the resulting external dose depends on the distribution of the contamination in the environment as well as on the geometrical positions of the target and the radiation sources. In terrestrial environments, the radiation source may be in air or in soil and the exposure targets live in the soil, on the soil or in the air. However, air being a relevant source of radiation is in general a temporary and local phenomenon, since processes such as fallout, rain-out and wash-out cause effective deposition to soil. The most relevant radiation source subsequent to a release in the environment is therefore due the contamination of the soil, which gives rise to a persistent radiation source for all terrestrial biota. According to the life habits of the reference organisms, a distinction is made between organisms living in soil or above the soil. DCCs for species living in the soil were calculated considering that the organism was placed in the centre of a uniformly contaminated layer of 50 cm thickness. For organisms living on the soil, a homogeneous contamination of the upper 10 cm of soil was assumed. The exposure to incorporated radionuclides is determined by the size and the anatomy of the organism, the radionuclide distribution and the type and energy of the emitted radiations. The assessment of individual internal exposures is rather complex because of the high variability in concentrations in different organs. At the present stage of the project, specific target organs in the reference organisms have not been considered and DCCs for internal exposure has been calculated assuming a homogeneous distribution of each radionuclide throughout the organism [4–6]. Although there is strong evidence that the absorbed dose of high LET radiation (α particles) required to produce a given biological effect is less than that of low LET radiation (β particles and γ rays), no consensus has yet been reached on the appropriate weighting to be given to doses from high LET radiation for the biological effects of interest that may be associated with the reference flora and fauna. Therefore, both unweighted and weighted DCCs have been considered. To illustrate the possible impact of the weighting factors of different kinds of radiation, weighted DCCs for internal exposure were calculated assuming weighting factors of 10 for α radiation, 3 for low β radiation (E < 10 keV) and 1 for β radiation with energies above 10 keV and γ radiation. 3. Exposure of terrestrial reference organisms to natural radionuclides Naturally occurring radionuclides represent the source of a significant component of the background radiation exposure for terrestrial reference organisms. The uranium and thorium
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J M G´omez-Ros et al Table 1. List of radionuclides considered in uranium and thorium series, showing which of them have progeny that have been treated as being in secular equilibrium to calculate the dose conversion coefficients (DCCs) according to [4, 5]. Radionuclide Uranium series



Progeny radionuclides considered to be in equilibrium with the predecessor for the calculation of the DCC



238 U 234



234m



Th



Pa, 234 Pa



234 U 230 Th 226 Ra



222 Rn, 218 Po, 214 Pb, 214 Bi, 214 Po



210 Pb



210 Bi



210 Po



Thorium series



232 Th 228 Th



224 Ra, 220 Rn, 216 Po, 212 Pb, 212 Bi, 212 Po, 208 Tl



Table 2. Concentrations of primordial radionuclides in different soils (Bq kg−1 ). Soil type



40 K



226 Ra a



232 Th



238 U



Gravelb Sandb Aeolian sand-siltb Siltb Clayb Tillb Till with alum shaleb Soils (average)c Soils (average)d Soils (range)d



300–1100 150–1100 400–1000 500–1000 600–1200 500–1200 600–1200 400 400 140–850



10–90 


2–80 2–80 10–20 5–70 10–100 15–100 30–50 37 30 11–64



66 35 16–110



35 17–60



a



Data from [8]. Data from [9]. c Data from [7]. d Data from [10]. b



series and the long lived primordial nuclide 40 K account for much of the terrestrial background radiation dose [7, 8]. In order to enable a comparison of exposures of biota to radioactivity released to the environment against the natural background, data on the levels of these radionuclides in terrestrial environments were collected. The radionuclides considered are listed in table 1, indicating which of them have progeny that have been treated as being in secular equilibrium to calculate the DCCs. 3.1. External exposure Table 2 summarises the average concentrations of the primordial radionuclides 40 K, 226 Ra, Th, 238 U in different geological media and soils [7–10]. The table is compiled from several sources so these values should be considered as rough estimates of typical global values. The absorbed dose rates of biota due to external exposure are estimated using the DCCs summarised in table 3 [5] and the average radionuclide concentrations in table 2. Additionally, it is assumed that 210 Pb and 210 Po activity concentrations in soil are the same as those of 226 Ra, that 228 Th has the same activity concentration as 232 Th and that 234 Th and 234 U have the same activity concentrations as 238 U. 232



Radionuclide 40 K 210 Pba 210 Po 226 Ra a 228



Tha



232 Th 234 Tha 234 U 238 U a



Mean energy (MeV)



Earthworm



Mouse



Fox



(On soil)



(In soil)



(On soil)



(In soil)



(On soil)



(In soil)



Roe deer (On soil)



Cattle (On soil)



1.341 0.017 0.794 0.718 0.673 0.016 0.118 0.016 0.016



3.0 × 10−5 3.5 × 10−7 1.7 × 10−9 3.4 × 10−4 2.9 × 10−4 9.5 × 10−8 4.6 × 10−6 1.2 × 10−7 8.6 × 10−8



8.5 × 10−5 5.2 × 10−7 4.6 × 10−9 9.2 × 10−4 7.9 × 10−4 1.3 × 10−7 1.2 × 10−5 1.5 × 10−7 1.1 × 10−7



3.0 × 10−5 3.4 × 10−7 1.7 × 10−9 3.4 × 10−4 2.9 × 10−4 9.3 × 10−8 4.6 × 10−6 1.1 × 10−7 8.5 × 10−8



8.1 × 10−5 3.4 × 10−7 4.5 × 10−9 8.9 × 10−4 7.7 × 10−4 8.9 × 10−8 1.1 × 10−5 1.0 × 10−7 6.5 × 10−8



2.6 × 10−5 2.6 × 10−7 1.4 × 10−9 2.9 × 10−4 2.5 × 10−4 7.1 × 10−8 3.8 × 10−6 8.8 × 10−8 6.5 × 10−8



5.9 × 10−5 2.2 × 10−7 3.2 × 10−9 6.4 × 10−4 5.6 × 10−4 3.9 × 10−8 8.0 × 10−6 3.1 × 10−8 1.2 × 10−8



2.1 × 10−5 1.5 × 10−7 1.1 × 10−9 2.3 × 10−4 2.0 × 10−4 4.0 × 10−8 2.9 × 10−6 4.8 × 10−8 3.5 × 10−8



9.4 × 10−6 2.8 × 10−8 4.7 × 10−10 1.0 × 10−4 9.5 × 10−5 7.7 × 10−9 1.1 × 10−6 9.0 × 10−9 6.0 × 10−9
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Table 3. Dose conversion coefficients (µGy h−1 per Bq kg−1 ) for external exposure to natural radionuclides for reference organisms living on the soil and in the soil.



The progeny have been treated as being in secular equilibrium (see table 1).
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The resulting dose rates are given in table 4. Since the variation of the dose conversion factors is relatively small for a given radionuclide among the reference organisms,the exposures are given for the reference organisms ‘earthworm’, ‘mouse’ and ‘fox’ to represent organisms living in the soil. For organisms on the soil, additional dose values are specified for ‘roe deer’ and ‘cattle’. The DCC for a reference organism on soil is lower than the DCC for the same reference organism within the soil in all cases but for the very low energy gamma emitters 210 Pb, 232 Th, 234 U and 238 U and the medium size reference organisms from ‘mouse’ to ‘fox’. In these specific cases, the DCC on soil is slightly higher than that in soil. This is due to the very long mean free path (MFP) of photons in air (more than 5 m at 16–17 keV) compared with the corresponding MFP in soil (around 1 mm at 16–17 keV) and the size of the target. As a result, the ‘effective source’ is bigger when the target is in air on the upper 10 cm of contaminated soil than when it is located in the centre of a uniformly contaminated layer of 50 cm thickness. The most important contributors to the external dose are 40 K, 226 Ra and 228 Th (progeny included), whereas the other radionuclides contribute only little to external exposure. Therefore, the total dose rates (table 4) for the reference organism within the soil are always higher than dose rates for the same reference organism on soil. In general, smaller organisms are more highly exposed than larger animals, due to the more effective self-shielding of larger organisms. The difference in external dose rate for organisms living on soil is about a factor of 3–4 between ‘mouse’ and ‘cattle’. For organisms living in soil the difference is only a factor of 2–3, since the difference in size is less. The differences in dose rates are more pronounced for low energy β emitters, since for such particles the effect of self-shielding is more important. The sum of the dose rates estimated corresponds to annual external doses in the range of about 0.1–0.4 mGy. This is comparable to the external exposure due to terrestrial γ radiation for humans [10]. 3.2. Internal exposure As has been pointed out above, the accurate calculation of the absorbed dose rate due to internal exposure depends on the distribution of the radionuclides in biological tissues. Therefore, the following values are intended to give an estimate of the background internal exposure based on the DCC methodology, but not a detailed dose assessment for specific individuals or species. It covers only a small range of biota, organs and tissues, summarised in table 5 [10–13]. Relatively high concentrations are especially found for 40 K in many tissues. The levels of uranium, thorium and radium in muscle, grain seeds and leafy and root vegetables are relatively small. An accumulation of these elements is found in bone, liver and kidney, although in general the levels are relatively low. Under specific circumstances, much higher internal exposures may occur. For example, mean concentrations of 500 and 1000 Bq kg−1 for 210 Pb and 210 Po respectively were found in some herds of Canadian caribou [14]. Corresponding concentrations in bones were about 1000 and 500 Bq kg−1 for 210 Pb and 210 Po respectively. 210 Pb levels of 500–1000 Bq kg−1 cause annual internal radiation doses of 1–2 mGy, both unweighted and weighted. However, the radiation doses due to 210 Po are much higher. 210 Po concentrations of 500–1000 Bq kg−1 correspond to annual unweighted doses of about 15–30 mGy, if the concentration persists over the whole year. The annual weighted dose is 150–300 mGy. Such high doses are due to the importance of lichens as feed for caribou in the Arctic region. Lichens accumulate 210 Pb and 210 Po by aerial deposition. These nuclides are progeny of 222 Rn that emanates from the soil and decays to 210 Pb and 210 Po in the atmosphere. Even higher doses were assessed for small burrowing mammals living in soil in which high radon levels occurred [15, 16]. The dose was estimated on the dose model for humans



Radionuclide 40 K 210 Pba 210 Po 226 Ra a 228 Tha 232 Th 234 Tha 234 U 238 U



All nuclides a



Soil activity (Bq kg−1 )



Earthworm



Mouse



Fox



(On soil)



(In soil)



(On soil)



(In soil)



(On soil)



(In soil)



Roe deer (On soil)



Cattle (On soil)



400 35 35 35 30 30 35 35 35



1.2 × 10−2 1.2 × 10−5 6.0 × 10−8 1.2 × 10−2 8.7 × 10−3 2.9 × 10−6 1.6 × 10−4 4.2 × 10−6 3.0 × 10−6



3.4 × 10−2 1.8 × 10−5 1.6 × 10−7 3.2 × 10−2 2.4 × 10−2 3.9 × 10−6 4.2 × 10−4 5.3 × 10−6 3.9 × 10−6



1.2 × 10−2 1.2 × 10−5 6.0 × 10−8 1.2 × 10−2 8.7 × 10−3 2.8 × 10−6 1.6 × 10−4 3.9 × 10−6 3.0 × 10−6



3.2 × 10−2 1.2 × 10−5 1.6 × 10−7 3.1 × 10−2 2.3 × 10−2 2.7 × 10−6 3.9 × 10−4 3.5 × 10−6 2.3 × 10−6



1.0 × 10−2 9.1 × 10−6 4.9 × 10−8 1.0 × 10−2 7.5 × 10−3 2.1 × 10−6 1.3 × 10−4 3.1 × 10−6 2.3 × 10−6



2.4 × 10−2 7.7 × 10−6 1.1 × 10−7 2.2 × 10−2 1.7 × 10−2 1.2 × 10−6 2.8 × 10−4 1.1 × 10−6 4.2 × 10−7



8.4 × 10−3 5.3 × 10−6 3.9 × 10−8 8.1 × 10−3 6.0 × 10−3 1.2 × 10−6 1.0 × 10−4 1.7 × 10−6 1.2 × 10−6



3.8 × 10−3 9.8 × 10−7 1.6 × 10−8 3.5 × 10−3 2.9 × 10−3 2.3 × 10−7 3.9 × 10−5 3.2 × 10−7 2.1 × 10−7



3.3 × 10−2



9.0 × 10−2



3.3 × 10−2



8.7 × 10−2



2.8 × 10−2



6.3 × 10−2



2.3 × 10−2



1.0 × 10−2
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Table 4. Dose rates (µGy h−1 ) due to external exposure to natural radionuclides for reference organisms living on the soil and in the soil.



The progeny have been treated as being in secular equilibrium (see table 1).
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J M G´omez-Ros et al Table 5. Radionuclide concentrations (Bq kg−1 ) in selected biota, organs and tissues.



Radionuclide 40 K d 210 Pbe 210 Po 226 Ra e 228 The 230 Th 232 Th 238 U



Graina



Leafy vegetablesa



Rootsa



Musclea



120 0.05 0.06 0.08 0.003 0.01 0.003 0.02



100 0.08 0.1 0.05 0.015 0.02 0.015 0.02



110 0.03 0.04 0.03 0.0005 0.0005 0.0005 0.003



90 0.08 0.06 0.015 0.001 0.002 0.001 0.002



Beef (bone)b



Kidney (beef)c



Liver (beef)c



Eggs (hen)c



66 1.5



85 2.6 1.9



40 20 20



10



a



Data from [10]. Data from [11]. c Data from [12]. d Data from [13]. e The progeny have been treated as being in secular equilibrium (see table 1). b



Table 6. Unweighted and weighted dose conversion coefficients (µGy h−1 per Bq kg−1 ) for internal exposure to natural radionuclides (weighting factor for α radiation = 10). Radionuclide 40 K 210 Pba 210 Po 226 Ra a 228 Tha 230 Th 232 Th 238 a



U



Unweighted × 10−4



2.9 2.4 × 10−4 3.1 × 10−3 1.4 × 10−2 1.9 × 10−2 2.7 × 10−3 2.3 × 10−3 2.4 × 10−3



Weighted 2.9 × 10−4 2.4 × 10−4 3.1 × 10−2 1.4 × 10−1 1.8 × 10−1 2.7 × 10−2 2.3 × 10−2 2.4 × 10−2



The progeny have been treated as being in secular equilibrium (see table 1).



but extrapolated to small mammals taking into account species-specific respiration rates and periods of hibernation and activity. The radon concentration in soil was determined to be in the range of 7500–19 000 Bq m−3 . Dependent on species and radon level in soil, lung doses in the range of 70–2700 mGy a−1 were estimated. The values given in table 5 have been used to estimate internal unweighted and weighted doses applying the corresponding DCCs [5] listed in table 6. For the weighted dose conversion factors, weighting factors of 10, 3, 1 and 1 and are assumed for α, low energy β (E < 10 keV), β (E > 10 keV) and γ radiation, respectively. The results are presented in table 7. For the selected organs and tissues, 40 K is the most important contributor producing annual doses of the order of 0.3 mGy. The annual doses to muscles and plant tissues due to radioisotopes of uranium, thorium, radium, lead and polonium are low; however, liver, bone and kidney may be subject to much higher doses. For these radionuclides, the impact of the weighting factor of 10, as assumed for α radiation, is obvious. 4. Conclusions An estimation of doses absorbed by terrestrial reference organisms due to background levels of natural radionuclides has been presented based on the dose conversion coefficient (DCC) methodology [5]. Of the considered radionuclides, 40 K is both an internal and an external
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Table 7. Estimated dose rates (µGy h−1 ) due to internal exposure to natural radionuclides for selected biota, organs and tissues. (a) Unweighted Radionuclide 40 K 210 Pba 210 Po 226 Ra a 228



Tha



230 Th 232 Th 238



U



Grain



Leafy vegetables



Roots



Muscle



Beef Kidney (bone) (beef)



Liver (beef)



Eggs (hen)



3.5 × 10−2 1.2 × 10−5 1.9 × 10−4 1.1 × 10−3 5.7 × 10−5 2.7 × 10−5 6.9 × 10−6 4.8 × 10−5



2.9 × 10−2 1.9 × 10−5 3.1 × 10−4 7.0 × 10−4 2.9 × 10−4 5.4 × 10−5 3.5 × 10−5 4.8 × 10−5



3.5 × 10−2 7.2 × 10−6 1.2 × 10−4 4.2 × 10−4 9.5 × 10−6 1.4 × 10−6 1.2 × 10−6 7.2 × 10−6



2.6 × 10−2 1.9 × 10−5 1.9 × 10−4 2.1 × 10−4 0.14 1.9 × 10−5 5.4 × 10−6 2.3 × 10−6 4.8 × 10−6



1.9 × 10−2 2.5 × 10−2 1.2 × 10−2 3.6 × 10−4 6.2 × 10−4 4.8 × 10−3 5.9 × 10−3 6.2 × 10−2



3.5 × 10−2 1.2 × 10−5 1.9 × 10−3 1.1 × 10−2 5.4 × 10−4 2.7 × 10−4 6.9 × 10−5 4.8 × 10−4



2.9 × 10−2 1.9 × 10−5 3.1 × 10−3 7.0 × 10−3 2.7 × 10−3 5.4 × 10−4 3.5 × 10−4 4.8 × 10−4



3.5 × 10−2 7.2 × 10−6 1.2 × 10−3 4.2 × 10−3 9.0 × 10−5 1.4 × 10−5 1.2 × 10−5 7.2 × 10−5



2.6 × 10−2 1.9 × 10−5 1.9 × 10−3 2.1 × 10−3 1.4 1.8 × 10−4 5.4 × 10−5 2.3 × 10−5 4.8 × 10−5



1.9 × 10−2 2.5 × 10−2 1.2 × 10−2 3.6 × 10−4 6.2 × 10−4 4.8 × 10−3 5.9 × 10−2 6.2 × 10−1



(b) Weighted 40 K 210



Pb



a



210 Po 226 Ra a 228 Tha 230 Th 232 Th 238 U a



The progeny have been treated as being in secular equilibrium (see table 1).



source of radiation exposure and 226 Ra and its decay products are responsible for a major fraction of the external dose received by terrestrial organisms. The radon decay products, 210 Pb and 210 Po, also contribute significantly to the internal dose in liver and eggs. For terrestrial organisms, the annual absorbed dose due to external exposure is of the order of 0.1–0.4 mGy, depending on size and habitat. The main contributor is 40 K. Internal background radiation doses for terrestrial organisms are more variable. Again, an important contributor is 40 K that causes absorbed dose rates of the order of 0.3 mGy a −1 . The radiation doses to muscle and plant tissues due to radioisotopes of uranium, thorium, radium, lead and polonium are lower. However, liver, bone and kidney may have annual absorbed doses of 0.1–1 mGy. Weighted doses due to α emitters are higher in proportion to the weighting factor assumed. Acknowledgment This work was partially funded by the EC research contract FIGE-CT-2000-00102 within the 5th Framework Programme. References [1] Pentreath R J 1999 A system for radiological protection of the environment: some initial thoughts and ideas J. Radiol. Prot. 19 117–28 [2] Pentreath R J and Woodhead D 2001 A system for protecting the environment from ionizing radiation: selecting reference fauna and flora, and the possible dose models and environmental geometries that could be applied to them Sci. Total Environ. 277 33–43
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