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Abstract Radionuclide concentrations in Australian ter-

restrial fauna, including indigenous kangaroos and lizards,

as well as introduced sheep and water buffalo, are of interest

when considering doses to human receptors and doses to the

biota itself. Here, concentration ratio (CR) values for a

variety of endemic and introduced Australian animals with a

focus on wildlife and livestock inhabiting open rangeland

are derived and reported. The CR values are based on U- and

Th-series concentration data obtained from previous studies

at mining sites and 241Am and 239/240Pu data from a former

weapons testing site. Soil-to-muscle CR values of key nat-

ural-series radionuclides for grazing Australian kangaroo

and sheep are one to two orders of magnitude higher than

those of grazing cattle in North and South America, and for
210Po, 230Th, and 238U are one to two orders of magnitude

higher than the ERICA tool reference values. When com-

paring paired kangaroo and sheep CR values, results are

linearly correlated (r = 0.81) for all tissue types. However,

kidney and liver CR values for kangaroo are typically higher

than those of sheep, particularly for 210Pb, and 210Po, with

values in kangaroo liver more than an order of magnitude

higher than those in sheep liver. Concentration ratios for

organs are typically higher than those for muscle including

those for 241Am and 239/240Pu in cooked kangaroo and rabbit

samples. This study provides CR values for Australian ter-

restrial wildlife and livestock and suggests higher accumu-

lation rates for select radionuclides in semi-arid Australian

conditions compared with those associated with temperate

conditions.

Introduction

Accumulation of radionuclides in the tissues of wildlife

and livestock is important when considering dose to con-

sumers of these animal products (Ewers et al. 2003;

Whicker and Shultz 1982). Radionuclide uptake is also

important when considering dose to the biota itself, and

there is a need for additional uptake data for wildlife and

livestock suitable for general use in biota dose assessments

(Howard et al. 2009b) and for specific use in paramete-

rising dose assessment models (Beresford et al. 2008;

Howard and Larsson 2008; USDOE 2002).

Rangeland locations in Australia provide opportunity

for measuring uptake of radionuclides and their progeny in

a variety of fauna. Introduced species, such as sheep,

cohabit these areas with endemic species, such as kanga-

roo, and can share similar trophic position while having

differing physiology. Published radionuclide uptake data

of native Australian fauna in scientific journals are few

(Martin et al. 1998; Read and Pickering 1999) and are

unavailable for macropods such as kangaroo and wallaby,

which dominate these environments and are an important

food source in Australia. Far fewer studies have been

conducted on uptake of natural-series radionuclides in

wildlife and livestock in semi-arid climates generally than

similar studies performed on domesticated animals in

temperate climates such as in Europe (Calmon et al. 2009;

Ewers et al. 2003; IAEA 1994).
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Radionuclide accumulation in terrestrial animals can be

quantified as a concentration ratio (CRt), which, as used in

this paper for wildlife and livestock, primarily relates

concentration of a radionuclide in the tissue of a receptor

animal to the concentration in the soil of the animal’s

forage area. This use of the CRt term is more specific than,

but consistent with, the general CR definition of the ratio of

the activity density of a radionuclide in the receptor com-

partment to that in the donor compartment (ICRU 2001).

Soil-to-tissue CRt values, in contrast with feed-to-tissue

values, have been used particularly in studies where ani-

mals forage on a variety of diet items over their natural

ranges and therefore it is impractical to provide the animals

with controlled feed material (Martin et al. 1998) most

especially it has been adopted for assessments of exposure

of wildlife (e.g., Wood et al. 2009).

Soil-to-tissue CRt values integrate multiple underlying

processes such as soil-to-plant uptake, soil-to-plant adher-

ence, forage selection by grazers, and gastrointestinal

absorption processes, among others (Beresford et al. 2007;

Howard et al. 2009a). However, the mobility and transfer

of radionuclides within these underlying processes can

have up to order-of-magnitude variation according to the

physicochemical form of the radionuclides, soil types,

climatic conditions, receptor species age, and physiology,

among others (Linsalata et al. 1989; Martin et al. 1998; and

Wood et al. 2009). The limitations of, and large degree of

variation among, reported CR values, and other similar

measures of accumulation of radionuclides and metals in

fauna, have been described and discussed in previous

publications including Beresford et al. (2000, 2007),

Calmon et al. (2009), Higley and Bytwerk (2007), and

Howard et al. (2009b). However, despite limitations, soil-

to-animal CR values are applied in current dose assessment

software as useful parameters that encompass variation

within uptake processes (Beresford et al. 2008).

The primary objective of the present study is to provide

CRt values for endemic and introduced fauna at a range of

Australian locations having readily measurable radionu-

clide soil concentrations. The natural series 210Pb, 210Po,
226Ra, 230Th, and U, as well as weapons-associated 241Am

and 239/240Pu are investigated. This paper makes use of data

from a variety of sources and particularly focuses on

radionuclide uptake at sites, such as prospective uranium

mining sites, where wildlife and livestock habitually feed

on open rangeland environments. Concentration ratios are

derived for endemic fauna such as kangaroo, which have

substantially unique characteristics and thus potentially

different uptake rates, for comparison with those from

more frequently studied species such as the standard ref-

erence animals and plants (ICRP 2003). Additional CRt

value data, particularly for infrequently studied Australian

species, as well as for more common grazing species such

as sheep in semi-arid conditions, are expected to contribute

to current efforts to improve the breadth of radioecological

databases (Howard et al. 2009a, b) and to improve avail-

able empirical parameters for use in biota dose assessment

software such as ERICA (Beresford et al. 2008) and

RESRAD-BIOTA (USDOE 2002).

Materials and methods

Data sources

Data used in this paper originated from reports generated

for Australian locations that, at the time of study, included

four prospective uranium mining sites (Beverley and

Honeymoon sites, South Australia; Manyingee and Yee-

lirrie sites, Western Australia), riparian and floodplain

locations downstream of the Ranger uranium mining site,

NT, one location within the waste area of an active ura-

nium mining site (Olympic Dam, South Australia), and one

former, 1950s-era weapons testing site (Maralinga, South

Australia) (Fig. 1). These sites have semi-arid climates

(*250–400 mm annual rainfall averages), except for the

Ranger NT location which has a tropical-monsoonal cli-

mate. The present study primarily made use of Australian

government reports (Ellis 1979; Giles et al. 1990; Williams

1978) and commercial reports (Williams 1980, 1981;

Lowson and Williams 1985). Select data from two journal

publications, Martin et al. (1998) and Read and Pickering

(1999) have been used in this study to provide an inclusive

listing of Australian CR values. The search for data was

Manyingee

Yeelirrie
Maralinga

Honeymoon

Beverley
Olympic

Dam

Ranger

Fig. 1 Locations at which samples were collected to derive Austra-

lian terrestrial soil-to-animal CRt values reported here. The Maralinga

site is a former nuclear weapons testing area and the remainder are in

the vicinity of operational or prospective uranium mines
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intended to be comprehensive of studies performed in

Australia prior to 2009 on radionuclide uptake in wildlife

and livestock.

The source data typically included radionuclide concen-

tration data on animals considered as potential food for

humans. Data for kangaroos (Megaleia rufa, Macropus

gigantus), lizards including Sand Goanna (Varanus gouldi),

and witchetty grubs (Endoxyla leaucomochla) were reported

in reference documents as representing food sources for

indigenous peoples or other potential consumers of wildlife.

Mammal tissue types included muscle (flesh) as representing

the predominant tissue likely to be ingested, and also various

organs (heart, kidney, liver) that have the potential of being

ingested. Kangaroo meat is processed and sold commercially

as a food product in Australia as well as in other countries.

Most samples considered in this study were uncooked,

however, some results for cooked samples were provided

from Maralinga with sampling methods designed to consider

traditional food preparation methods (Giles et al. 1990).

Sampling methods, as described in the data source

documents, typically included the collection of about 1 kg

of tissue per animal for larger species such as kangaroo and

sheep with data representing individual animals. Where

noted in the source documents, the sampled animals were

typically adults of either sex. Samples of smaller species,

such as rabbit and lizard, were typically treated as indi-

vidual animals. Muscle and viscera samples were sealed in

plastic bags and frozen during transport. Samples were

weighed fresh, dried (typically at 60�C), and ashed. Sample

analysis was typically completed by gamma and alpha

spectrometry on digested ash samples and in one case by

neutron activation analysis. Soil sample depths ranged

from 0–1.0 to 0–10 cm below the ground surface.

Derivation of CRt values

A general definition for concentration ratio, CR, is the ratio

of the activity density of a radionuclide in the receptor

compartment to that in the donor compartment (ICRU

2001). In the present study, the receptor compartments are

animal tissues (muscle, viscera, etc.) measured on a fresh

(wet) mass basis, and concentration ratios with respect to

such tissues are denoted by CRt. The donor media is pri-

marily the soil of the animal’s forage area measured on a dry

mass basis. However, in one table, CRt values relative to

range forage (dry mass basis) are presented. Data subsets

herein, with sufficient numbers of CRt values, appear to

generally align with a log-normal distribution pattern.

However, summary values based on a normal distribution

(mean and standard deviation) are reported here to be con-

sistent with current database input requirements and with

other literature reports. One-way ANOVA tests are used in

the present study when comparing different CRt data sets.

The process used for deriving the CRt values in this

study included assessment of the source reports to ensure

they provided descriptions of site location, sampling design

and methods, and laboratory analysis methods sufficient to

permit replication. Values of CRt were derived if the ori-

ginal soil and animal sample data were available from the

same report (in all but one case, the soil and animal sam-

ples were taken during the same sampling activity) and if

the soil samples appeared to represent typical soils within

the expected local forage ranges of the animals sampled

(see discussion below on uncertainty). In deriving the feed-

to-muscle CRt values, data were used if the vegetation

samples were specifically selected as representing site

livestock forage at the same location as the animal and soil

samples. For example, one study describes the vegetation

samples included as the ‘‘preferred animal fodder for cattle,

sheep, and kangaroo’’ (Lowson and Williams 1985).

Key uncertainty factors

Derivation of soil-to-animal CRt values assumes that the soil

sample data are representative of the area over which the

receptor animal ranges. Although estimates of the size of

forage ranges are available from general literature, actual

measurement and delineation of the forage ranges did not

occur in any of the source studies. Therefore, in considering

data from the source studies, while the soil samples were

representative of conditions at the study sites, the wildlife

sampled may have ranged further than the soil sampling

area. In general, the representativeness of the soil samples

relative to forage areas is expected to be inversely propor-

tional to the size of the forage area with, for example, a soil

sample from a forage area of a square metre being more

representative than a soil sample from a forage area of

1000’s of square metres. Although dingo and goanna CRt

values are included here, they are expected to have a rela-

tively high level of uncertainty as their predation ranges can

be large and are not delineated in the source studies. Where

available, the authors used site descriptions of soil and ani-

mal sampling locations to determine which of the available

soil sample sets best represented the animal forage ranges.

Additional uncertainty is introduced due to variation in

soil sampling practices among the source reports, with

sampling depths ranging from 1 to 10 cm, the latter being

the sampling depth recommended for the current wildlife

transfer database (http://www.wildlifetransferdatabase.org).

Soil sampling depth is more relevant when considering

fallout or aerially dispersed radionuclides, as was the case

at the Maralinga site (0–2.5 cm) when compared to natural-

series radionuclides at the other sites.

Some of the variation in this study’s CRt values may be

due to additional pathways that are disassociated with

soil-to-animal pathways such as ingestion of dissolved
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radionuclides from various types of stock-watering wells or

springs. The source reports are inconsistent in presentation

of site water data and therefore such data are not used in

this paper although water ingestion may have been a sig-

nificant source of radionuclide uptake in sampled animals.

In addition, source data do not allow for addressing vari-

ation in uptake rates relative to receptor gender, age, or

relative to the concentrations of already accumulated

radionuclides within the receptor tissue.

The original source reports also vary in their reported

minimum detection activities (MDAs). Some data are

reported as less than the MDA (\MDA) used during lab-

oratory analysis. In deriving the CRt values for this paper,

the \MDA values are included only when the MDAs are

less than the average value of the data set with the intent

being that the \MDA value represents a valid non-detec-

tion useful for descriptive statistics.

The existence of multiple sources of variation points to

the need for additional study to better determine which

factors are most important for uptake in wildlife and live-

stock and to better quantify measurable means of reducing

uncertainty. Uncertainty in CRts may be reduced through

further study of effects associated with pathway, gender,

ecosystem type, and taxonomic differences.

Results and discussion

Natural-series radionuclides

Of the CRt values derived from U- and Th-series radio-

nuclide data, the mean soil-to-muscle values for 210Po are

up to two orders of magnitude higher than those for 210Pb,
226Ra, 230Th, and U (Table 1). For example, 210Po values in

kangaroo are significantly higher (p \ 0.01) by nearly two

orders of magnitude than the other radionuclides measured.

Elevated 210Po levels in the organs of grazers and foragers

at locations having high natural-series radionuclide

concentrations have been previously observed in cattle

(Smith-Briggs 1984), and sheep (Bunzl and Kracke 1984).

Uranium CRt values indicate the least amount of accu-

mulation among the radionuclides considered.

During this study, fewer data were available for deriva-

tion of feed-to-muscle CRt values (Table 1) compared with

Table 1 Summary of Australian mammal soil-to-muscle and feed-to-muscle, CRt values for U- and Th-series radionuclides

210Pb 210Po 226Ra 230Tha Ub

Soil-to-muscle

Foxc Vulpes vulpes 9.5, 2.4

(8–11), 2

\2.8 3.4, 2.0

(2–5), 2

Kangarooc,d,e Megaleia rufa,
Macropus gigantus

2.6, 3.2

(1–9), 6

220, 320

(2–740), 5

4.6, 8.9

(\0.01–24), 9

3.9

(na), 1

1.8, 1.9

(0.1–5), 9

Pigf Sus scrofa 0.2

(na), 3

50

(na), 3

0.4

(na), 3

0.2

(na), 3

0.2

(na), 3

Rabbitc Oryctolagus cuniculus \1 2.6, 0.6

(2–3), 3

Sheepc,d,e,g Ovis aries 2.0, 1.6

(\0.3–6), 14

73, 110

(\1–270), 5

5.1, 8.8

(\0.01–24), 11

4.7, 4.7

(1–14), 7

1.0, 1.0

(\0.04–3), 11

Water

buffalof
Bubalus bubalis 0.2

(na), 1

2

(na), 2

0.3

(na), 3

0.03

(na), 3

0.2

(na), 3

Feed-to-muscle

Kangarooc,d,e Megaleia rufa,
Macropus gigantus

13, 19

(\0.01–50), 6

6.7, 3.1

(3.6–11), 5

1.8, 3.7

(\0.1–12), 9

1.2 12, 15

(0.6–36), 9

Sheepc,d,e Ovis aries 4.4, 9.0

(\0.1–24), 7

5.2, 4.7

(0.9–12), 5

6.2, 13

(\0.1–42), 9

5.6, 4.9

(0.9–11), 4

11, 12

(0.3–36), 9

Values are derived from raw data provided in the references listed in the footnotes (except for Martin et al. 1998), and comprise means, and if

available, standard deviations, ranges, and numbers of samples; all CRt values 9 10-3

a Th is 230Th, except for values from Martin et al. (1998) which are the average of 230Th and 232Th
b U is 238U for reference Lowson and Williams (1985), U-total for references Williams (1978, 1981), and the average of 234U and 238U for

Martin et al. (1998)
c Williams (1981), Beverly, SA Australia, soil n = 4
d Lowson and Williams (1985), Manyingee, WA Australia, soil n = 12
e Williams (1978), Yeelirrie, WA Australia, soil n = 12
f Martin et al. (1998), Ranger, NT Australia
g Williams (1980), Honeymoon, SA Australia, soil n = 6
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the soil-to-muscle values because fewer studies included

flora sampling specifically targeting animal forage. Of the

source studies, feed-to-muscle CRt values were able to be

derived for sheep and kangaroo from three locations

(Beverly, South Australia; Manyingee and Yeelirrie, Wes-

tern Australia). The results indicate that in contrast with the

soil-to-muscle CRt values, the feed-to-muscle values for
210Po are not elevated relative to the other radionuclides

(p [ 0.05). These data suggest that the dominant pathway

segment contributing to the elevated 210Po levels in animal

tissue, as discussed above, is not in the feed-to-animal

transfer, but rather in the accumulation of elevated 210Po in

the feed plants. This is consistent with previous observa-

tions of elevated 210Po adsorbed onto the surfaces of plants

following atmospheric deposition (Vandenhove et al.

2009). Also in contrast, the sheep feed-to-muscle values for

U are elevated relative to the other radionuclide values

(p \ 0.01), suggesting that U in particular has a relatively

higher rate of assimilation via ingestion of forage material.

However, the data do not provide for assessing the contri-

bution of alternative pathways such as ingestion of water,

dust inhalation, or direct soil ingestion.

A set of U- and Th-series data are available from the

Olympic Dam, South Australia, site (Read and Pickering

1999). However, those values are not included in Table 1 as

they represent a distinctly different set of conditions at a

small mining waste disposal site subject to repeated expo-

sure of windborne acid spray (0.7–1.0 pH). The CRt values

derived from data on the single mammal sample (Mus

domesticus) are 0.75, 0.063, and 0.65 for 210Po, 230Th, and
238U, respectively. Additional data are available for small

lizards including elevated derived average CRt values of

1.7, 22, 0.8, and 6.0 for 210Pb, 210Po, 230Th, and 238U,

respectively, in two body samples of Ctenophorus nuchalis.

These CRt values are elevated by approximately three

orders of magnitude above those from published non-waste

site areas with differences likely associated with low pH

conditions that can increase solubility of the subject ra-

dionuclides leading to potential increases in bioavailability

and reduced soil concentrations due to enhanced leaching.

Consistent with the discussion on uncertainty above, data

in Table 1 indicate standard deviations that are large relative

to the mean values, and value ranges can vary up to 3 orders

of magnitude given the same radionuclide and receptor. The

CRt values for 210Po have the largest variation (SD = 320)

and U the smallest (SD = 0.6). However, the instances

where variation is small, such as for U in fox and rabbit, are

likely associated with small sample sizes rather than varia-

tion associated with site conditions or uptake processes.

Former weapons testing site transuranics

Soil and animal tissue data for 241Am and 239/240Pu are

available from the Maralinga former weapons testing site

(Table 2). The 241Am and 239/240Pu CRt data sets are not

significantly different (p [ 0.05) and are highly correlated

(r = 0.99). Values of CRt of 241Am and 239/240Pu for

uncooked rabbit muscle are of the same order of magnitude

compared to those used in ERICA (whole-body) while

available (cooked) rabbit muscle values are one order of

magnitude higher. The cooked tissue data reported for the

Maralinga site are intended to represent traditional indige-

nous methods of food preparation where contact of meat with

soil or ash may occur (Table 2). The limited rabbit data set

indicates significant differences (p \ 0.05) between cooked

and uncooked CRt values suggesting some traditional

cooking methods (food preparation on the ground surface,

cooking in ashes or sand pits) can introduce additional

Table 2 Summary of soil-to-animal CRt data from the Maralinga site, South Australia

241Am 239/240Pu

Dingo Canis lupus dingo Visceraa 1.34

Muscle and bonea \0.01

Goanna Varanus gouldi Wholeb 1 0.7, 0.0 (0.7–0.7), 2

Kangaroo Megaleia rufa Cooked muscleb 2.5, 3.7 (0.5–12), 10 2.3, 3.1 (0.4–9), 10

Cooked viscerab 28, 36 (2–110), 10 31, 45 (1–130), 10

Lizard Pogona minor, A. cristatus, and C. nuchates Wholeb 5.6, 3.5 (3–9.6), 3 3.8, 2.3 (1.7–7.7), 3

Rabbit Oryctolagus cuniculus Muscleb 13, 28 (0.08–83), 8 40, 122 (0.05–410), 11

Cooked muscleb 51, 170 (1–710), 17 120, 450 (0.5–1,900), 17

Visceraa 0.72

Muscle and bonea 0.02

Witchetty grub Endoxyla leaucomochla Wholeb 2.2, 3.9 (0.2–10), 6 1.6, 2.6 (0.1–6.9), 6

Values are means, and if available standard deviations, ranges, and numbers of samples; all CRt values 9 10-3

a Ellis (1979)
b Giles et al. (1990)
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radionuclide contamination. For cooked muscle, mean val-

ues of CRt of 241Am and 239/240Pu for rabbit are generally an

order of magnitude higher than those for kangaroo muscle.

This suggests greater dust contamination of rabbits during

food preparation due to their larger surface area to volume

ratio as one possibility among other potential causes.

Although living below the ground surface, witchetty

grubs have whole-body CR values that are not particularly

elevated relative to soil concentrations. This is consistent

with expected limited transport of 241Am and 239/240Pu into

subsurface layers of soil due to adsorption on near-surface

soils and apparent limited transfer into the roots of the

witchetty bush (Acacia kempeana) within which the grubs

live and feed. Low CRt values are also consistent with the

particulate nature of the Pu contamination at the Maralinga

site that is expected to be less available for direct assimi-

lation in animal tissues (Haywood and Smith 1990).

Source documents indicate that the residual 241Am and
239/240Pu contamination at Maralinga included particulates

of various sizes which may have been accessible for inges-

tion by macro fauna, but not necessarily bioavailable for gut

transfer (Giles et al. 1990). The Maralinga studies were

performed following small-scale remediation efforts and

prior to a 1990s remediation effort in which surface material,

including particulate contamination, was mechanically

gathered from large areas and buried in covered trenches.

Variation among species

Variation of uptake among species can be related to size,

metabolic rates, variable gastrointestinal absorption rates,

potentially poor correlation between varying territorial

ranges and the soil samples collected, among other species-

specific differences (Beresford et al. 2007; Calmon et al.

2009; Higley and Bytwerk 2007; Howard et al. 2009a).

Consistent with previous studies, variation among indi-

viduals exceeds differences among species. However,

causal factors affecting uncertainty were not quantified in

the data source studies used for this paper.

Relative to comparable data from other continents,

accumulation of Ra, Th, and U in Australian grazers is

elevated by one to two orders of magnitude (Fig. 2) com-

pared with that of cattle in Brazil, South America and in

United States, North America (Linsalata et al. 1989, 1991).

Compared to the closest matching whole-body CR values

available in ERICA and RESRAD BIOTA tools, the

present study’s 210Po data for muscle in kangaroo and

sheep are up to two orders of magnitude higher than the

model default values. In addition, the present study’s

kangaroo CRt values for 230Th, and 238U are more than one

order of magnitude higher than the defaults available in

ERICA. In contrast, the present study’s values for 210Pb

and 226Ra are up to one order of magnitude less than the

defaults in ERICA and RESRAD BIOTA. Sparse data do

not support derivation of whole-body CRs that would allow

for one-to-one comparison between study data and that of

ERICA and RESRAD BIOTA. However, the whole-body

CRs are generally expected to be greater than the soil-to-

muscle CRt values for the set of radionuclides reported in

this study due to accumulation of elevated levels of

radionuclides in organs and, in some cases, in bone. There-

fore, a direct comparison of whole-body CRs is expected to

indicate higher values for the present study’s data relative

to the ERICA and RESRAD defaults than shown in Fig. 2.

Muscle and bone proportions are estimated to average 50

and 10% of whole-body mass for kangaroo, and 33 and 9%

for Australian range sheep (not including skin/fur and tail)

(Hopwood et al. 1976).

For wildlife and livestock, radionuclide uptake primarily

occurs following ingestion of soil, water and feed, as well

as following inhalation of dust and gases (IAEA 1994;

Whicker and Shultz 1982). For example, grazing sheep can

uptake the 137Cs associated with the soil that is adhered to

range feed (Beresford et al. 2002; Hinton et al. 1995).

Uptake and soil-to-plant adhesion rates can vary depending

on factors such as season (Baeza et al. 2001), weather, and

grazing density (Hinton et al. 1995) that have the effect of

altering percentages of vegetative ground cover. It follows

that CRt values may be elevated in arid and semi-arid

climates where higher proportions of bare ground surface

can lead to greater availability of soil-sorbed radionuclides

for transfer to forage through rainsplash or dust suspension
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Fig. 2 Comparison of mean CRt values (soil-to-muscle) for natural-

series radionuclides from this study (kangaroo, sheep, rabbit), Martin

et al. (1998) (water buffalo), Linsalata et al. (1989, 1991) (cattle), and

reference CR whole-body values from the ERICA and RESRAD

BIOTA software tools, respectively. Note that in contrast to the data

in the accompanying tables, the data in this figure have not been

multiplied by 103
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processes. Future studies that examine climate-related

factors such as percentage of ground cover and variation in

forage vegetation types could provide improved CRt value

estimates for application in dose assessment models and

biota dose evaluations in general.

The present study’s data for predators (dingo, goanna,

fox) provide evidence of accumulation of radionuclides

including uptake of 239/240Pu in dingo viscera, and uptake of
210Po, 226Ra, and U in fox. This accumulation occurred

despite expected large forage areas of predators relative to

the size of the contamination area. The CRt values in pre-

dators are generally not significantly different (p [ 0.05) to

CRt values of their probable prey (e.g., fox and rabbit

Table 1, dingo and kangaroo Table 2, goanna and smaller

lizards Table 2). However, the number of sample replicates

for predators is few, and additional data would be needed to

determine more representative CRt values for predators

relative to their prey at Australian locations.

Data presented for reptile species in this paper show

similar whole-body CR values for Pu as presented by

Wood et al. (2010) for lizard and snake species. The CR

value presented by Wood et al. for Am is circa one order

of magnitude higher than that derived here. However, the

Wood et al. Am data are dominated by measurements on

samples from coastal sand dune ecosystems which receive

inputs from marine discharges of radionuclides.

The species evaluated in Tables 1 and 2 include seven

mammals, two of which are endemic (kangaroo and dingo),

four endemic reptiles (Goanna and three lizards), and one

endemic insect (witchetty grub). Differences of CRt values

among mammal species, endemic and introduced, are not

significant (p [ 0.05) for the U- and Th-series values in

Table 1. Differences among species are similarly not sig-

nificant (p [ 0.05) for the weapons-associated radionuclide

CRt values for uncooked tissue in Table 2. However, the

lack of differences among species may result primarily

from small sample sizes and associated high variation and

suggests further study is required to better quantify any

differences that may exist. Willey (2010) studied inter-taxa

variation among plant species relative to uptake of Cs, Sr,

Co, Cl, and Ru and observed patterns of phylogenetic

variation in bioaccumulation. Jeffree et al. (2010), working

with marine fish, have found similar phylogenetic differ-

ences. Further data are required for Australian species to

assess this possibility for endemic organisms as well as in

comparison with biota from other regions.

Kangaroo and sheep tissue types

Kangaroo and sheep samples were collected at three

locations (Beverly, Yeelerrie, and Manyingee) allowing for

comparison of relative uptake of 210Pb, 210Po, 226Ra, and U

radionuclides among a range of tissue types (Table 3). T
a
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When considering all tissue types, kangaroo and sheep CRt

values are linearly correlated (r = 0.81, Fig. 3) over a

range of 5 orders of magnitude. For kidney and liver,

kangaroo data indicate consistently higher CRt values than

sheep, particularly for 210Pb, and 210Po with values in

kangaroo liver up to an order of magnitude higher than

those in sheep liver. Relative to muscle across all four

radionuclides, sheep CRt values average 68% of kangaroo

values. Values of 226Ra are elevated in bone compared with

other tissue in both species. Similar observations of ele-

vated 226Ra in bone were previously made for cattle

(Linsalata et al. 1991) and are consistent with expected

accumulation of a divalent nutrient along with calcium in

bone. Basal metabolic rates for marsupials are generally

about 70% of those for comparable placentals; however,

food habits and activity are sometimes strong enough to

mask phylogenic differences (Tyndale-Boscoe 2001). In

addition, the lower metabolic rates imply slower elimina-

tion rates that may contribute to the higher accumulation in

kangaroos when compared to sheep.

Comparison of tissue types for the same species indicate

kidney and liver values are consistently higher than muscle

values with order of magnitude differences in 210Pb and
210Po CRt values. Among radionuclides, the rank of

CRt values for muscle and organs is generally Po [
Pb [ U [ Ra for both animal species (Fig. 3).

Conclusions

This study provides empirical radionuclide CRt values for

endemic and introduced species inhabiting Australian

rangelands. The CRt values reported here are derived from

data obtained from previous studies at seven locations in

Australia representing primarily mining sites having

U- and Th-series radionuclides in soil, and one former

weapons testing site having 241Am and 239/240Pu in soil.

Soil-to-muscle CRt values of natural-series radionuclides

for Australian kangaroo and sheep are one to two orders of

magnitude higher than those for cattle in Brazil and in the

United States. Soil-to-muscle CRt values in Australian

kangaroo and sheep for 210Po, 230Th, and 238U are one to

two orders of magnitude higher than whole-body ERICA

tool reference values. Comparing among radionuclides,

values of 210Po in muscle and organ samples are consis-

tently higher than values for the other natural-series ra-

dionuclides. Kangaroo organs typically have higher CRt

values than those of sheep, particularly for 210Pb and 210Po.

Values for kangaroo muscle and sheep muscle are linearly

positively correlated (r = 0.81) for paired samples gath-

ered at three semi-arid sites with rangeland conditions.

In addition to CRt values relative to soil, feed-to-tissue

CRt values are derived at rangeland locations. In contrast

with the soil-to-muscle CRt values, the feed-to-muscle

values for 210Po are not elevated relative to the other ra-

dionuclides suggesting the dominant pathway segment

contributing to the elevated 210Po levels in animal tissue is

the accumulation of elevated 210Po in the feed plants rather

than the feed-to-animal transfer.

This study responds to a general need for better quantifi-

cation of CR values and provides the first published set of

CRt values for kangaroo, sheep, dingo, and other fauna in

semi-arid Australian conditions. Some data sets used are

limited in scope and replication numbers, and the study

highlights the need for additional data to more fully quantify

these CRs. Additional data would better define CR values in

general as well as providing for comparison between pred-

ator–prey values and for comparison of accumulation rates in

semi-arid Australian conditions with those of other climates.
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