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ABSTRACT 

Detailed geographical distributions and concentrations of long-lived 
radionuclides remaining from the major trials of nuclear weapons conducted 
at Haralinga in 1956 and 1957 are presented. 

It is shown that residual contamination due to fission products -
mainly strontium-90, caesium-137 and europium-155 - are well below levels 
that could constitute a health hazard to occupants of the area. In the 
regions near the ground zeros however, long-lived neutron activation prod
ucts in soil - mainly cobalt-60 and europium-152 - are present in sufficient 
abundance to give rise to gamma-radiation dose-rates up to 2 milliroentgen 
per hour, which exceed maximum recommended dose-rates for continuous 
occupancy. 

Near one major trial site, plutonium-239 concentrations in soil, 
reaching 15 microcurie per kilogram in one small area, exceed the concentra
tion of 1 microcurie per kilogram considered to be acceptable for continuous 
occupancy without incurring risk to health. 

The distribution of ejropium-152, originally induced in the soil at 
the detonation sites, indicates that there has been some wind dispersion of 
soil-borne radioactivity over distances of the order of a kilometre. 

Detectable, but low, levels of artificial radionuclides, cobalt-60 
and caesium-137, have been observed in the tissues of local animals. 



INTRODUCTION * 

In 1955, the Australian Government agreed to the establishment of a 
substantial facility in South Australia for the conduct of field investigat
ions and trials in support of the British program for developing nuclear 
ueapons. The facility, uhich became known as the naralinga Range*, is sited 
just north of the ancient sand-hills dividing the Nullabor Plain from the 
desert region of Central Australia. 

An extensive infrastructure uas rapidly built up, capable of support
ing scientific investigations and trials ranging up to the full-scale field 
testing of kiloton range nuclear explosive devices. A fully-equipped town
ship uas established, together uith laboratories and other facilities, to 
accommodate the teams of British scientists and technicians conducting the 
work. The entire Range, including the area set aside for field investigat
ions and trials, uas serviced by a substantial netuork of bitumenised roads. 
This netuork remains linked to the Transcontinental Railuay some 30 miles to 
the south and to the all-weather airstrip provided at naralinga itself for 
access by air. The overall layout of the Range is shown in Figure 1. 

naralinga uas in frequent use from 1956 to 1963. Tuo series of full-
scale tests of nuclear ueapons uere carried out in 1956 and 1957 and it is 
the radioactive contamination remaining at the Range from these tests that 
is the subject of this report. A program of experiments and investigations, 
termed minor trials, uas executed each year up to 1963 and residual radio
activity from these is covered in a companion study (Ellis, 1978). 

The tuo series of nuclear weapons tests in 1956 and 1957 comprised 
seven explosions in all and details are given in Table 1. 

Table 1t Major trials conducted at Plaralinqa 

Code Name Date Platform Yield 

One Tree 27 Sep. •56 tower kiloton range 
narcoo 4 Oct. •56 ground surface low yield 
Kite 11 Oct. •56 air drop low yield 
Breakauay 22 Oct. •56 tower kiloton range 
Tadje 14 Sep. •57 tower low yield 
Biak 25 Sep. '57 tower kiloton range 
Taranaki 9 Oct. •57 balloon kiloton range 

*'naralinga' is taken from an Aboriginal word for thunder. 
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Wind regimes at firing were chosen to ensure that the close-in fall
out, occurring on the Range, was broadly in a north-easterly direction from 
the ground zeros and that on leaving the Range, the radioactive clouds uould 
avoid all main centres of population in their passage across the Australian 
continent. 

In general, close-in fallout particles consist of a re-solidified 
matrix of inactive material deriving from the weapon itself, its support 
structure and surface soil, into which are incorporated radioactive nuclei. 
These nuclei may be fission fragments, their decay products or radionuclides 
produced by neutron activation. The character and disposition of the close-
in fallout depends significantly on the design of the weapon trial, and 
variations can be expected depending on the nature and scale of the trial, 
its firing platform and its height above the ground. 

The seven nuclear explosions at Plaralinga involved three different 
firing configurations, each of which imposed a characteristic, and different, 
behaviour on the close-in fallout. Thus, two of the explosions KITE and 
TARANAKI, which were both airbursts, produced no significant close-in fall
out, and little or no evidence of these explosions remains at Plaralinga. 
For one particular trial - TADJE - the close-in fallout was much richer in 
60 
Co, as this nuclide had been incorporated in the trial for diagnostic 

purposes before the explosion. 

For the four major trials conducted on towers - ONE TREE, BREAKAWAY, 
TAD3E and BIAK - there was extensive activation of the soil around the 
towers by the flux of neutrons escaping from the explosion. Activation 
products remain, therefore, in the soil around the ground zeros, of a 
nature and spatial distribution determined by the soil constituents and the 
neutron flux, and generally extending to radial distances of several hundred 
metres and to depths of several metres close to the ground zeros. Because 
of likely spherical symmetry of the neutron flux and absence of major variat
ions in soil composition affecting the concentration of target nuclides in 
the soil, the products of neutron activation can be expected to have near 
circular symmetry around the ground zeros and a smoothly varying spatial 
distribution. Thus, the neutron activation products are likely to describe 
uniform well-behaved patterns in the soil, in sharp contrast to the close-in 
fallout with its discrete, particulate nature and wide variability of 
deposition density on the soil surface. 
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For the ground surface trial at FIARCOO, uhile neutron activation 
of soil occurred, the ground area so affected uas limited in extent and 
most of the activated soil uas removed and dispersed 5.n the formation of 
the crater resulting from the explosion. 

In 1966, an extensive radiological survey uas carried out, covering 
all trial areas at flaralinga, to evaluate the condition of the range and to 
define the steps necessary for its rehabilitation prior to its closing. 

For the regions of the ground zeros of the major trials, detailed 
surveys uere made of {3-radiation dose-rate and Y-radiation dose-rate and 
sets of soil samples uere taken to determine the nature and extent of the 
neutron activation in soil. The surveys uere confined to the environs of 
the ground zeros and uere not intended to cover the areas contaminated by 
close—in fallout, where the radiation dose-rates uere knoun to be louer. 
For TADJE, houever, the detailed survey uas uidened to provide for the 
special problem of the close-in fallout pellets highly enriched in Co 
uhich covered an area some 200 metres uide extending about 600 metres to 
the north from the ground zero. Results obtained at this time for the 
major trial sites are re-presented in Figure 11 in a form enabling direct 
comparison uith measurements at other times. 

In 1967, a major rehabilitation program knoun as BRUMBY uas under
taken to treat all trials areas contaminated uith radioactivity so that 
hazards to health uould be eliminated or reduced to levels below the 
limits uhich are recommended by the International Commission on Radiolog
ical Protection (1CRP-2 (1959), ICRP-6 (1964), ICRP-9 (1966)) uhich have 
been adopted by the National Health and Medical Research Council (NH & CIRC 
1967). 

For the major trials sites, BRUMBY concentrated on the environs of 
the ground zeros and the area to the north of TAD3E for uhich the close-in 
fallout uas highly enriched in cobalt ( Co). No treatment uas afforded any 
other region contaminated uith close-in fallout. In the area near each 
ground zero, all large pieces of glazing uere removed and buried. Each site 
uas then graded and disc ploughed over a diameter of several hundred metres 
to break up and distribute into the soil any residual surface material. The 
additional attention given to TAD3E Bntailed the location and removal by 
hand of fallout pellets rich in Co for secure disposal elsewhere. The 
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crater formed at HARC00 was filled in and levelled. Details of the treat
ment accorded each trial site are summarised in Appendix I. 

In 1972, Maralinga was visited again to assess the condition of the 
range, and changes uhich had taken place during the five years since BRUflBY. 
The observed condition of the major trials sites at that time is outlined in 
Appendix I in terms enabling direct comparison with the treatment given to 
the areas in BRufiBY. With the notable exception of BREAKAWAY, regeneration 
of native flora had been poor and the sites stood out in contrast to the 
surrounding countryside. In particular, there had been substantial loss of 
surface soil from the treated areas of ONE TREE, TADJE and BIAK (and 
TARANAKI), exposing essentially bare limestone and bitumenised surfaces 
uhich could not support plant growth. 

Measurements were made of y-radiation dose-rate in the environs of 
the ground zeros of the major trials and soil samples were taken for 
laboratory assay to obtain further information on the radionuclides respon
sible for the radiation fields. The results on y-radiation dose-rate are 
included in Figure 11 for direct comparison uith similar data from other 
surveys and results from the soil analyses have be:an incorporated uith 
those of the present survey. 

THE PRESENT SURVEY 

The present survey, for which the field work was carried out in 
August 1977, was undertaken with two major purposes. Firstly, it uas 
intended to complete the data set on environmental contamination and re
evaluate the possible radiological hazards in the area. Secondly, a detail
ed study of the distribution of radionuclides in the soil, particularly 
those formed by neutron activation, would provide some insight into their 
migration and dispersal since they were formed in 1956 and 1957. 

Since the areas where the close-in fallout from each trial had been 
deposited were well determined and documented at the time of the explosions, 
a grid of between 10 and 35 measurement points was laid down for each site 
which covered adequately these areas. Outside of these five grids an 
extensive set of additional points wan defined which covered surrounding 
areas on a broader scale, and uhich would provide information about migration 
and dispersal. Two hundred and ninety one survey points were defined in this 
way and their positions, established by geodetic survey, are plotted in 



Figures 1 and 2, 

At each measurement point a determination was made at a height of 
1 metre above the ground of the y-radiation field in units of microroentgen 
per hour. In addition, the distribution and intensity of y-radiation was 
measured around each ground zero. Each measurement was an average of 
several readings taken over an area of ~10 metre diameter where points were 
closely spaced, and over ~20 metres diameter where on a broader scale. 
Where possible these measurements were made using ionisation chambers or 
energy compensated Geiger Muller detectors*, which were calibrated in the 
Laboratory both before and after the field measurements and which were 
frequently compared for consistency in the field. Over most of the fallout 
areas however the levels were too low to be measured with these instruments 
and more sensitive scintillation detectors were used instead. These were 
cross calibrated with the ionisation chambers in the field at locations 
where the radiation levels were high enough for both classes of instrument 
to be used, and were also calibrates independently in the Laboratory. 
Details of the individual measurements, and the dose rate observed at each 
point are presented in Appendix II. 

The data are summarised in Figure 3, where isodose contours are 
plotted for the major trials area. With the exception of MARCOO, it is 
apparent that each site shows circular symmetry about ground zero in its 
radiation field, arising from the fact that chis radiation comes almost 
entirely from the long-lived nuclides Eu and Co, formed by neutron 
activation. Elsewhere the radiation dose is relatively lou although the 
sensitivity is sufficiently high for the principal fallout zones to be 
identified from their radiation fields. 

•Victoreen Radector II Log- Dose-Rate Monitor 
(Neher-Uhite Ionization Chamber) 

*Nuclear Enterprises Dose-Rate Meter Type NE 2601/N 
(energy compensated Geiger-Muller detector) 

•Ericsson Radiation Monitor Type 1320 
(Geiger-Muller detectors) 

Nuclear Enterprises Log Scintillation Dose-Rate 
Monitor Type NIS 295B 

+Scintrex Count-Rate Meter Type BGS-ISL 
(Sodium Iodide Scintillator) 
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Radionuclides produced at the time of the trials and remaining at 
the present time are derived from fission products, neutron activation of 
touer material and weapon hardware, soil activation products and unconsumed 
plutonium and its activation products. Table 2 lists those long-lived 
isotopes likely to be present in 1977 at levels which are relevant to an 

90 assessment for potential health hazard. Of this set, all but Sr and the 
Plutoniums are amenable to straightforward assay by measuring their gamma 
ray emissions with a high resolution spectrometer. 

Table 2: Significant Lonq-Lived Isotopes in 1977. 

Nuclide Half l i f e ( b M c ) 

radiation 
0rigin ( a ) Principle Organ 

at risk 
Pathway 

9 0Sr 27.7 yr, 0 FP bone ingestion 
1 3 7 C s 30 yr, y FP whole body external 

irradiation 
1 5 5 E u 4.65 yr, Y's FP, A whole body II 

6 0Co 5.3 yr, Y's A n »i •• 

152r Eu 12.4 yr, Y's A ti n •i 

154r Eu 7.84 yr, Y's A •i n ti 

239Q Pu 24,390 yr, a's til lung & bone inhalation 
24" Pu 6,580 yr, a WA n n II 

241_ Pu 13.2 yr, 0 UA ti it n 

241. Am 458 yr, Y»<* UA II II II 

(a) FP = Fission Product 
A = Activation Product 
Uf = Ueapons Material 

(b) Lederer et ai (1967) 
(c) Blachot and Fiche (1977) 

A surface soil sample was taken at each point, which was broadly 
representative of its locality. Each sample comprised three sub-samples, 
all taken from an area within 5 metres of the survey point. It was inten
ded that by sub-sampling in the vicinity of a survey point the variability 
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of the radionuclide distribution around a particular point could be ascer
tained. In most cases a simple hand corer uas used, with which a standard 
cut, 82 mm in diameter and 40 mm deep uas extracted. Surface samples were 
supplemented in various locations with soil profiles consisting of 40 mm 
horizons to depths of 120 mm or more. 

Further soil samples (surface and in profile) were taken from 
special features near a survey point, uhich may not necessarily have been 
representative of the locality, but uhich uere selected for their relevance 
for investigating dispersal phenomena; sand dunes and water soaks were 
specifically identified as being of potential value for this purpose. 

Finally, a soil profile was obtained by diamond drilling to a depth 
of 10 metres, some 50 metres from the ground zero of BREAKAWAY, to obtain 
information about the distribution of activation nuclei with depth. Much 
of the drill core consisted of impervious rock, but where it appeared to 
be permeable, samples were taken for analysis. 

Full details of sampling method, type of sample, soil type and 
description of the local terrain are given for each survey point in 
Appendix II. 

Laboratory Analysis of Soil Samples 

_Samp_le_P£e£a£a^i£nj_ 

It had been recognised from the outset that the concentrations of 
radionuclides in the soil would vary over the range 10 nCi/kg to 100 nCi/kg 
or as much as four orders of magnitude in activity, with the presence or 
otherwise of activity at the low end of the range providing potentially 
significant information about dispersal. For this reason it uas important 
that before the field material uas prepared for analysis, it should be 
ranked in order of activity, with the high activity being processed last 
through all stages of the analyses. All samples were therefore assayed 
initially using a low resolution high sensitivity y-ray spectrometer, and 

152 ordered according to their approximate content of Eu, an activation 
137 product, or Cs, a fission product. 

It uas also recognised that the discrete particulate nature of 
the close-in fallout material, and the consequent wide variability to be 
expected between sub-samples at individual sites would impose serious 
problems of heterogeneity, especially for the extraction of identical 
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aliquots for analysis. Simple soil preparation procedures uere devised to 
overcome these problems by homogenising the samples adequately at an early 
stage. 

The homogeneity achieved for a set of 11 samples which were assess
ed in detail in a test run before the main body of analyses uere carried out 
indicated that the spread of activity between 10 fractions drawn from one 
sample uas no greater than 10J6. A cross-contamination check made at the 
same time showed that for the entire preparation procedures, sample to 
sample contamination was less than 0.5%. This was considered to be accept
able, provided that samples were processed in order of increasing activity. 

Soil samples were prepared for analysis by y-ray spectrometry and 
radiochemistry in one of three ways. 

(i) For the majority of survey points the three sub-samples uere 
represented equally in a composite sample for analysis -
these are identifiable in the listings of Appendix II and 
Appendix III through the suffix SJif. 

(ii) For other survey points, selected on the basis of higher 
activity of the three sub-samples or apparent variability 
within the set, the sub-samples uere presented for separate 
analysis - these are identified by suffix Ajf, Bjtf or Cjjf in 
their sample code numbers. 

(iii) Each of the soil profile samples uas presented separately 
for analysis - these are identified by the suffix -0, -1, 
-2, etc. 

For Y~ r ay spectrometry, each sample comprised 60 g of homogenised 
soil enclosed in a standard, thin-walled, Pl/C container. Samples prepared 

90 for radiochemical analysis for Sr consisted of 90 g of homogenised soil. 
Samples from the drill core at BREAKAWAY were presented whole and without 
preparation. 

y_-ray_ Sjĵ cĴ r̂ mê trŷ . 
Two identical spectrometers, based on 60 cc. 0RTEC Model VIP-10 

lithium drifted germanium detectors connected to an ADC multichannel 
analyser (Wuclear Data ND-2400) were used for the y-ray analyses. Pulse 
height distributions covering the range 0 to 2000 ke\l uere obtained from 
the encapsulated samples (70 mm diameter, 10 mm deep), which uere measured 
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in a standard geometry with the samples placed on the end cap of the detec
tor. Gamma ray intensities were obtained from the areas of the full energy 
p ,oto-peaks, which were observed to lie on a smoothly varying continuous 
background. A typical spectrum is illustrated in Figure 4. 

The absolute sensitivity of the detection systems was established by 
preparing identical calibration sources made from uncontaminated Maralinga 
soil to which had been added standard solutions of nuclides with y-ray 
emissions in the energy range 40 to 1600 keV. These sources included, 
where available, standards of the radioisotopes under study. As the sources 
were close to the detectors it was necessary in certain cases to note the 
effects due to coincidences between y-rays and/or X-rays in cascade (PIcCallum 
and Coote, 1975). From the information gathered a smooth relationship 
between sensitivity and y-ray energy was generated over the energy range of 
interest. The overall accuracy of the absolute calibration is estimated to 
be +, 10#. 

Measurement periods between 8,000 and 60,000 seconds were assigned 
on the basis of the approximate activities which had been determined for 
ranking purposes, to ensure a statistical precision no worse than +_ 15% for 
most of the nuclides of interest. Gamma ray spectra were processed and the 
lines observed assigned to their appropriate nuclides by computer. Careful 
checks were made at all stages to identify interference from unresolved 
gamma rays or the presence of other nuclides with lines at similar energies. 
This was done to ensure that the interference was small compared to other 
sources of uncertainty. Particular attention was givsn to possible inter-

239 / 241 
ferences affecting the determination of Pu (51.6 keV) and of Am 
(59.5 keV). 

Results from gamma ray spectrometry for surface samples and soil 
profiles are presented in Appendix III together with their measurement uncer
tainties. Each result is derived from a weighted mean activity (in nCi/kg) 
of the nuclide, based on all of the gamma rays detected and assigned to it. 

In order to assess the internal consistency of the results, ratios 
of nuclide concentrations were derived from the data for the surface soil 
samples - averaged over 3 sub-samples - for the survey points in the close-
in fallout regions beyond the environs of the ground zeros. For ONE TREE, 
MARC00, BREAKAWAY, TAD3E and BIAK the ratios grouped into sets are summarised 
in Table 3. Differences between sets are to be expected due to the varia-
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tions in the character and distribution of the close-in fallout discussed 
earlier. Houeuer, within a set each ratio was observed to be well grouped 
and this indicates the general self-consistency of the results. 

Table 3; Ratios of Radionuclide Concentrations 
(Normalised to Eu) 

Trial 90-Sr 1 3 7Cs 155r Eu 2 4 1 A 
Am 

ONE TREE 
(21 points) 

0.89 + 0.37* 3.7 + 0.6 0.57 + 0.06 

PI ARC 00 
(11 points) 

3.3 +1.9 3.2 + 0.6 0.54 + 0.25 

BREAKAWAY 
(25 points) 

1.5 +0.7 3.1 +_ 0.6 0.90 i 0.23 

TADJE 
(10 points) 

1.7 +0.6 2.8 + 0.4 6.6 +_ 0.8 

BIAK 0.76 + 0.20 2.9 + 0.6 0.88 + 0.15 
(20 points^ 

•*flean and standard deviation of the samples 

One other feature of the data in Table 3 is the considerably higher 
241 155 

ratio of Am to Eu at TAuDE compared to the other sites. This ref
lects a greater abundance of weapon material in the close-in fallout for 
that particular major trial. 

Within the sub-samples major variations were observed in radio
nuclide concentration arising from the discrete nature of the fallout par
ticles. Appendix III shows examples of variations ranging from less than a 
factor of two to some extreme cases of more than a factor of one hundred. 
Typically, however, they lie within a reasonable range and the averages do 
provide a meaningful, if none too precise estimate of soil concentrations. 
The radionuclide concentrations in the surface soil averaged over the three 
sub-samples are plotted in Figures 5-10 for the major trials area. A set 
of approximate contours have been drawn through these points to identify 
the regions of generally higher radionuclide deposition. The data plotted 
are for surface soil only and do not necessarily reflect the nuclidB con
centration throughout the profile at the survey point. 

Results for the drill core taken near BREAKAWAY are presented in 
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137, Table 4 and indicate the presence of the surface contaminant Cs in the 

samples taken at depths of 120 cm and 220 cm. However, the suggestion of 
caesium at these depths - and those depths only - in undisturbed soil is 
unrealistic, as caesium is well known to bind quickly to soil, and to 
penetrate only to shallow depths (Squire and Pliddleton, 1966). It is 
likely that this caesium is contamination carried down from the surface 
by the water which was forced under pressure down the hole to cool the 
drill tip. Nevertheless, the data indicate for the neutron activation 
nuclei Eu and Co an approximate exponential attenuation with depth 
with a relaxation depth of "35 cm reflecting the deep penetration of the 
primary neutron flux. 

Table 4; Activity of Radionuclides Observed in 
BREAKAWAY Drill Core Samples 

Sample 
No. 

Depth 
(cm) 

Activity 
(nCi/ko) 

Sample 
No. 

Depth 
(cm) 

6 0Co I37 r Cs 152 r Eu 154 r Eu 
22400 20-30 18 95 6.0 

01 30-45 6.2 25 1.5 
02 55-70 1.7 28 1.8 
03 70-80 0.1 0.3 
04 120-130 1.0 0.3 8.2 
05 215-232 1.7 0.1 5.6 0.6 
06 264-278 0.05 0.1 
07 315-327 0.1 
08 437-447 
09 487-500 
10 564-575 
11 696-708 0.05 
12 900-914 
13 987-1000 

90 Radiochemical Determination of Sr: 

The standard ARL procedure for the radiochemical determination of 
90 strontium ( Sr) in soil (Bonnyman et al, 1971) was modified to provide for the 

special requirements imposed _y the composition of the Maralinga soils. 
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The modifications, all of which were to the chemical method, were made to 
overcome severe interferences due to the high calcium and iron content of 
the soil. Otherwise, the procedure remained unchanged, including the meth
ods and equipment involved in measurement of the ^-activity, uhich have been 
described elsewhere (Bonnyman, 1957). 

Each 90 g soil sample presented fcr determination was subjected 
initially to two extractions using hot hydrochloric acid (6M) with calcium 
and strontium being precipitated from the extractant using oxalic acid at 
pH4. Several fuming nitric acid separations were then required to remove 
calcium and most other interfering ions. Barium and radium were removed, 
in the next stage, with a barium chromate precipitation. After a final 
purification step, in which yttrium and trace ions were removed, the stron-

90 tium solution was set aside for Y in-growth for approximately 10 days. 
/ 90 » Yttrium (and Y) was then separated and converted to an oxalate precipitate 

which was planchetted for measurement for {3-activity. 
85 The chemical yield for strontium was determined by reference to Sr 

tracer added to the soil sample at the first stage of the analysis. The 
chemical yield for yttrium was obtained by gravimetric measurement of 
yttrium oxide after completion of the (3-activity measurement on the yttrium 
oxalate precipitate. 

In order to supplement the provisions in the established methods, 
additional quality control procedures were introduced in both radiochemistry 
and |3-activity determinations. Thus, each batch of soil samples for radio
chemical analysis was made up of six samples and two quality controls; 

90 namely, one blank, comprising Maralinga soil known to be free of Sr 
contamination, and one control, comprising similar soil from Itaralinga to 

90 which a known activity of Sr had been added. For the counters used to 
measure the ^-activity, regular background and calibration measurements 
were made to confirm the long term stability of thu equipment. Again count
ing times and other operational parameters were defined to ensure that the 

90 overall measurement precision for all Sr determinations should be no worse 
than +, 155?. This performance was confirmed satisfactorily by the results 
obtained for the analysis of quality control material. 

The results from the radiochemical determinations of strontium-90 
in the surface soil samples are given in Appendix III as nCi/kg of soil, 
together with the measurement uncertainties. Consistency of these results 
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can be gauged by the comparisons made in Table 3 with the larger body of 
data obtained for the same soil samples by Y-ray spectrometry. Although 
shouting greater variation than the results for the Y-actiue nuclides, the 
strontium-90 data are sufficiently well grouped to indicate reasonable 
consistency between measurements. 

90 The distribution of Sr in the region of the major trials is also 
presented in Figure 7. 

Plutonium in Soil 
240 241 / 241 

Because the nuclides Pu and Pu (which decays to Am) are 239 produced by neutron capture in the fissile material Pi1, they are invar-
239 iably present with Pu in the close-in fallout from a nuclear explosion. 

Their relative abundances will, however, depend on their neutron exposure, 
both prior to and during the explosion. Nevertheless, for any particular 
trial it is likely that there will be a constant relationship between the 

241 239 241 
abundance of Am and Pu, so that the concentration of Am provides 

239 a quantitative measure of the concentration of Pu. 
241 In this study Am was observed to some extent throughout the 

239 
major trials area (cf Figure 10) and Pu was seen to be present in dir
ectly detectable quantities in the fallout from TADDE. However, major int
erference from other radionuclides with similar Y-ray emissions made quan-

239 titative determination of Pu generally unreliable with the analytical 
methods being employed in the study. Accordingly, twelve soil samples from 
the TAD3E area, having higher plutonium concentrations, were re-measured 
with a higher resolution hyper-pure germanium detector (ORTEC, Series 1000, 
LEPS) of dimensions, 16 mm active diameter by 7 mm active depth, and set 
to cover the range 0-200 keU. This detector was capable of resolving 

239 adequately the Pu 51.6 keU Y-ray from interfering neighbours and prov-
239 /241 ided a direct measurement of the ( Pu/ Am) ratio. The value obtained, 

averaged over the 12 samples was 55 +_ 8. As indicated earlier, the unifor
mity in composition of the close-in fallout from the individual major trials 
summarised in Table 3, is very good, and it may be concluded that at least 
for the more active close-in fallout regions, a single value may be assumed 

239 241 for an individual trial. Table 5 lists the activities of Pu and Am 
measured in the TADJE soil samples and from which ratios were calculated. 
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Table S; Determination of the Ratio ( Pu/ Am) 

Sample No. Activ 
(nCi/ 

239 D Pu 

ity 

Am 
< 2 3 9 P u ^ > 

137B0 6300 121 52 
138A0 4500 68 66 
138B0 4200 65 65 
138C0 3800 59 64 
139A0 18200 350 52 
139B0 7900 140 56 
139C0 12600 224 56 
145A0 6300 119 53 
145B0 3800 70 54 
145C0 3700 66 56 
145C1 4700 91 52 
147B1 1700 50 34 

239 /241 An attempt was made to determine separately the Pu/ Am ratio 
for other trial sites but the plutonium levels uere invariably too low for 
reliable detection using y-tay spectroscopy. However, assuming a similar 
ratio at other trial sites, the corresponding plutonium levels are so low -
typically one order of magnitude below those at TAD3E - that they do not 
represent a significant hazard to health (see later discussion) and con
sequently further consideration does not seem warranted. 

240 Assay of the soil samples for Pu was not possible using the 
analytical methods employed in this study. No assessment of the levels of 
240 

Pu at the sites of the major trials, therefore, has been attempted. 

Plant and Animal Material 

In all, 21 samples of plant material and 13 rabbits* were collected 
for analysis from the environs of the ground zero of the major trials and 

'"'The rabbits were taken by an ecological team from the South Australian 
Department of the Environment and the tissues for analysis were dissected 
out by them and supplied to ARL. 
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from selected locations in the regions contaminated by close-in fallout. 
Twelve rabbits were taken in the fallout regions near BREAKAWAY and BIAK. 
Appendix II records information on the plant specimens sampled and the 
localities from which the plant material were taken. Difficulty was 
encountered in avoiding contaminating the vegetative tissue uith soil 
during collection and subsequent handling of the plants. The problem did 
not arise uith the rabbits. 

The plant tissue to be analysed was selected from the field 
material uith emphasis on young, leafy parts. During this selection, and 
during the subsequent ashing and preparation procedures, every effort uas 
made to reduce the soil contamination present. 

The organs and tissues for analysis from each rabbit comprised 

- skin and fur 
- gut and stomach contents 
- lung 
- long bones 
- foetus where present 
- muscle and other soft tissues 

and these were treated as separate samples. 

The plant and animal tissues uere reduced in bulk by ashing for 
several days under controlled conditionj avoiding rapid oxidation. Each 
sample was then presented for y-ray spectrometry packed in the standard 
PVC container. Thus, the measurement procedures employed uere identical 
to those for soil described previously. 

The nuclide concentrations in the plant and animal tissue, as 
nCi/kg of fresh material, are summarised in Tables 6 and 7 respectively, 
(Data for individual samples are contained in Appendix IV and V respect
ively). Despite the efforts made to decontaminate the plant tissue before 
analysis, the results remain qualified because of the significant contri
bution that the soil-borne contaminants could have made to the activity 
detected. This qualification does not apply to the results obtained for 
the animal tissue. 
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Table 6; Radionuclides in Rabbit Tissue 
(The number of samples in which the radionuclide 

is observed is given in parenthesis) 

Tissue Activity (nCi/kg) Tissue 
6 0Co 137„ Cs I52 r Eu 2 41« Am 

Skin and Fur - 0.06(3) 0.07(13) 0.38(1) 
Gut 0.04(7) 0.03(8) 0.03(6) 0.24(2) 
Lung - - - -
Bone - - - -
Foetus 0.04(1) - - -
Soft Tissue 0.02(1) 0.02(3) — — 

Table 7; Radioactivity in Plants 
(The number of samples in which the radionuclide 

is observed is given in parenthesis) 

Region 
Sampled 

Activity ( nCi/kq) Region 
Sampled 60„ Co 1 3 3 B a 1 3 7 C s 152r Eu 154_ Eu 155r Eu 241„ Am 

B1AK 0.1(1) - 0.3(2) 0.4(2) - 0.3(1) 0.2(1) 
BIAK GZ 1.4(4) - 0.2(3) 3.0(4) 0.6(1) - -
BREAKAWAY 0.2(1) - 1.6(3) 0.1(3) - 0.8(2) 0.4(3) 
BREAKAWAY GZ 6.0(4) 0.4(2) 1.1(4) 14.0(3) 7.0(4) 0.4(2) -
CLEAN AREA - - 0.6(2) - - - -
PIARCOO 0.2(1) 0.4(1) 8.6(1) 0.4(1) - 0.7(1) 0.2(1) 
ONE TREE 0.4(1) - 0.5(1) 1.9(1) - - -
TADJE 0.8(2) - 0.8(2) 0.5(1) - 0.6 1.6(2) 

Comparison of the radionuclide concentrations in soil, and in plant 
tissue, determined for the same locations (Appendices III and IV) indicates 
th<3* concentration factors for Co, Cs and Eu range from 0.002 to 
0.3 (concentration factor = activity (nCi/kg) in plant tissue/activity 
(nCi/kg) in soil). Despite suspected soil contamination of the plant 
material, these factors are generally louer than values reported in the 
literature for uptake of these and similar radionuclides into plant tissue 
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(riistry et al, 1973). 

DISCUSSION 

The measured gamma radiation dose rates displayed in Figure 3 def
ine clearly the areas near the ground zeroes as the only regions remaining 
at Plaralinga which are significantly higher than typical background levels 
of 5-20 (iR/h encountered throughout Australia* and due entirely to natural 
sources. 

This gamma radiation field is produced mainly by the neutron activ
ation products Co and Eu, which are present to considerable depth near 
the ground zeroes (c.f. Table 4). From the measured concentrations of the 
nuclides in the soil, the gamma radiation field above the surface can be 
estimated and compared with the independently measured gamma ray dose—rate. 
The theory for this conversion has been developed by Beck and de Planque 
(1968) and Beck et al (1972) and takes into account both attenuation of 
radiation from deeper layers and the build-up of softer radiation, Compton 
scattered by the soil closer to the surface. It is particularly appropriate 
to the present case, where the attenuation length* for the important emitted 
radiation lies between 5 and 11 cm, while the relaxation depth* for the 
radionuclide distribution is of 38 to 40 cm. Thus the dose-rate above the 
surface is controlled more by the attenuation and build-up properties of 
the soil near the surface, than by the precise nature of the variation of 
radionuclide concentration with depth in deeper layers. 

Table 8 lists the significant radionuclides present near the surface 
at a measuring site about 40 metres from ground zero at BREAKAWAY. 

Table 8: Radionuclide concentrations near BREAKAWAY 
(nCi/kg) 

Nuclide 6 0Co 1 5 2 E u 154_ Eu 1 3 7 C s * 
depth 0-4 
( c m > 4-8 

129 366 35 44.5 depth 0-4 
( c m > 4-8 201 801 62 9.9 

8-12 179 802 52 1.8 

*not an activation product 

•These parameters are respectively the soil thickness required to reduce 
the gamma ray flux by l/e, and the soil depth at which the radionuclide 
concentration falls by l/e. 
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137 It is apparent that the Cs concentration falls rapidly uith depth, uith 

a relaxation lengt'i of 2.8 cm as expected for fission fragments deposited 
initially on the surface (Hardy, 1964) while the neutron activation prod
ucts reach a maximum concentration some feu centimetres belou the surface. 

Contributions to the gamma radiation dose rate 1 metre above the 
surface, calculated for the above concentrations using a relaxation depth 

137 
of 35 cm for the antivation radionuclides and 2.8 cm for Cs are presen
ted in Table 9. These calculations have taken into account the variation 
in concentration close to the surface indicated in Table 6. 

Table 9; Contributions to Y-radiation dose 1 metre above surface 

Nuclide Co 152_ Eu 154,. Eu 137 r Cs Total 
dose 

contribution 468 771 67 22 1328 

The total calculated dose-rate of 1328 tiR/h compares favourably 
uith a direct measurement of 1210 nR/h hearby, and gives considerable con
fidence in the overall consistency of the measurements. It is apparent 
from Table 9 that about 60 per cent of the total dose rate is at this time 

152 coming from the radioisotope Eu, ana this uill be reduced uith a half 
life of 12.4 years. 

The relative abundances of neutron activation products in soil 
near the ground zeros of BREAKAWAY, ONE TREE and BIAK, presented in 
Table 10 are similar, and it is reasonable therefore to assume similar 
distributions of the contributions to the Y-ray dose rates for all other 
sites. 

Table 10: Relative abundances of activation products in soil 
near ground zero. 

Distance from ground zero 
yards 

Relative activity 
60, Co 152, Eu 154, 'Eu 

ONE TREE 
110 

BREAKAWAY 
20 
110 
BIAK 
40 
80 
90 

0.21 

0.24 
0.16 

0.27 
0.18 
0.18 

0.03 

0.07 
U.08 

0.09 
0.07 
0.08 
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Figure 11 represents the dose-rate decay curve for such a distribut
ion, normalised to unity at August 1977. From this curve the year can be 
estimated when the present dose-rate lev/els will have diminished to 57 jiR/h, 
the dose limit recommended for continuous exposure of members of the public 
(NHMRC, 1967). These estimates are presented in Table 11 for each of the 
major trials sites. 

Table 11; Estimated decay of dose rates near ground zeros 

flajor Trial Site Highest dose-rate 
observed August 1977 

Date to reach 
57 uR/h 

ONE TREE 1800 (|iR/h) 2035 
MARCOO 29 " -
BREAKAWAY 1700 " 2034 
TADJE 170 " 1992 
BIAK 730 " 2018 

Comparison with the results of previous surveys in 1966 and 1972 is 
made in Figure 11, by plotting the averages of dose-rates observed at sever
al radial distances from the ground zeros, normalised to unity for 1977. 

90 The overall geographical distribution of Sr in surface soil at 
Plaralinga is shown in Figure 7 from which it is evident that the nuclide is 
widespread throughout the major trials area, and that the highest concen
trations in soil occur in the regions of close-in fallout from MARCOO and 
TADJE. 

90 
There is limited direct evidence on the transfer of Sr into biolog

ical systems in the l*laralinga environment. That which is available has been 
90 evaluated and incorporated into a study of possible transfer of Sr from 

soil to human diet at Plaralinga and its potential impact on health, 
90 

(Moroney and Wise, 1978). It is shown that the transfer of Sr to food
stuffs typical of the Australian diet, would be no different if these were 
produced by conventional agricultural practices conducted at Plaralinga than 
if they were produced in the established food growing areas of Australia. 
Taking the model of transfer to diet and uptake in bone, it can be calculatec 
from the known soil concentrations, concentration profiles and extent of the 
contamination that for a population subsisting entirely on food grown in the 
contaminated area, the annual radiation dose to infant bone tissue 
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uould be less than 1 millirad, or less than 0.2 per cent of the recommended 
dose limit for members of the public, nhere red bone marrow is the critical 
organ (NH1RC, 1967). Extrapolation to unrelated dietary patterns - for 
example, the diets of nomadic aboriginals - does raise uncertainties, but 
the result obtained from the modelling and the low concentrations of ass
ociated contaminants found in the flora and fauna of the Range suggest that 
90 

Sr at Claralinga is not a significant health hazard to any population group. 
241 239 

As indicated by the data on Am plotted in Figure 10 Pu is 
distributed throughout all areas affected by close-in fallout from the 
major trials, but it is only for TAD3E that concentrations in surface soil 
are of consequence. However, the evidence from the animal tissue examined 
is that, although the rabbits were taken in areas known to be contaminated 

241 239 241 
with Am and Pu, and although Am was present on fur and in stomach 
contents, the nuclide was not detected in lung tissue or in bone. 

239 Several assessments have been made of the pathways uhereby Pu 
in soil may be transferred to man (Bulman, 1976 and UNSCEAR 1977) and it is 
established that the inhalation route is the critical pathway; transfer 
through the foodchains is of negligible importance (UNSCEAR, 1977). In
halation of a contaminant already deposited in soil implies some mechanism 
uhereby it is resuspended into the breathing zone. Because such mechanisms 
are more likely to involve soil surface alone, it is the concentration in 

239 surface soil, rather than the total content of Pu in soil, which is the 
239 determining parameter. Indeed, loss of Pu from the surface of the soil, 

into the soil profile, renders it less available for resuspension and 
reduces its concentration among the soil particles in air, if resuspended. 

Widely separated assessments have been made of the problem of 
239 resuspension of Pu in surface air and its subsequent inhalation 

(Ellis 1978). These have concluded that a surface soil concentration 
239 3 

of 1 nCi/kg could lead to a concentration of Pu in air of 1 pCi/m -
the maximum permissible concentration for continuous exposure of the public 
(ICRP-2 (1959)) but only by such mechanisms as uould also lead to dusty 
conditions barely tolerable to man. Resuspension to the required degree, by 
natural phenomena in the area, is considered improbable (Trefry, 1978). 

figure 10 indicates that within the regions of close-in fallout 
from TAD3E, there are small areas of some hundreds of square yards which 



- 21 -
239 / 

have concentrations of Pu* in surface soil greater than 1 nCi/kg, and 
ranging up to 15 nCi/kg, which could not be occupied on a permanent basis 
if occupancy was to result in continuous production of extremely dusty 
conditions. These are the only areas remaining contaminated with plut-
onium-239 from the major trials for which any hazard to health can be 
identified. 

Evidence of wind dispersal of radioactive debris at Plaralinga was 
first observed in 1958 and later by studying the movement of fallout pellets 
and glazing fragments from BIAK. Although BIAK appears to have attracted 
particular attention, dispersal of debris, and the consequent changes in 
patterns of Y-radiation dose-rate, was noted for all sites. Overall move
ment tended to be towards the east and north-east and this observation is 

90 137 155 confirmed by the data on the fission products, Sr, Cs and Eu, from 
the present survey, plotted in Figures 7, 8 and 9, respectively, which show 
broad migration of material towards the east from the close-in fallout 
regions of BIAK and ONE TREE. 

The main evidence now available for dispersal by wind, derives 
from the data obtained in the present survey on the neutron activation 

152 product, Eu. Initially induced in the soils of the ground zeros and 
still abundant there, this nuclide distribution in surface soil in 1977 
(Figure 5) extended up to a kilometre from the ground zeros. In areas 

152 even remote from the ground zeros, Eu is present, not only in surface 
soils, but also uniformly distributed with depth down the soil profile 
of the deeper sand drifts. There is little doubt that grading and plough
ing the soil in the ground zero environs in BRUMBY in 1967 rendered the 
activated soil available for dispersal by wind. The massive loss of sur
face soil from most major trials sites, observed in the November 1972 
survey, accords with this interpretation. 

Other potential mechanisms for dispersal of radioactive contamin
ation are by action of water or by zoological dispersion. However, the 
data from this study indicate that systematic transfer of contaminants by 
water or absorption into fauna are not significant processes by comparison 
with the dispersion of ground contamination by wind action, 

obtained from the Am concentration by assuming a ratio ( Pu/ Am) 
of 55. 
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FIGURE CAPTIONS 

Hap of Maralinga Area showing locations 
pf outer sampling points 

The major trials area with network of 
sampling points 

Gamma Ray Dose distributions, in the 
major trials area, in u,R/h, measured at 
a height of 1 metre above ground 

Gamma ray spectrum from Soil Sample 
No. 175S0 

Distribution of the neutron activation 
product Eu (nCi/kg), major trials area 

Distribution of Co (nCi/kg) produced 
by neutron activation and also introduced 
at TAD3E (see text), major trials area. 

Distribution of Sr, (nCi/kg) a fission 
product, major trials area 

Distribution of Cs, (nCi/kg) a fission 
product, major trials area 

Distribution of Eu, (nCi/kg) a fission 
product, major trials area 

Distribution of Am, (nCi/kg) a decay 
product of ^Pu, and hence an indicator 
of the plutonium distribution at each 
trial site (see text) 

Time Distribution of Y-ray dose near 
ground zeros, normalised to unity in 
August 1977. 
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APPENDIX I : Treatment of the environs of the ground zeros of the major trials sites 

in BRUHBY and conditions observed in November 1972 

"•aicr trial Treatment of the ground-zero environs* March—3une 1967 Observed conditione of the ground-zero environs, November 1972 
glazing and other 

debris 
grading and ploughing fresh soil s free 

from contamination 
glazing and other 

debris 
graded and 

ploughed areas 
soil top dressing 

JNE TREE all larger pieces hand-
scavenged; smaller frag
ments ploughed in and 
covered with fresh soil 

circular area of 250 yard 
radius 

circular aree of 100 yard 
radius covered with about 
1$ inch of soil 

glazing in abundance on 
aurface 

heavy loss of top soil; 
limited regrowth of 
vegetation 

top eoil lost from cent 
area around ground-zerc 
revealing limestone 
etretum 

1ARC00 no action required 
(Marcoo c 

not required 
rater filled and levelled) 

not required - - -

«ITE no action required not rtquired not required - - -

5REAKAUIAY all larger pieces hand-
scavenged; smalle-- frag
ments ploughed in and 
covered with fresh soil 

circular area of 240 yard 
radius 

circular area of 180 yard 
radius covered with about 
1$ inch of eoil 

glazing in abundance on 
surfsce 

advanced regeneration of native flora and no obvious 
evidence of heavy loss of soil 

TH03E metal debris, and fall
out pallets with cobalt-
60, hand-scavenged (refer 
text); fragments of 
glazing and remaining 
pellets ploughed in 

circular area of 140 yard 
radius 

concrete tower base cov
ered with about 6 inch 
soil 

no obvious evidence of 
remaining fallout 
pellets or fragments 
of glszing 

total loss of top soil 
revealing bitumenissd 
area immediately around 
centrel concrete ped; 
poor regrowth of veget
ation 

soil cover loss from 
concrete pad 

3IAK all larger pieces hand-
scavenged; smaller frag
ments ploughed in and 
covered with fresh soil 

circular area of 220 yard 
radius 

concrete tower base 
covered with about 6 
inch soil; circular 
area 175 yard radius 
covered with about 1-J 
inch soil 

glazing in evidence on 
surfsce 

totel loes of top soil 
revealing bitumenised 
area immediately around 
central concrete pad; 
beyond this, advancad 
regeneration of veget
ation 

some soil cover remains 
over concrete ped 

TARANAKI no action required extensive ploughing and introduction of 
fresh soil to part of the environs for 
other purposes 

heavy loss of top soil throughout tha 
treeted eree; limited regrowth of 
vegetation I 
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