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CHAPTER 4 

Characterisation of Contamination in Maralinga and Emu Soils 

by 
Geoffrey A. Williams, Myra J. Wilks, Peter A. Burns and Malcolm B. Cooper 

4.1 INTRODUCTION 

During a survey at Maralinga in May 1984, it became apparent that the 
plutonium contamination at the Taranaki, TM100, TM101 and Uewak sites was 
present in sizes ranging all the way from the micron range (fine dust) to 
fragments which were measured in cer.timetres (Cooper et al., 1985). 

In 1986 a survey was conducted to obtain further information on the 
surface density and activities of the plutonium-contaminated fragments and 
sub-millimetre particles (Burns et al., 1986). The area which is 
contaminated with fragments was divided into three general regions with the 
designations 'heavily contaminated', 'moderately contaminated' and 'plumes'. 
The average surface densities of all fragments with 2 •"•Am activities greater 
than 2 kBq were estimated to be 33, 7 and 2 per m^ for the three regions 
respectively. The total number of such fragments was estimated to be in 
excess of three million which accounts for a total plutonium activity of 
approximately 0.8 TBq. 

Prior to a systematic study of the characteristics of plutonium 
contamination in Maralinga soils, a knowledge of where the contamination lay 
was needed. Therefore, surveys were conducted between 1984 and 1986 to 
define levels and areas of plutonium contamination, particularly at the 
Taranaki site. Both field measurements by use of thin sodium iodide 
detectors and soil sampling (2.5 cm depth) with analysis by gamma-ray 
spectrometry were employed. 2 ^ A m contour levels based on the soil samples 
are presented in Burns et al., 1988, and reproduced in Figure 4.1. The 
actual sampling sites and measured activity concentrations of both 2^ 1Am and 
13'Cs are presented in Appendix 4.1. These data are consistent with the 
results of an aerial survey of the area conducted in 1987 (EG&G, 1988). 
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To provide some data for assessing gamma and beta doses to the body and 
skin, TLD monitors were exposed at three different heights at a number of 
locations around Maralinga and Emu for two periods of several months. The 
gamma and beta dose rates, including some natural background dose rates, are 
presented in Appendix 4.2. 

In the present study to assess the inhalation hazard posed >y the 
presence of plutonium and other radioactive elements, as well as beryllium, 
at the Naralinga and Emu atomic weapons test sites, a knowledge of the 
characteristics of the contaminants and their size distribution in the soil 
is required. During the previous surveys, a considerable knowledge, both 
empirical and intuitive, of the properties of the contamination in the soils 
has been gained. This Chapter draws together previous work and the results 
of recent characterisations of Maralinga and Emu scils. 

4.2 EXPERIMENTAL 

Surface soil samples we^e obtained by use of a template of 84 mm diameter 
and 25 mm depth. In general, a number (usually five) of samples each 
separated by ca. 1 m was collected from over a small area at the site being 
sampled. These were combined, giving approximately 1 kg of soil for the 
individual sample. Each composite sample was sieved (usually 1000 /jm mesh) 
to remove larger stones before being sealed in a standard geometry (of either 
ca. 60 or 350 g mass) and analysed by high-resolution gamma-ray spectrometry. 
The estimated uncertainties in quoted activities, given in parentheses, refer 
to the least significant figure(s). These were determined from counting 
statistics alone, and are expressed as estimated standard deviations. 

Soil samples for particle-sizing studies were sieved using Endicott 
standard brass sieves. The <45 pm fraction was further characterised by use 
of a Bahro microparticle classifier. This apparatus, which it- a combination 
air centrifuge-elutriator, characterises soil into seven (overlapping) 
aerodynamic size ranges from 45 ftm to less than i pm. 

In the microparticle classifier, particles dispersed in a spiral air 
current are separated into two streams. The path of a particle, dependent or. 
its size, shape and density, is determined by the components of radial and 
tangential velocity of the air current. The size range of a fraction will 
vary with air flow. Thus by varying the flow a series of fractions can be 
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gathered. In the present work, Bahco yokes 18, 16, 12 and 4 were used to 
vary the flow and 50X cut-offs were determined for Maralinga soil by optical 
methods by the Materials Research Laboratory, DSTO, Melbourne. The 
calibrations were performed with both a Kontron AT image processing 
system/optical microscope and a Cambridge Stereoscan electron microscope. 
Advantages of this method of particle classification in the respirable size 
range are that it classifies the dry state, and that sufficiently large 
sample sizes are produced for counting by gamma-ray spectrometry. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Particle Sizing 

Taranaki 

Soil samples were obtained to a depth of 25 mm from each of the high-
volume (HV) sampling sites as defined in Figure 4.2. As the activity 
concentrations varied considerably over each 10,000 m* site, nine individual 
samples were obtained on a 50 m grid for each site, and these were combined 
to give a reasonably representative sample for the particle-sizing described 
below. 

For seven of the HV sampling sites situated in the four major plume 
directions, the composite samples were analysed in terms of mass and activity 
fractions by sieving. The results are presented in Tables 4.1 and 4.2. 

Table 4.1 Percentage Mass Distribution in Taranaki Soil from HV Sites 

Fraction HV sampling site 
Mm FW IW FNW INW IN FNE INE mean 

1000-710 0.7 1.4 2.8 2.3 1.4 1.3 2.0 1.7 
710-500 7.7 13.4 14.3 11.6 14.2 11. i 13.7 12.3 
500-250 43.4 37.0 29.9 35.2 40.4 33.9 42.3 37.4 
250-125 25.1 22.4 25.0 24.4 24.5 28.8 20.7 24.4 
125- 75 13.5 14.1 16.6 14.2 11.4 14.3 12.5 13.8 
75- 45 7.1 8.6 6.3 9.3 6.7 7.6 6.7 7.5 

<45 2.7 3.2 5.0 •..2 1.4 3.0 2.2 3.0 
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Table 4.2 Percentage 2 / , 1Am Activity Distribution in Taranaki Soil from HV 
Sites 

Fraction HV sampling site 
fjm FW IW FNW INW IN FNE INE mean 

0.229 0.076 0.342 0.513 0.294 0.017 0.057 
Bq/g Bq/g Bq/g Bq/g Bq/g Bq/g Bq/g 

1000-710 0.3 0.1 0.3 0.1 0.3 0.0 0.5 0.2 
710-500 0.5 0.0 2.6 1.0 1.6 10.0 4.0 2.8 
500-250 7.9 1.9 8.3 5.1 7.4 24.5 29.8 12.2 
250-125 9.9 1.9 10.9 6.3 9.1 24.3 12.4 10.7 
125- 75 12.1 84.1 21.1 48.6 31.7 9.4 17.8 32.1 
75- 45 10.3 1.0 15.7 15.6 27.5 11.0 10.0 13.0 

<45 59.0 11.0 41.1 23.2 22.4 20.8 25.6 29.0 

Several samples from some of the HV sampling sites and from further out 
in the north-west and north plumes were analysed in slightly different size 
ranges and these data are presented in terms of mass and activity fractions 
in Tables 4.3 and 4.4. 

Table 4.3 Percentage Mass Distribution in Taranaki Soil 

Fraction Site 
fim FN IN FENE West St.* Tenth Av.t 

1000-710 5.4 1.6 1.4 3.0 
710-500 18.0 14.1 10.2 30.3* 12.9 
500-250 31.0 40.9 36.5 31.9 40.9 
250-150 19.1 18.4 20.0 17.3 21.8 
150- 90 13.1 13.0 14.8 9.8 11.3 
90- 45 10.7 9.6 13.7 8.5 9.0 

<45 2.7 2.3 3.4 2.2 1.0 

* Intersection of NW plume and West Street, 4 km N of Fifth Ave., 1 cm depth. 
* In centre of intersection of north plume and Tenth Avenue, L cm depth. 
* 1000-500 urn range. 
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Table 4.* Percentage 2 4 1 A a Activity Distribution in Taranaki Soil 

Fraction Site 
/im FN IN FENE West St.* Tenth Av.t 

0.592 0.253 0.311 0.010 0.021 
Bq/g Bq/g Bq/g Bq/g Bq/g 

1000-500 1.4 2.2 3.2 1.4 0.0 
500-250 5.1 6.9 48.9 16.2 18.1 
250-150 30.6 4.5 4.8 3.6 17.1 
150- 90 32.9 13.9 17.4 7.6 15.2 
90- 45 17.5 55.7 9.3 22.9 38.5 

<45 12.5 16.8 16.5 48.3 11.1 

In centre of intersection of north west plume and Vest Street, 1 cm depth. 
t In centre of intersection of north plume and Tenth Avenue, 1 cm depth. 

These results indicate that the distribution of mass with particle size 
is fairly constant for soil throughout the Taranaki area, whereas the 
distribution of activity with particle size shows considerable variability. 
This latter observation is in keeping with the observed particularity of the 
activity which is discussed in detail below. 

TM100 and TMlOl 

Representative composite samples, each comprised of a number of 
individual samples (6 for TM100, 4 for TMlOl) from different contaminated 
areas of each site, were classified as shown in Table 4.5. 



83 

Table 4.5 Percentage Mass and 2* 1Am Activity Distributions in TM100 and 
TM101 Soil 

Fraction TM100 TM101 
fim Xmass Xactivity 

3.473 
Bq/g 

Xmass Xactivity 
4.141 
Bq/g 

500-250 30.9 3.0 33.5 19.5 
250-150 31.6 16.3 30.1 22.0 
150- 90 19.4 23.4 17.8 14.6 
90- 45 13.7 29.2 14.3 21.6 

<45 4.4 28.2 4.3 22.3 

Kull 

Two samples collected in 1984 (Kuli-10 and 11, Williams et al., 1985), 
showing high levels of uranium contamination, were characterised as shown in 
Table 4.6. 

Table 4.6 Percentage Mass and 2 3 8 U Activity Distributions in Kuli Soil 

Fraction Kuli -10 Kuli -11 
/jm Xmass Xactivity 

25.17 
Bq/g 

Xmass Xactivity 
3.34 
Bq/g 

1000-710 4.3 1.9 3.7 2.9 
710-500 14.0 4.5 12.1 3.4 
500-250 42.2 17.9 43.7 14.4 
250-150 15.2 13.3 15.7 12.0 
150- 90 10.6 15.4 11.8 17 1 
90- 45 9.3 17.6 9.6 24.8 

<45 4.4 29.4 3.4 25.4 
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Emu 

Three soil samples to a depth of 25 mm were collected in November 1989. 
Two of these were from close to the Totem I and Totem II ground zeros and the 
third was from the fallout plume area 3.5 km to the south-south-west of Totem 
II. This third sample was collected from an are* of high activity as 
indicated by a hand-held monitor. 

Table 4.7 Percentage Mass and ***-Am Activity Distributions in Emu Soil 

Fraction Totem I GZ Totem II GZ 3.5 km SSW Totem II 
pm Zmass Xactivity Zmass Zactivity Xraass Zactivity 

0.069 
Bq/g 

0.010 
Bq/g 

0.0084 
Bq/g 

1000-500 9.0 63.8 2.2 69.6 2.7 98.5 
500-250 19.8 21.5 12.7 0.0 16.9 0.0 
250-150 34.5 6.9 28.8 26.0 37.2 0.0 
150- 90 26.4 5.1 28.1 0.0 28.7 0.0 
90- 45 8.9 1.8 19.7 0.0 12.0 0.0 

<45 1.4 0.9 8.4 4.4 2.5 1.5 

These results for Emu indicate a quite different distribution of the 
^*Am activity with size from that observed in the above Tables for the minor 
trial sites at Maralinga. Most of the a.">ericium (and hence plutonium) is 
clearly associated with larger size material (probably pieces of glazing), 
and in fact in the <45 pm range there is a dis-enhancement of the activity 
concentration compared with that of the bulk soil. Similar behaviour was 
observed with samples from Tadje and One Tree major trial sites (Chapter 3). 

Oak Valley Soil 

Four inactive soil samples from the Oak Valley Aboriginal settlement area 
were characterised in terms of the mass distribution and results are given in 
Table 4.8. As well, elemental assays for different size ranges of typical 
Oak Valley soil are presented in Appendix 4.3. 
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Table 4.8 Percentage Mats Distribution In Oak Valley Soil 

Fraction Sample 1 Sample 2 Sample 3 Sample 4 
/im (DD-26) (DD-27) (DD-29) (DD-35) 

1000-150 59.0 71.7 50.8 62.6 
150- 90 21.1 17.6 29.0 19.4 
90- 45 15.5 7.6 17.5 14.2 

<45 4.4 3.2 2.6 3.9 

As well, another sample from Oak Valley (DD-9; Williams and Burns, 1987) 
was sieved into seven size ranges with the percentage mass distribution: 

1000-710 fiM 4.2X 
710-500 23.3 
500-250 32.6 
250-125 15.2 
125- 75 12.0 
75- 45 8.0 

<45 4.8 

These results indicate that there is little difference in the mass 
distributions of Oak Valley and Haralinga soils, with less than 5X of the 
mass being present in the <45 /tm fraction in all cases. One small difference 
would appear to be greater percentage mass in the larger siie ranges of Oak 
Valley soil (>500 fim) with smaller mass percentages in the middle size 
ranges. 

Enhancement Factors 

From the data in Tables 4.1-4.7, it is clear for soil from Taranaki, 
TM100, TMlOl and Emu that the activity distribution of 2 4 1 A m (and of 2 3 8 U in 
Kuli soil) is quite different from the mass distribution. For example, for 
soil from the FNW site at Taranaki, the <45 urn fraction contains only 5.OX of 
the mass but 41.IX of the activity. The americium concentration in this 
fraction is enriched more than eightfold relative to its concentration in the 
sample as a whole. Similar observations have been made previously (Burns et 
al., 1988; Tracy, 1987). 
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Large-scale mapping of contamination levels at Maralinga and Emu, by 
aerial and land surveys, yields activity concentrations for the soil as a 
whole. For any assessment of dose due to the inhalation of dust from these 
areas, it is not the activity concentration of the whole but of the 
'respirable fraction' of the soil which is required. In this work, the 
respirable fraction is taken to be that portion of the soil and active 
material with aerodynamic diameters <7 /un. 

For purposes of estimating activity concentrations of the respirable 
fraction from measured activity concentrations of the soil as a whole, we 
define the 'enhancement factor' as the ratio of the activity concentration of 
the respirable fraction to the activity concentration of the sample as a 
whole. If the enhancement factor for a range of sites turns out to be 
reasonably constant, or varies in some predictable way (say with distance 
from the firing point), then it will be possible to reasonably estimate 
activity concentrations of the respirable fraction for areas where thes* have 
not been experimentally determined. 

For the Taranaki area, measured enhancement factors are given in Table 
4.9 and for other sites at Maralinga and Emu enhancement factors are given in 
Table 4.10. The enhar.r̂ ment factors for the respirable range are determined 
from further separations performed on the <45 /*m fractions by use of the 
Bahco microparticle classifier. 

Values of the enhancement factor for the respirable fraction at the 
T-.ranaki site, including out to West Street in the NW plume and Tenth Avenue 
in the N plume, range from 1.1 to 10.8 with no apparent corrslation with 
distance from the source. The values presented in Table 4.9 are averages of 
a number of duplic analyses, and an examination of individual values 
suggests that the spread of average values seen in TaDle 4.9 is largely a 
result of inhomogeneity in the distribution of contaminated particles. 
Support for this suggestion is provided by a comparison of the data in Table 
4.9 with results presented in Chapter 3 (Table 3.6) for different soil 
samples from the- same sites analysed by the same method. The enhancement 
factors from Table 4.9 and Chapter 3 (respectively) compare as follows: 

FW 10.8 7.0 
FNW 5.2 4.0 
INW 4.4 3.7 
IN 5.3 7.6 
IN£ 5.4 3.8 
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It is also apparent that enhancement factors for the respirable fraction 
are generally less than enhancement factors for the <45 pm fraction. 

Enhancement factors for TM100 and TM101 (4.0, 3.9) are similar to those 
observed for Taranaki samples. The high value of 20 for the <45 /un fraction 
from TM100 almost certainly indicates the chance presence of a significantly 
active particle in that particular sample. Enhancement factors at the Emu 
ground zeros are unity or less, in agreement with the One Tree and Tadje 
values from Chapter 3, and the one measurement in the fallout plume area 3.5 
km SSU of Totem II gives a value of ca. 2. 

Table 4.9 ^ 4 1 ^ Activity Concentrations and Enhancement Factors (EF) in both 
the <45 jim and Respirable Fractions of Taranaki Soil 

Site Total <45 /im Fraction Respirable Fraction* 
Bq/g Bq/g EF Bq/g EF 

FW 0.229 5.08 22.2 2.48 10.8 
IU 0.076 0.26 3.4 0.08 1.1 
FNW 0.342 2.85 8.J 1.78 5.2 
INW 0.513 3.72 7.3 2.27 4.4 
FN 0.592 2.71 4.6 2.53 4.3 
IN 0.253 1.85 7.3 1.35 5.3 
FNE 0.017 0.12 7.1 0.14 8.2 
FENE 0.311 1.49 4.8 1.21 3.9 
INE 0.057 0.66 11.6 0.31 5.4 
West St.t 0.010 0.22 22.0 0.05 5.0 
Tenth Av.t 0.021 0.23 11.0 0.19 9.0 

Separations performed by use of the Bahco microparticle classifier; 
combination of 18 and 16 yokes, i.e. centred on 5 ̂ ra and covering the range 
0-11 fim (optical size), 

t Centre of NW plume. 
t Centre of N plume. 
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Table 4.10 ^^Am o r 238 n Activity Concentrations and Enhancement Factors 
(EF) in both the <45 /ID and Respirable Fractions of Maralinga and Emu Soil 

Site Total <45 ftm Fraction Respirable Fraction* 
Bq/g Bq/g EF Bq/g EF 

TMlOOt 0.096 1.92 20.0 0.38 4.0 
TMlOlt 0.655 2.79 4.3 2.53 3.9 
Kuli-10* 25.17 167.9 6.7 119.2 4.7 
Kuli-11* 3.34 24.9 7.5 24.2 7.2 
Totem 1 GZ 0.069 0.042 0.6 0.07 1.0 
Totem II GZ 0.010 0.005 0.5 0.0 0.0 
Totem II# 0.008 0.005 0.6 0.018 2.3 

Separations performed by use of the Bahco microparticle classifier; 
combination of 18 and 16 yokes, i.e. centred on 5 pm and covering the range 
0-11 jam (optical size), 

t For safety reasons, different samples of TM100 and TM101 soil from those 
used in the sieving, of lower activities, were used in the Bahco work. 

$ For Kuli samples, activities are for **°\J. 

It Sample from plume area, 3.5 km SSW of Totem II ground zero. 

4.3.2 Depth Profiles 

The geology of the Maralinga area has been summarised in James and 
Williams (1988). In short, most of the test sites including Taranaki lie on 
Tietkens Plain which, on the surface, consists of weathered dolomite (calcium 
and magnesium carbonate). Veneering the dolomite are the aeolian sands of 
the Great Victoria Desert. These are up to 30 m thick in the longitudinal 
dunes which run NW-SE to SW-NE in the area to the north of the test sites. 
Within the upper part of the sand ridges is a calcrete which varies from soft 
to very hard and is up to several metres thick. Invariably, a thin crust is 
found on the surface which is sufficiently tough to prevent the otherwise 
loose sand from blowing freely in moderate winds. This crust, which has both 
an inorganic component (a 'cement' formed from the high calcium carbonate 
content) and an organic component (due to jnss or lichens), no doubt helps 
immobilise plutonium contamination in the top few millimetres. 
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Techniques were -devised to remove surface soil (sand) in thin 10 mm 
layers. Two methods were employed, each equally successful. The essence of 
the methods was to carefully remove each successive layer avoiding cross-
contamination between layers. In the first method, 10 mm deep plastic Petri 
dishes were used to collect successive layers, with careful excavation of 
surrounding soil to leave the surface of the following layer exposed and 
accessible. Alternatively, a multi-layer sampling tool designed and built by 
K. Thomas (ARL) was employed. This cylindrical tool was carefully pressed to 
the required depth and the surrounding soil was excavated. Slides were 
introduced through cut-outs in the wall of the tool to delineate up to six 
layers of soil. The tool with soil in place was then removed and each layer 
was collected by removing successive slides. With each method, up to five 
individual samples of any given layer were collected from sampling sites 
separated by 1 m to give a sufficiently representative sample of ca. 400 g. 

The results of analyses by gamma-ray spectrometry on the depth profile 
samples are given in Table 4.11. It is seen that in the undisturbed areas 
around Taranaki, in general most of the americium (and hence plutonium) 
activity is found in the top 10 mm of soil. In the few samples in which this 
is not the case, the top 20 mm is found to contain the bulk of the activity. 
For the 13 Taranaki samples from undisturbed areas, between 12 and 97X of the 
plutonium activity is found in the top 10 mm of soil (average 74X), and 
between 85 and 99X is in the top 20 mm of soil (average 93X). 

These results are not surprising considering the insoluble nature (at 
least in neutral or alkaline waters) of the plutonium and the quite hard 
calcrete skin which forms over all but the most sandy parts of the area and 
which obviously immobilises the surface soil. 

A core sample to a depth of 28 cm was taken at the Q380 site which is one 
of the most highly contaminated areas at Taranaki, close to the firing pads 
and just outside the man-proof fence. The area is atypical in that it is 
comprised of sand drifts, with a deep cover of sand over the surface rock. 
The activity densities in the 4 cm strata were: 

0 - 4 cm 15.0(10) Bq/g 
4 - 8 4.1(4) 
8 -12 2.03(5) 
12 -16 0.92(3) 
16 -20 0.91(4) 
20 -24 0.13(2) 
24 -28 0.40(2) 
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Table A.11 Activity Depth Profiles In Maralinga Soil 

* 1 Am, 1^'Cs and *"Eu activity concentrations are given in Bq/g. Percentages 
(given only for unploughed areas) indicate the percentage of the total sample 
activity in the given depth. ND indicates not detected. Estimated standard 
deviations, based on counting statistics alone, are given in parentheses. All 
samples were collected in unploughed areas except where otherwise indicated, 
and were sieved to less than 500 fia before analysis. The first row of data 
for any sample gives ^^Am activity concentrations, and where appropriate the 
second and third rows are of *-*'Cs and *"Eu activity concentrations 
respectively. 

Sample* 0-10 10-20 20-30 30-40 40-50 0-10 0-20 
mm DUB inni mm mm mm IBIW 

Bq/g Bq/g Bq/g Bq/g Bq/g X Z 

Taranaki 
FW-F100 1.14(1) 0.031(1) 0.005(1) 0.009(1) 0.004(1) 96 98 
FNW-A100 0.876(5) 0.375(5) 0.052(1) 0.010(1) 0.005(1) 66 95 
FNW-AO* 1.74(1) 1.28(1) 0.847(4) 0.888(4) 0.018(1) - -
INW-F50 0.97(1) 0.123(3) 0.099(3) 0.015(2) 0.010(2) 80 90 
INW-G50 0.65(1) 0.007(2) 0.011(2) 0.015(2) ND 95 96 
INW-G60 0.54(1) 0.059(4) 0.062(4) 0.009(3) ND 81 89 
INW-KO 0.36(1) 0.47(1) 0.029(4) 0.010(3) - 41 96 
FN-KlOOt 8.53(3) 3.21(2) 5.13(2) 3.16(2) 1.02(1) - -
IN-A50 2.195(5) 0.420(2) 0.067(1) 0.324(2) - 73 87 

0.021(1) 0.013(1) 0.003(1) 0.002(1) - - -
IN-F50 4.40(2) 0.799(8) 0.047(2) 0.022(2) 0.017(2) 83 98 
INE-F50 0.227(5) 0.026(2) 0.014(1) 0.009(1) 0.019(2) 77 86 

0.068(4) 0.028(2) 0.014(2) 0.004(2) 0.008(1) - -
INE-K50 0.017(1) 0.004(1) 0.001(1) ND ND 77 35 
ZD600/lt 1.10(1) 3.26(2) 2.12(1) 0.659(7) 1.06(1) - -
ZD600/2t 10.75(3) 8.22(3) 1.91(1) 2.50(1) 0.650(7) - -
2.20-70mN 1.78(2) 0.039(3) 0.010(2) 0.005(1) - 97 99 
2.20-15mS 0.180(6) 1.17(1) 0.069(5) 0.062(4) - 12 91 
APU/lf 4.92(3) 1.74(2) 2.81(2) 0.220(7) - - -
APU/2f 0.35(1) 0.016(3) 0.008(3) ND - - -
DD-14 0.0110(4) ND 0.0019(5) ND - 85 85 
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Table 4.11 cont. 

Sample 0-10 10-20 20-30 30-40 40-50 0-10 0-20 

Bq/g Bq/g Bq/g Bq/g Bq/g 

TadleS 
HVsite/1* 2.41(1) 2.44(1) 2.68(2) 2.24(1) 2.04(1) 

0.70(1) 0.72(1) 0.75(1) 0.66(1) 0.61(1) 
0.108(8) 0.120(8) 0.132(9) 0.105(9) 0.100(7) 

HVsite/2* 4.68(2) 6.18(2) 8.66(3) 11.43(3) 10.71(3) 
1.29(2) 1.73(2) 2.42(2) 3.22(3) 3.07(3) 
0.188(9) 0.25(1) 0.31(1) 0.39(2) 0.39(1) 

One Tree 
700mNNE/l* 0.270(6) 0.272(6) 0.221(6) 0.198(6) 0.178(5) 

1.34(2) 1.45(2) 1.14(2) 0.95(2) 0.79(1) 
0.141(9) 0.16(1) 0.10(1) 0.100(8) 0.09(1) 

700mNNE/2* 0.157(4) 0.219(5) 0.282(6) 0.314(6) 0.332(6) 
0.81(1) 1.16(1) 1.55(2) 1.65(2) 1.82(2) 
0.089(7) 0.131(8) 0.18(1) 0.16(1) 0.17(1) 

* Samples are defined to indicate the area from which they were taken. The 
first 12 samples from Taranaki were from the ARL high-volume sampling sites 
FW etc. (Fig. 4.2), ZD600 samples were from the area so defined on the ARL 
grid (Burns et al., 1986; Fig. 4.3), savples 2.20 were from 70 m N and 15 m 
S of the point 2.20 on Second Avenue (in the north plume, 13 km E of the 
Second Avenue/West Street intersection), the two APU samples were from 200 
and 300 m SW of Apu respectively, and DD-14 was from alongside the Oak 
Valley Road ca. 40 km SE of the Oak Valley settlement. The two Tadj'e 
samples were from alongside the high-volume sampling site at Tadje (Fig. 
4.2), and the two samples from One Tree were from 700 m NNE of the ground 
zero. 

'* Ploughed area, between windrows. 
t Ploughed area. 
$ Sar.dy area. 
§ At Tadje, 6 0Co activity concentrations in the top 10 mm were 0.102 Bq/g 
(HVsite/1) and 0.142 Bq/g (HVsite/2). 
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4.3.3 Soil Density 

The densities of three representative samples of soil from the Oak Valley 
and Haralinga areas, collected from the top 2.5 cm layer, were determined by 
lightly packing a known mass (ca. 400 g) of the soil and determining the 
volume. Two of the samples had been sieved to exclude particles larger than 
1 mm, whereas the third sample was unsieved and included small pebbles. The 
densities of the two sieved samples were 1.65 and 1.78 g/cm3 and of the 
unsieved sample 1.72 g/cm . A reasonable typical value to use for the 
density of packed soil from the region is therefore 1.7 g/cm3. 

Use of this density gives a mass of 43 kg of soil in a square metre to a 
depth of 2.5 cm, or 17 kg to a depth of 1 cm, values which can be used to 
estimate total quantities of plutonium in a given area using the activity 
concentration data given in Appendix 4.1 and the depth profile data in 4.3.2. 

4.3.4 Granularity of Active Material 

Taranaki 

During a routine survey of the Taranaki site in May 1984, we identified 
the presence of a large number of fragments contaminated with plutonium 
(Ccoper et al., 1985). The fragments were clearly debris resulting from 
explosive dispersals of plutonium, and were diverse in nature. They included 
wire, rusty steel plate, lead, pieces of a grey metal of low density, bitumen 
and a yellow plastic material. The fragments ranged in size from several 
millimetres to tens of centimetres, and it was estimated that there were of 
the order of a hundred thousand of them (Cooper et al., 1985). Subsequently, 
the plutonium contamination at Taranaki was defined as falling broadly into 
three categories, viz. a continuum of finely dispersed material in the 
surface soil, discrete sub millimetre particles containing plutonium 
contamination, and the larger contaminated fragments (Williams et al., 1987). 

In February 1986, a survey was conducted to obtain further information 
about the range of activities and frequency of occurrence of these fragments 
(Burns et al., 1986). The area which is contaminated with fragments was 
divided into three general regions with the designations 'heavily 
contaminated', 'moderately contaminated' and 'plumes'. The average surface 
densities of all fragments with 2 z > 1Am activities greater than 2 kBq were 
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estimated to be 33, 7 and 2 per m* respectively for the three regions. The 
total number of such fragments was estimated to be in excess of three million 
which accounts for a total plutonium activity of approximately 0.8 TBq. 

More recently, the inhomogeneity of the activity distribution in soil 
samples from the Taranaki region has been very evident. Many soil samples 
containing quite high activities of 2**-Am have been separated in the 
laboratory into either small portions or individual grains containing most of 
the activity. The sample furthest from Taranaki (ca. 100 km) for which this 
has been observed is one from the schoolyard at Oak Valley (sample no. 39 in 
Williams and Burns, 1987). This was the only one of 16 samples (each of mass 
ca. 350 g) from the Oak Valley area which showed a trace of ^J-Am 
significantly above the limit of detection, whereas if the contamination was 
evenly distributed in the soil as a fine dust one would expect to have found 
detectable traces in many of the samples. On dividing the 338 g of the 
sample into six sub-portions, only one showed any z^ 1Aa activity, and in fact 
all the activity (ca. 3 Bq of 2 A 1Ara) could be isolated in 20 mg of the 
original sample. It is clear that the contamination in the sample arises 
from the presence of a single particle. 

It is possible to calculate the minimum size that such a particle can 
have by assuming that it is composed entirely of plutonium df.oxide, of 
density 11.5 g/cm3. By use of the appropriate 2 3 9Pu/ 2^ 1Am ratio of 6.8 for 
the north-west plume (Burns et al., 1990), the particle has a 2 3 9 P u activity 
of 20 Bq, a mass of 10 ng, and if spherical, an optical diameter of 12 fjim. 

The equivalent 'aerodynamic' diameter is ca. 40 fim. Such a particle clearly 
presents little inhalation risk. 

During the course of the TAG studies, a large number of sub-millimetre 
particles of high specific activity were collected and isolated both for 
despatch to the U.K. National Radiological Protection Board for biological 
uptake studies, and for laboratory studies at ARL. Sub-millimetre particles 
from Taranaki, TM100, TM101, Tadje and One Tree were used for the 
determination of isotopic ratios of the actinides by high-resolution gamma-
ray spectrometry (Johnston et al., 1988). As well, particles were collected 
from the various plumes of contamination resulting Irom the Vixen B trials at 
Taranaki and their isotopic ratios and characteristics are presented in 
detail in Burns et al., 1990. Many of the particles were found to be quite 
friable, and this presented an extra degree of difficulty with their 
manipulation in the laboratory. 
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Five sub-millimetre particles were analysed for elemental composition and 
homogeneity by the technique of proton-induced X-ray emission spectroscopy 
(PIXE) at the Microanalytical Research Centre, The University of Melbourne. 
Four of these samples were from each of the major plumes of contamination at 
Taranaki and one was from Tadje. The results are presented in Table 4.12. 
The samples were several hundred microns in diameter and a square of 250 pm 
of the surface presented to the beam was scanned. The penetration depth of 
the beam is only of the order of 30 Mm, however, and for those samples in 
which particular elements (e.g. Pu, U) were not observed, it is possible that 
those elements are still present but localised in the sample beyond reach of 
the beam. For those samples in which plutonium and uranium were observed by 
the technique, the radioactive elements were homogeneously distributed across 
the surface of view. The particles were observed to be quite porous. 

A soil sample collected from the top centimetre in Vest Street in the 
middle of the NV plume was painstakingly broken down by a process of binary 
separations into its individual discrete particles of contamination. The 
purpose of this exercise was to demonstrate the particulate nature of the 
contamination at a distance of about 18 km from the firing site, as well as 
to give an indication of the size range and distribution density of 
contaminated particles. The results, for particles with 2 4 1 A m activities 
greater than 0.1 Bq, are: 

mass soil 
activity concentration 
no. of particles >0.1 Bq 
particles/g 
average activity/particle 

activity range (Bq) no. of particles 
0.1 - 0.25 23 
0.25- 0.5 15 
0.5 - 0.75 3 
0.75- 1.0 8 
1.0 - 1.25 2 
1.25- 1.5 2 
1.5 - 1.75 0 
1.75 2.0 1 

Another object of this analysis of soil a considerable distance into the 
NV plume was to determine how much of the total activity could be identified 
with quanta. While the sum of the activities of the individual particles 

795.2 g 
0.021 Bq/g 2 4 1 A m 
54 
0.068 
0.5 Bq 2 4 1 A m 
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apparently accounts for all the activity of the parent saaple, errors in the 
aeasureaents of activities are such that 10X or aore of the total activity 
could actually be present as very saall, potentially respirable, particles. 

In order to estiaate the sizes of the particles identified froa the 
staple, a larger active particle isolated froa another saaple of soil froa 
Vest Street was studied. This particle had an activity of 15 Bq ***Aa and 
was 'duabbell' shaped, approxiaating a cylinder of 50 fim length by 25 pa 
diaaeter. The equivalent sphere size was 36 pa diaaeter. Froa the specific 
activity of plutoniua, 16Z of such a particle is P11O2. If the assuaption is 
aade that all the particles isolated have the saae aix of eleaents, then 
voluae is proportional to activity and the saallest particles isolated above, 
of 0.1 Bq ^^Aa, have an 'equivalent* optical diaaeter of 6.8 pa. Assuaing 
that the remaining 84Z of each particle has a density siallar to iron, the 
'equivalent aerodynamic' diaaeter of such a particle is ca. 20 pa. 

A aore active sample froa the FN site in the N pluae, 1500 yards from the 
firing sites, was similarly separated into all particles with 2 4 1Am 
activities greater than 1 Bq. Because of the generally higher background of 
activity in this sample to that froa West Street, it was not practical to 
separate discrete particles of lower activity from this saaple. The results 
are: 

mass soil in sample 72.9 g 
total activity of original saaple 443 Bq 
no. of particles >1 Bq 10 
particles/g 0.14 
total activity of 10 particles 113.6 Bq 
percent of activity in particle form 25.6X 

The 2 4 1 A m activities of the 10 discrete particles were 60.5, 18.5, 15.6, 
10.9, 1.9, 1.4, 1.4, 1.3, 1.1 and 1.0 Bq. 
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Table 4.12 Concentrations of Elements in Active Particles Determined by FIXE 

The absolute concentrations are presented in mass percentages. Errors nay be 
large and are difficult to estimate precisely. Light elements (below Al in 
atomic number) are not detected by the method. 

Element GNE particle INU particle IN particle Ftf particle Tadje particle 
5 kBqt 400 Bqt 700 Bqt 700 Bqt 30 Bqt 

Al 1.8 1.6 1.6 
Si 0.4 - - 3.4 29.7 
S 0.06 - - 7.0 -
K 2.3 - - 0.9 1.1 
Cat 1.0 1.1 1.1 7.4 16.9 
Ti 0.5 - - 0.6 0.9 
Cr 0.09 7.0 2.0 - -
Mn 0.5 - - 0.3 0.3 
Fe 23.0 24.0 6.5 11.4 16.0 
Ni - 1.8 0.7 - -
Cu 1.8 0.3 0.05 0.9 0.4 
Zn 0.2 - - C.3 0.08 
Ge - - - - 0.6 
Br 1.4 - - - -
Pb 1.9 - - 35.0 -
U 2.9 - - 0.8 -
Pu 18.9 - - 19.8 -

* Absolute concentrations are based on t an iron standard and the errcrs may be 
cons iderable (e. g- 100%); relative concentrations, however, are more 
precise and errors are <30X. 

t Activities of "'Pu, determined by gamma-ray spectrometry, 
t While samples definitely contain some Ca, the concentrations are subject to 
greater uncertainties than for the other elements due to the presence of Ca 
in the glue used for target mounting. 
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Tedle 

Saall aicrospheres of disaeters ca. 500-1000 im containing plutoniua were 
isolated from soil froa the Tadje fallout area. The activities of these 
aicrospheres were typically of the order of 1 Bq of ^^Aa, equivalent to c&. 
40 Bq of plutoniua (Johnston et al., 1988). Two of these were analysed by 
seal-quantitative DC ARC eaission spectrography by AMDEL; results are given 
in Table 4.13. The composition of the saaples is consistent with the 
aicrospheres being fused soil and other material such as aluainiua froa the 
tower taken up in the blast. 

Table 4.13 Analyses of Tadje Microspheres 

Results are in weight percent and have errors of + 50Z 

Cooponent Microsphere 1 Microsphere 2 

Al 4 4 
Ca 40 30 
Mg 0.8 0.8 
Si 40 40 
Fe 1 1.5 
Cr <0.1 <0.1 
Mn 0.1 0.1 
Ni <0.1 <0.1 
Ti 0.4 0.4 
Zr 0.1 0.4 
Cu <0.1 <0.1 
Pb <0.1 <0.1 
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One Tree 

Small microspheres of diameters in the range 500-1000 pa were isolated from 
soil samples from the One Tree fallout area. These were found to contain 
both 2 3 9 P u and 1 3 7 C s , and were quite friable. One microsphere was analysed 
by emission spectrography by AMDEL. The physical characteristics of this 
microsphere were: 

diameter 680 /im 
mass 0.47 mg 
density 2.85 (+101) g/cm3 

activity 2 3 9 P u 3 Bq 
1 3 7 C s 0.8 Bq 

The results of emission spectrography in weight percent are: 

Al 6 - 10% 
Ca 31 - 45X 
Mg 2 - 3X 
Si 15 - 25X 
Fe 0.3 - 0.5X 
Mn 0.1 - 0.3X 
Ti 0.1 - 0.3X 
Cu 0.0 - 0.1X 

If the major components are converted to the oxides, the total is in the 
range 90-1302 and thus, within the limits of the semi-quantitative 
determination performed, all the components of the sample are accounted for. 
The microsphere density of 2.85+10X is similar to an average rock density of 
2.6-2.7 g/cm3. These results are consistent with the microsphere being a 
glass formed from material, possibly a combination of soil and aluminium 
tower, taken up in the blast. 

4.3.3 Solubilities of Active Particles 

In vitro solubility studies were performed with active particles from 
Taranaki. Six particles were treated with each of 0.16 M hydrochloric acid, 
which simulates the secretion of the digestive tract (White et al., 1968), 
and simulated lung fluid (Kalkwarf, 1979). These solutions were maintained 
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at body temperature. Each particle was placed in ca. 20 car of solution and 
2 cm? aliquots were • removed at intervals for counting by high-resolution 
gamma-ray spectrometry to determine activities of *4*Am and, in some cases, 
239pu. 

Results are given in Table 4.14 for the acid dissolutions. None of the 
six particles showed any significant solubility in the simulated ?ing fluid. 
Solubilities in 0.16 N hydrochloric acid varied from 1 to 96% over a period 
of about 40 days, again indicating the diverse nature of the particulate 
contamination at the Taranaki site. 

Table 4.14 Solubilities of Active Particles from Taranaki in 0.16 M HC! 

in Results are given as the percentage of the original ^^Am activity 
solution. Where measured, plutonium to americium ratios are given in square 
parentheses. 

Elapsed FNW #4 FNW #5 FN #3 FN #4 GNE #2* GNE #5* 
time 2 « A m 241^ 241^ 2 4 1 ^ 241^ 241^ 

618 Bq 903 Bq 1670 Bq 879 Bq 3199 Bq 2721 Bq 
(days) [Pu/Am 6.7) [6.1] [6.5] [7.8] [6.3] [6.3] 

1 5 0.4 11 [5.5] 36 [5.4] 4 [8.7] 93 [5.6] 
3 16 37 [11] 
4 5 [13] 92 [7.0] 
5 6 0.7 
6 19 39 
11 7 0.8 
12 23 39 [8.5] 6 
21 27 [7.8] 39 [6.1] 
27 27 
36 29 40 
39 8 96 [5.0] 
41 6 [4.6] 
42 1.0 

* Samples GNE #2,5 are from the G ring road, 2500 yards from the firing 
sites, in the NE plume. 
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4.3.6 Beryllium 

Two of the soil samples collected from the TH50 site in February 1985 and 
found to contain substantial amounts of beryllium (Williams, 1985) were 
fractionated by sieving and the individual fractions were analysed for 
beryllium by AHDEL by the method of acid dissolution/atomic absorption 
spectrophotometry. Results are presented in Table 4.15. The sample 
identifications and sites are as given in Williams, 1985. Samples were 
obtained to a depth of 25 mm. 

Table 4.15 Beryllium Concentrations in TM50 Soil 

XBe is the percentage by mass of beryllium in the relevant fraction compared 
to the total beryllium in the sample. 

Sample No. Fraction Mass soil Be Mass Be XBe 
(urn) (g) (ppm) (mg) 

TM50-2c-l 1000-250 66.9 15 1.004 60.0 
TM50-2c-2 250-150 13.5 16 0.216 12.9 
TM50-2c-3 150- 90 11.1 16 0.178 10.6 
TM50-2c-4 90- 45 8.1 26 0.211 12.6 
TM50-2c-5 < 45 1.6 40 0.06A 3.8 
totals 101.2 17 1.673 

TM50-2d-l 1000-250 102 33 3.366 62.4 
TM50-2d-2 250-150 20.4 21 0.428 7.9 
TM50-2d-3 150- 90 15.8 38 0.600 11.1 
TM50-2d-4 90- 45 16.3 43 0.701 13.0 
TM50-2d-5 < 45 3.9 77 0.300 5.6 
totals 158.4 34 5.395 
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4.4 CONCLUSIONS 

From the sieving and further fractionations of the <45 pa fractions by 
use of the microparticle classifier, the mass distributions all the way 
through to the respirable fraction are more or less uniform across a range of 
soils from the Haralinga and Oak Valley areas. All samples can be 
characterised as sandy, with the greatest mass generally associated with the 
250-500 jim fraction. The amount of material less than 45 pm does not exceed 
5X in any samples from Haralinga or Oak Valley. The amount in the fraction 
centred on 5 pm (optical size) from the microparticle classifications was 
generally in the range 0.5-1.OX. Thus these soils are not considered 
particularly dusty. 

The activity distribution of plutonium and americium is quite different 
from the mass distribution and much more variable from sample to sample. 
While the <45 /im fraction contains 5X or less of the mass, it generally 
contains a ouch greater percentage of the total activity. This enhancement 
of the activity concentration in the fine fraction over that of the total 
sample is also observed in what is nominally the respirable fraction, 
although enhancement factors for the respirable fraction are generally a 
little less than those for the <45 pm fraction (Tables 4.9, 4.10). 

Enhancement factors, defined as the ratio of the activity concentrations 
of the respirable fraction to the whole, vary between 1.1 and 32.5 for 
americium and plutonium in soil samples from the Taranaki region. There 
seems to be little if any correlation between values of the enhancement 
factor and the distance of the sample from the source at least out to a 
distance of 18 km (north-west plume/West Street intersection), or any other 
geographic factor. Rather, indications are that the range of values observed 
reflects the uneven granular distribution of the contamination all the way 
through the size range. However, at increasingly greater distances from the 
source it may be expected that the relative amount of respirable plutonium 
will increase. At present, we do not have experimental data to indicate 
whether this is the case, or what quantitative effect it may have on 
enhancement factors. Suffice to say, if there is an increase in the 
enhancement factor it will probably occur at distances so great that the 
levels of contamination are small enough to not present a hazard. Based on 
0.5-1% of soil being in the respirable range, the extreme upper bound for 
values of the enhancement factor is 100-200. 
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For purposes of estimating a mean enhancement factor for the plume 
regions at Taranaki, the three high values in Table 3.6 (Chapter 3) for 
close-in areas Q380 and ZD600 are omitted as unrepresentative and one value 
of 1.1 for site IW (Table 4.9) is omitted as an obvious outlier. Thus the 
mean for 19 determinations of the enhancement factor for the respirable size 
range, from data in Tables 3.6 and 4.9, is 6.2 with a standard error of the 
mean of 0.5. Therefore a value of 6 is recommended for the enhancement 
factor in the plume regions of Taranaki. For the central part of Taranaki in 
the immediate vicinity of the firing pads, a value of 20 is implied (mean of 
the three Q380 and ZD600 values from Table 3.6 is 19(7)) although this may 
err on the high side due to the presence of an unrepresentative high amount 
of fine wind-blown material at the two sites sampled. 

For TM100 and TM101 the enhancement factor for plutonium activity in the 
respirable size range is 4, for uranium activity at Kuli the average 
enhancement factor is 6, and for americium and plutonium at the ground zeros 
including Totem I and II at Emu a value of unity is indicated. From one 
measurement of the americium enhancement factor in the plume area 3.5 km 
south-south-west of the Totem II ground zero at Emu, a value of 2 is 
suggested. A similar value is suggested for the plume (unploughed) area to 
the north-east of One Tree where (Table 3.6, Chapter 3) an empirical value of 
1.8 was observed. 

In the laboratory, many of the contaminated sub-millimetre particles were 
found to be quite friable and this has also been observed with particles from 
the 'less hot' experiments at the Nevada test site (Church, 1990). The 
question arises whether laboratory manipulations are sufficiently vigoious to 
break up some of the particles thereby generating an artificially high 
enhancement factor. The most vigorous laboratory procedure to which the 
samples are exposed is mechanical sieving and this is probably not vigorous 
enough to significantly break up particles. In the Bahco microparticle 
classifier, particles are firstly vibrated mechanically and then passed into 
a high-velocity stream of air. In this regard, it is noted that enhancement 
factors from the Bahco process are similar to those obtained for the <45 pm 
fraction from sieving alone, and to those obtained from the cascade impactor 
experiments (Chapter 3). In any case, processes of at least equal violence 
must be present in any real dust-raising situation where dust loadings of the 
order of 1 mg/nr are envisaged. 
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In a technical note, describing studies of radionuclides at the Nevada 
Test Site and associated areas, Shinn (1990) defines an enhancenent factor 
for airborne radionuclides suspended by wind erosion as the ratio of the 
activity density (Bq/g) in the aerosol to the activity density in the surface 
of the contaminated soil (Shinn et al., 1989). This ratio relates the total 
size range of suspended aerosols, which is usually less than 20 /im, to the 
bulk soil which contains large aggregates as well as fine material. Shinn 
(1990) indicates that while the enhancement factor is very useful for 
estimation of environmental effects, it can be variable from site to site or 
change with disturbances to the soil. 

Shinn's definition of enhancement factor differs from that employed in 
the present work in that it relates activity in a suspended aerosol, rather 
than activity in the respirable (<7 /*m) component of soil, to the activity of 
the bulk soil. Nevertheless, in practice values for a particular soil 
determined under the two definitions should be broadly similar. Shinn (1990) 
records typical values of much less than unity (0.024, 0.002) for two nuclear 
shot sites at Nevada, noting that these low values result from the formation 
in the nuclear fireball of small glass fragments containing a large 
proportionate share of the total plutonium. He also estimates that 
enhancement factors would increase from the low values observed near a ground 
zero up to values nearer unity in the fallout zones beyond, depending on the 
decreasing proportion of glass fragments found in the soil further from the 
detonation. These observations are in broad agreement with the results 
reported in the present work. 

For two safety shots at the Nevada Test Site. Shinn (1990) reports values 
close to unity for the enhancement factor and notes that mechanical 
disturbance of the soil can increase the aerosol activity density by factors 
of about four. The relevance of these data to our observations for 
contamination resulting from the Vixen B trials at Taranaki, for example, Is 
unclear as enhancement factors will obviously be very dependent on both soil 
type and the exact nature of the nuclear trial. 

Depth profile analyses for the undisturbed areas around Taranaki indicate 
that most of the americium (and hence plutonlum) activity is found in the top 
10 mm of soil. In the few samples in which this is not the case, the top 20 
nun is found to contain the bulk of the activity. For the 13 Taranaki samples 
from undisturbed areas, between 12 and 97X of the plutonium activity is found 
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in the top 10 mm of soil (average 74Z), and between 85 and 99Z is in the top 
20 mm of soil (average 93Z). 

The typical density of loosely packed soil from the Oak Valley and 
Maralinga areas is 1.7 g/cnr. This value is recommended for use in 
converting activity concentrations per unit area to activJ cies per unit mass. 

Evidence for the granularity of the plutonium contamination at both the 
major and minor trial sites has been presented. Rather than being more or 
less uniformly distributed as a fine dust, even at distances up to 100 km 
from the firing sites at ""aranaki the contamination has been found in 
individual particles and the distribution of particles has been shown to be 
far from uniform. It has been demonstrated that the bulk of the activity can 
be associated with isolable quanta of activities >0.1 Bq ^^^Am and optical 
'equivalent spherical' diameters of >6.8 fia corresponding to 'aerodynamic' 
diameters of greater than 20 nm. However, even though this is the case it 
must be remembered that there is still a significant respirable component. 

A range of contaminated particles from the north-west, north and north
east plumes was shown to have no detectable solubility in simulated lung 
fluid over a period of 40 days. However, in 0.16 M hydrochloric acid, 
solubilities ranged from 1 to 96X over 40 days indicating the diverse nature 
of even neighbouring particles from within the one plume. While 0.16 H 
hydrochloric acid is a simulant for secretions of the digestive tract, the 
above experiment was performed to further characterise contaminated particles 
in isolation and was not intended to give any indication about the 'in-vivo' 
behaviour of such particles from the Taranaki site. 

Beryllium concentrations over a range of sizes were determined for two 
contaminated soil samples from TM50. The enhancements in beryllium 
concentration in the <45 pm fraction to the concentration in the total sample 
were 2.3 and 2.4 for the two samples. 

Recommended limits for concentrations of beryllium in air for 
occupational and community exposure were established by the U.S. Atomic 
Energy Commission in 1949 as 2 and 0.01 /ig/m3 respectively (Stokinger, 1966). 
In the latter case, this was an average limit for exposure over a one month 
period. In Australia the recommended threshold limit value for occupational 
exposure to beryllium in air is 2 ng/ar (NHMRC, 1980). By use of a peak 
resuspension factor under ambient conditions of 10"' per m (Chapter 2; n.b. 
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long-term average values are ca. 10~ 9 per • ) , an upper limit for surface 
beryllium concentrations of 100 mg/mr is acceptable based on the non
occupational limit of 0.01 /ig/m . The higher beryllium concentration given 
in Table 4.15 of 34 pg/g (25 mm depth) converts to 85 pg/g assuming that all 
of the beryllium is in the top 10 mm of soil, corresponding to 1445 mg/m . 
However, only 5.6X of the beryllium is in the <45 pa fraction and even less 
is in the respirable size range. Hence even this small area of maximum 
contamination falls well within acceptable limits as far as the inhalation 
risk under ambient conditions is concerned. 

For artificially enhanced dust raising conditions, significantly higher 
dust loadings are achievable (Chapter 3). Assumi~£ a continuous respirable 
dust loading of 1 mg/m , an area containing 85 Mg/g of beryllium in the top 
10 mm will give rise to a respirable dust concentration of 0.2 pg/nr assuming 
an enhancement of 2.4 for the beryllium concentration in the respirable 
fraction. To fully assess the inhalation risk due to beryllium more 
knowledge would be required regarding the chemical form of the berylli'JE 
(naturally-occurring beryl is significantly less toxic than either beryllium 
metal or oxide (Stokinger, 1966)) and the depth profile of beryllium 
contamination. However, remembering that the non-occupational limit for 
concentrations of beryllium in air is for continual exposure, and that only 
very small pockets of beryllium contamination were found and only at the TM50 
site (Williams, 1985), it is not considered that any of the known beryllium 
deposits pose an inhalation risk in any real sense. 
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Fig. 4.1 2^Aa contamination levels based on soil samples measured 
in 1984-1986. 
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Fig. 4.2 Map of the Taranakl area and major trial s i tes . High 
volume air sampling sites are marked as are contours of 
24j-Am a c t i v i t y shoving the plumes of pl'itonium 
contamination. 
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Fig. 4.3 The ARL survey grid end fences et Terenekl. 
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Appendix 4.1 Activity concentrations from soil saaples at Taranaki 

A4.1.1 2^ 1Ao activity concentrations in 2.5 ca deoth sasmles 
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A4.1.2 1 3'Cs activity concentrations la 2.5 ci depth staples 

13JMJ.S 
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Appendix 4.2 B«ta and ga dose rates froa TLD monitors at Maralinga 

site height 7 doset P dose^ natural background 
<«) (•Wy) (•sr/y) («Sv/y) 

Maralinga Village 5 0 0 0 0 0.35 
30 0 0 0 0 0.35 
100 0 0 0 0 0.35 

Roadside 5 0 0 0 0 0.35 
30 0 0 0 0 0.35 
100 0 0 0 0 0.35 

Tietkens Well 5 0 - 0 - 0.35 
30 0 - 0 - 0.35 
100 0 - 0 - 0.35 

Camp 43 5 0 - 0 - 0.35 
30 0 - 0 - 0.35 
100 0 - 0 - 0.35 

One Tree - plinth 5 55 43 0 0 
30 44 34 0 0 
100 42 34 0 0 

One Tree - 100 m NE 5 11 11 0 0 
30 11 10 0 0 
100 11 10 0 0 

One Tree - 300 n NE 5 0.30 0.34 0.60 0.24 
30 0.48 0.46 0.36 0 
100 0.66 0.66 0 0 

One Tree - 500 m NE 5 0.48 0.57 1.4 0.72 
30 0.42 0.46 0.72 0 
100 0.60 0.54 0.48 0 

One Tree - 700 a NE 5 0.54 0.51 0.66 0.21 
30 0.48 0.43 0.24 0 
100 0.42 0.34 0.30 0 

One Tree - on 2nd Ave. 5 0 0 0.78 0.33 
2.5 km west of 30 0 0 0.66 0 
Right Street 100 0 0 0 0 

Breakaway • plinth 5 41 37 0 0 
30 42 36 0 0 
100 43 34 0 0 

Breakaway - 100 m NE 5 8.6 8.1 0 0 
30 8.3 8.3 0 0 
100 8.2 7.4 0 0 

Breakaway • 300 m NE 5 0.42 0.37 0 0 
30 0.42 0.46 0 0 
100 0.48 0.48 0 0 

Biak - plinth 5 11 11 0 0 
30 12 9.5 0 0 
100 14 10 0 0 

Biak • 100 m NNE 5 2.7 2.6 0.6 0 
30 2.9 2.7 0 0 
100 2.8 2.4 0 0 

Biak • 300 m NNE 5 0.42 0.46 0 0 
30 0.36 0.37 0 0 
100 0.30 0.31 0 0 

Tadje - plinth 5 2.b 2.5 0 0 
30 2.6 2.4 0 0 
100 3.0 2.8 0 0 

Tadje - 100 m NE 5 1.3 1.2 2.2 0.48 
30 1.7 1.3 0.6 0 
100 1.4 1.2 1.7 0 
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Tadje - 300 m NE 5 0.12 0.23 0.48 0.33 
30 0.06 0.26 0.30 0 
100 0.06 0.23 0.18 0 

Tadje - 500 m NE 5 0.54 0.60 1.2 0.36 
30 0.42 0.63 0.72 0 
100 0.42 0.51 0.36 0 

Taranaki - 35 m S of 5 1.2 1.1 0 0 
plinth 30 1.1 1.0 0 0 

100 1.1 1.2 0 0 
Taranaki - 200 m S 5 1.1 1.1 0 0 

(on hill) 30 1.1 1.1 0 0 
100 1.1 1.1 0 0 

Tarcnaki - 400 m S 5 0.06 0.23 0 0 
(on hill) 30 0.06 0.23 0 0 

100 0.06 0.26 0 0 
Taranaki - Q380 5 3.1 2.9 0 0 

30 2.0 2.0 0 0 
100 1.5 1.5 0 0 

Taranaki - centre FN 5 0.06 0.09 0 0 
30 0.06 0.14 0 0 
100 0.06 0.09 0 0 

Taranaki - centre IN 5 0 0 0 0 
30 0 0 0 0 
100 0 0 0 0 

Kuli - in soak, 5 0 0.12 1.3 0.44 
adjacent to TM5 30 0.12 0.12 1.4 0.60 

100 0.24 0.27 1.1 0.13 
Kuli - in soak over 5 5.8 3.5 330 271 

U fragments 30 2.1 2.4 30 17 
100 1.6 1.8 9.7 5.7 

Kuli - 100 m N of track 5 0 0 0.90 0.44 
along N radial 30 0 0 1.1 0.44 

100 0 0 0.78 0.16 
Kuli - 200 m N of track 5 0 0 0.60 0.16 

along N radial 30 0 0 0.54 0 
100 0 0 0.48 0 

Kuli - 300 m N of track 5 0 0 0 0 
along N radial 30 0 0 0 0 

100 0 0 0 0 
Emu - Totem I 18 ID NV 5 - 49 - 0 

of plinth 30 - 41 - 0 
100 - 36 - 0 

Emu - Totem II 21 m NW 5 - 18 - 0 
of plinth 30 - 17 - 0 

100 - 16 - 0 

TLD monitors were exposed for two periods of two montha (18/5/89 to 
18/7/39) and four months (18/7/89 to 16-24/11/89); values in the first 
column under each heading refer to the first exposure and those in the 
second column to the second exposure. Natural background data are only 
available from the first exposure. 

t Gam:;:a dose rates are those in excess of natural background, and are for 
high-energy gamma radiation. 

$ Bee a dose rates are 'nominal'; to get actual dose rates, values must be 
divided by: 1.05 for 0 m a x 2.0 MeV (attenuated spectrum from 9 0Sr/ 9 0Y) 

0.63 for /5 m a x 0.57 MeV (attenuated spectrum from 2 0 4T1) 
0.17 for 0 m a x 0.15 MeV (attenuated spectrum from 1 4 7 P m ) . 
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Appendix 4.3 Elemental Analysis of Oak Valley Soil 

Results are in weight percentages 

Element <1000 m <90 m <« m 

Si0 2 

Ti0 2 

84.9 
0.19 

77.7 
0.99 

55.7 
1.15 

A1 20 3 

Fe203 
MnO 

1.88 
15.1 
0.12 

8.80 
3.76 
0.04 

16.8 
6.40 
0.07 

MgO 0.15 0.53 1.24 
CaO 0.31 1.46 3.34 
Na 20 
K 20 
p2°5 

0.09 
0.25 

<0.010 

0.11 
0.67 
<0.010 

0.21 
0.60 
0.05 

Ba 0.009 0.030 0.037 
Sr 0.002 0.006 0.012 
Cu 0.013 0.004 0.011 
Ni 0.010 0.006 0.008 
Zn 0.019 0.023 0.014 
Pb 0.007 <0.005 <0.005 
Cd <0.002 <0.002 <0.002 
Cr 0.033 0.008 0.009 
V 0.002 0.005 0.011 
Co <0.002 <0.002 <0.002 
Zr 0.021 0.15C 0.090 
La <0.002 <0.002 0.004 
Y <0.001 <0.001 <0.001 
Mo <0.002 <0.002 <0.002 
Sn <0.005 <0.005 <0.005 
Sb <0.005 <0.005 <0.005 
Bi <0.005 <0.005 <0.005 
As <0.005 <0.005 <0.005 
W <0.005 <0.005 <0.005 
Nb <0.005 <0.005 <0.005 
Ta 0.007 <0.005 <0.005 

Analyses were performed by AMDEL using the technique of inductively coupled 
plasma atomic emission spectrometry (1CP). 


