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ABSTRACT 

A series of cnemical extractions with a range of organic solvents has been 
performed to investigate the speciation of radionuclides in soil and sediment 
samples from the Mt. Brockman area in the Northern Territory. The major 
result is that of all the organic solvents used in the extractions, only 
acetic acid removes large proportions of the radionuclides Pb (ca. 
30-70*/J and 2 2 6 R a 110-55°/.) from the soil and sediment samples. 
The failure of the other organic solvents, and in particular 
dimethylformamide, to extract appreciable amounts of these radionuclides is 
taken to indicate that Pb and Ra are not present as discrete metal 
complexes of organic ligands. The overriding conclusion, that the acidic 
nature of the solvent is the most important property in releasing the bound 
radionuclides into solution, suggests that even under mildly acidic conditions 

?10 ??6 encountered in the environment significant amounts of Pb and Ra may 
be released for transportation. 



INTRODUCTION 

A knowledge of the concentration levels of naturally-occurring 
radionuclides in the environment surrounding uranium ore deposits is of 
importance in any assessment of the environmental impact of uranium mining and 
milling operations. however, the LoLal metal concentration is a poor 
criterion for assessing the biological availability, or the potential for 
environmental transport, of a radionuclide bound up in sediment or soil, as 
not all physico-chemical forms of a particular metal will have the same 

1 7 properties. ' Therefore, a study of the bio-availability of radionuclides 
in soils and sediments must attempt to determine not just total concentration 
levels, but also to which soil or sediment component a particular radionuclide 
is bound. 

Studies of the speciation, or partitioning between the various 
physico-chemical forms, of a particulate trace metal have been performed by 
use of a variety of chemical extraction techniques. ~ Several recent 
reports have formulated sequential chemical extraction procedures to study the 

8 9 speciation of trace metals in sediments. ' Each of these extractive 
procedures, employed sequentially, is in general selective for a particular 
geochemical component of the sediment. Such sequential extraction procedures 
can provide detailed information about the origin, mode of occurrence, 
Diological and physico-chemical availability, mobilization, and transport of 
trace metals. 

The observation of significant levels of radioactivity in the environment 
due to a particular radionuclide is, in general, associated with only 
ultra-trace (e.g. pg/g) quantities of the radionuclide in terms of mass. Such 
concentration levels are several orders of magnitude less than those generally 
encountered (e.g. pg-ng/g) in speciation studies of non-radioactive trace 
metals. It is, therefore, impossible to isolate and study the chemical 
compounds and complexes of the radionuclides by conventional chemical and 
spectroscopic techniques. Highly desirable though this would be, we must be 
content with inferences drawn from a series of observations of the extractive 
behaviour of the relevant chemical forms of the radionuclides. The aim of 
this work, to conclusively relate particular oehaviour patterns with specific 
chemical species, will undoubtedly require studies of many and varied 
extraction procedures. 



The present investigation is an extention of our previous sequential 
extraction study of the speciation of radionuclides in sediments and 
soils. In that study, the extraction procedure was for both inorganic 
(exchangeable, bound to carbonates, and bound to oxides of iron and manganese) 
and organic species of the radionuclides. The sediment and soil samples 
analysed were from the Mt. Brockman area of the Northern Territory in the 
vicinity of uranium ore deposits, and contained significant activity due to 

Pb and Ra. The study indicated significant differences between 
these two radionuclides in their distribution among the extraction fractions. 
Very little of each radionuclide was found to be bound to carbonates, whereas 
relatively large amounts of both were bound to organic matter. Where the iron 
content of the sample was high, and in the form of iron oxides, both 
radionuclides were associated largely with the iron oxide phase. The residual 
fractions, representing species tightly bound in the crystal lattices of 

??6 210 
various minerals, contained very little Ra but significantly more Pb. 

The present study uses a sequence of organic extracting agents to attempt 
to categorize in more detail the relatively large amount of each radionuclide 
found to be associated with organic material. This method also provides 
further extractive information about some of the inorganic species present. 
Residues from the sequence of organic extractions have then been extracted by 
the sequential method used in the previous study, to provide even further 
extractive evidence. Three soil and sediment samples from the Mt. Brockman 
area have been employed in this study, including one sample common to both 
investigations. One of the samples was spike 
extractive information on another radionuclide. 

234 
investigations. One of the samples was spiked with Th to provide similar 

In the analysis of the speciation of radionuclides, account must be taken 
of the fact that the elements under study have radioactive precursors. 
Therefore, the fractionation behaviour of a radionuclide under study may 
reflect the properties of the precursor nuclide if the half-life of the 
precursor is similar to the time scale of the relevant environmental transport 
process. 

EXPERIMENTAL 

Sampling. - Three sediment and soil samples were selected for this study 
from samples which had been collected in 1979 and 1982 in the vicinity of a 
perennial spring ('Anomaly X') and a creek (Radon Creek) near the Mt. Brockman 
Massif in the Northern Territory. These locations are shown in the Figure. 



3 
'Anomaly X' has been termed a 'peat anomaly' and soil and sediments 

from the area are characteristically high in organic content. Two samples 
from this site were chosen for analysis. These were surface (to 0.1 m) creek 
bank soil (common to both this and the previous speciation study, and 
designated 'soil 1') and stream sediment (top layer, designated 'sediment 
1'). The third sample was a black mud ('sediment 2') from a swamp adjacent to 
a spring flowing into Radon Creek. All samples had been air dried, and in the 
case of 'soil 1' thoroughly ground (< 250 um) and homogenised, prior to their 
use in the extraction procedures. 

Soxhlet Extractions Using Organic Solvents. - A sequential chemical 
extraction procedure •'as developed using a series of different organic 
solvents in various orders. A preliminary extraction using de-ionised water 
was included to verify that the concentration of water-soluble radionuclides 
in the sediment and soil samples is negligible. 

Between b ana 32 g of sediment or soil sample was used in each initial 
extraction, depending on the amount of sample available and the density of the 
sample. In most cases, between 12 and 21 g of sample was used. The volume of 

3 solvent used in each extraction was approximately 200 cm . The duration of 
each extraction depended on the ability of a solvent at its boiling point to 
extract the sample until no colour remained in the extracting solvent. This 
ranged from approximately £ h (water) to 41 h (dimethylformamide). However, 
the time required differed with different soil and sediment samples. 

(a) First Sequence of Extractions. Seven different solvents were used to 
extract the soil sample. For each of these, no colour remained in the 
extracting solvent after 8 h (with the exception of dimethylformamide, which 
required 41 h). The sequence in which the solvents were used was: hexanes, 
chloroform, methanol, acetone, dimethylformamide (DMF), glacial acetic acid 
and triethylamine. The hexane solvent was a mixture of several isomers of 
hexane, predominantly n-hexane and methylcyclopentane. Solvents used were of 
analytical reagent quality where available, ana otherwise of laboratory 
reagent standard. Very pure de-ionised water was used throughout. The 
results are presented in Table 1. 

lb) Second Sequence of Extractions. Four different solvents were chosen 
to extract the soil sample, based on the results of the first extractions. 
Solvents which clearly extracted no radioactivity were omitted. The order of 
sequential extraction was: water, triethylamine, acetic acid and DMF. The 
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sample was extracted three times by triethylamine (for 8, 12 and 8 h 
respectively) and twice by the other three solvents for 8 h (except for the 
second DMF extraction, which required 14 h). The soil sample was spiked with 
2 3 4 T h (t,,2 24.1 d). A small volume (10 cm ) of thorium tracer solution 
(ca. 1.6 kBq 2 3 4 T h per cm 3) in 0.03 M HNO, was added to the soil 
followed by the addition of 850 cnr of distilled water. The mixture was 
equilibrated for three days with continuous agitation. The sample was washed 
six times with distilled water and centrifuged. The washing solutions were 
combined and concentrated to a volume of 30 cm for counting by Y-ray 
spectrometry. The residue was dried thoroughly prior to being extracted by 
the solvents. In order to correct the "*Th activities in the sample for 
radioactive decay during the experiment, a standard source was prepared 

934 containing the same volume of Th tracer solution and in an identical 
geometry. This source was measured simultaneously with the extracted material 
from the spiked soil sample throughout the extraction experiment. The results 
are given in Table 2. 

(c) Third Sequence of Extractions. The previous four solvents were used 
in a different order: water, acetic acid, DMF and triethylamine. The same 
soil sample as in (b) was extracted once by water (16 h), three times by 
acetic acid (8 h each), and twice by both DMF and triethylamine (8 h each). 
Results are presented in Table 3. 

(d) Particle Size Fractionation and Extraction. The 'sediment 1' and 
'sediment 2' samples were sub-divided into four fractions of different 
particle size (0-250 pm, 250-500 pm, 500-1000 pm and >1 mm). The activities 
in these fractions are given in Table 4. Because of the relatively high 
amount of activity in the fraction of particle size greater than 1 mm, it was 
decided to separate this fraction into two parts. A separation based on 3 density was carried out by adding 600 cm of water to the sediment fraction, 
maintaining continuous agitation for 10 min, and allowing the mixture to stand 
for 3 days. 'Part a' refers to that part of the fraction less dense than 
water (organic material). 'Part b' refers to that part of the fraction more 
dense than water (in general, silica and other minerals). 

The following four sequences of extractions apply to the 'sediment 1' and 
'sediment 2' sub-samples. These sub-samples were extracted by use of the four 
solvents which were found from the previous extractions to provide worthwhile 
information, in the following order: water (i2 h), DMF (24 h), acetic acid 
(12 h) and triethylamine (8 h). The sub-samples were extracted once only by 
each of the solvents. 



f 5 
> The results for the sequential organic extractions of the sub-samples of 

sediment 1 and sediment 2 classified in terms of particle size are presented 
in Table 5 for the fraction less than 250 ym, Table 6 for the 250-500 ytn 
fraction, Table 7 for the fraction of 500-1000 urn, and in Table 8 for the 
particle size fraction greater than 1 mm (less dense material only). 

Extractions using Inorganic Reagents. - The sample residues from the above 
extractions on sub-samples of particle size less than 250 urn, 250-500 urn and 
500-1000 urn were subjected to further treatment by use of the following scheme. 

(a) Exchangeable. The residue from the organic extractions was further 
extracted with 80 cnr of a 1 M solution of magnesiufi chloride at pH 7.0. 
The extraction was performed at ambient temperature with continuous agitation 
for 6 h. 

(b) Bound to Fe/Mn Oxides. The residue from (a) was extracted at 98 °C 
with 200 cm of 0.04 M hydroxylamine hydrochloride in 25°/ (v/v) acetic 
acid solution. Occasional agitation was maintained for 6 h. 

3 (c) Bound to Organic Matter. To the residue of (b) were aGded 30 cm 
of 0.02 M nitric acid and 50 cm of 30°/ hydrogen peroxide solution 
adjusted to pH 2.0 with nitric acid. The mixture was heated to 98 °C for 3 h 
with occasional agitation. A second 30 cm aliquot of 30°/ hydrogen 

o 

peroxide solution (adjusted to pH 2.0 with nitric acid) was then added and the 
mixture heated at 98 "C with occasional agitation for a further 3 h. On 

o 
cooling, 50 cm of 3.2 M ammonium acetate in 20*/ (v/v) nitric acid 
solution was added and the sample diluted to 200 cm . This mixture was 
agitated continuously for a further 30 min. 

Between successive extractions, the residues were thoroughly dried and the 
liquid extracts wera sealed in a matrix of agar gel before being analysed. 

Radioactivity Measurements. - The only naturally-occurring ^-emitting 
radionuclides of measurable concentrations in the samples analysed were 
2 1 0 P b and 2 2 6 R a for soil 1 ana 2 1 0 P b , 2 2 6 R a , 2 2 8 T h and 2 2 8 R a for 
sediment 1 and sediment 2. The concentrations of these nuclides were 
determined by high resolution -y-ray spectrometry. The spectrometry system 
consists of a lithium-drifted germanium detector (Ortec model VIP10), the 
output of which is fed via a pre-amplifler, amplifier and analog-to-digital 



converter (Nuclear Data ND 570) to a Nuclear Data model ND 6600 data 
acquisition, control and processing computer. The spectrometer was calibrated 
with a standard pitchblende (New Brunswick Laboratory) in a silica matrix, 
presented in the geometry used for the sediment and soil samples. The liquid 
extracts from the successive extractions were sealed in a matrix of agar gel 
before being analysed on the spectrometer. 

Activities were calculated from the areas of full-energy spectral peaks 
for f-rays, corrected for background and continuum effects. All spectral 
peaks of statistical significance were considered. The estimated 
uncertainties in the activities, given in parentheses in the Tables, are 
expressed as estimated standard deviations of the mean. They were determined 
from counting statistics, or when statistically valid, from the scatter of 
individual estimates of the activity. 

RESULTS AND DISCUSSION 

Before discussing in some detail the results of each series of 
extractions, it is worthwhile to consider the general possibilities. Water 
was used as the first extracting agent in many of the extractions. This was 
to confirm that all water-soluble material had been leached from the samples 
by the natural movement of water in the environment over a period of time. As 
expected, no significant water-soluble activity was found in any of the 
samples. Interestingly, both Pb and Ra form water-insoluble carbonates. The 
most non-polar solvent chosen was hexane, in which only non-polar molecules, 
and yery few inorganic species, are soluble. A range of somewhat more polar 
solvents was also tried: chloroform (which will dissolve non-polar inorganic 
complexes and large ionic molecules, but not small polar metal complexes), 
acetone and methanol (in which many small polar complexes are soluble). DMF 
is in general a very good solvent for both organic molecules and most (polar) 
inorganic complexes, and is fairly unreactive. However, minerals and 
polymeric or extended array type materials are not expected to be particularly 
soluble Dimethylsulphoxide (DMSO, the 'universal solvent') was not used as 
an extracting agent because it is unstable at high temperature, an oxidising 
agent and is in general more reactive than DMF. 

An acidic organic solvent (acetic acid) and a basic one (triethylamine) 
were chosen. Pyridine (basic) was not usea because it can strongly coordinate 
to many metal complexes. Acetic acid is expected to dissolve most species 
which are soluble in DMF, ano also to release species that are bound up in 
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carbonates because of its acidic nature. Triethyl amine, being strongly basic, 
will dissolve decayed organic matter (e.g. humic acids). 

Other factors, not solvent-dependent, which may affect the solubility of 
radionuclide species are the physical form in which the sample is presented 
(e.g. the degree of crushing), and the quantity of a particular species 
present. If the sample is rich in carbonates, or the carbonates are present 
as large hard lumps, not all the carbonate may be soluble in boiling acetic 
acid for example. Also the amount of non-radioactive metal present in the 
sample may affect the fraction of the radionuclide species that dissolves. 

210 For example, Pb may be present together with a large amount of stable 
lead, and both forms may exist as the same species so that a low extraction of 
210 

Pb may only mean that a large proportion of stable lead complex is also 
in solution. For Ra, although there are no non-radioactive isotopes that 
coul 
228, 
could be present in relatively large amounts to compete with the Ra or 

Ra species, its solubility behaviour may be affected by the presence of 
other alkaline earth metals (e.g. Ba or Ca). 

Readsorption of an extracted metal has been recognised as a problem in 
12 extraction procedures. however, the use of the Soxhlet method of 

extraction, in which fresh solvent is regenerated periodically throughout the 
extraction, and the extracted material is concentrated and stored away from 
contact with the sediment being extracted, largely overcomes any readsorption 
problems. Similarly the Soxhlet method, when used for an extended period of 
time (e.g. for several hours), will overcome the problem of incomplete 
extraction of a metal species when it is present in a large amount and/or it 
has a relatively low solubility in the particular solvent. 

The apparent solubility of a species may merely reflect the physical form 
in which that species is bound in the sample. For example, if the species is 
adsorbed on the surface of the soil particles it will be readily available for 
extraction by a particular solvent, whereas if it is bound within an insoluble 
particle it may also appea~ to be insoluble. 

Sequential Extractions of 'Anomaly-X' Soil 1 with Organic Solvents 

Table 1. - The highest proportions of Pb and ka activities 
appear in the acetic acid and the DMF fractions. The acetic acid fraction 
contained 66°/ of PD activity and 7°/ of d Ra activity and 

0 "o 210 
in the D W fraction the proportions were 3°/ for Pb and 0.b°/ 

22b ° ° 
for Ra. More than 90°/, o f the total activity of 2 2 b R a appeared in 



8 
the residual solid remaining after the extractions, whereas 31°/ of the 
pin 

Pb was present in the residue. The hexane, chloroform, methanol, acetone 
and triethylamine extractions CDntained essentially no radioactivity. The 
summation over the activities in the organic solvent fractions together with 
that in the final residual solid is in good agreement with the total activity 
for both radionuclides, confirming the reliability of the radioactivity 
measurements. 

On the basis of these results, it is clear that the radioactive species in 
the soil are insoluble in non-polar so.vents such as hexane and chloroform. 
The more polar methanol and acetone also did not extract any of the 
radioactive species. DMF was an excellent solvent for much of the organic 
material in the soil and the extracted solution was a dark black colour. By 
contrast, the extractions using solvents hexane, chloroform, methanol and 
acetone were yellow or orange in colour. Humic acid, which is undoubtedly 
present in the soil and sediment samples used in this survey, was found to be 
extremely soluble in DMF. Despite the high solubility of some fraction of the 
soil in DMF, wery little of the radioactive material appeared in the DMF 
extraction. The final two organic solvents employed, acetic acid and 
triethylamine, were acidic and basic respectively and their extractive 
abilities for the radionuclides are clearly a function of these properties in 
view of the poor extractive power of neutral organic solvents. The acetic 
acid fraction was a dark brown colour, and the triethlylamine fraction was a 
lighter brown. Humic acid is insoluble in triethylamine at both ambient 
temperature and at 100 °C. 

Acetic acid will extract certain radionuclide species which are basic and 
therefore soluble in the acid. In particular, radionuclides bound to 
carbonates are expected to be soluble in the acetic acid solution. In the 
previous study on this same soil sample, no Pb and y/ery little 

Ra activity L0.27(2) Bq/g] was found bound to carbonates. Therefore all 
of the 2 1 0 P b activity [2.5(2) Bq/g] and ca. half of the 2 2 6 R a activity 
observed in the present acetic acid extraction arise from some other species 
which is soluble in boiling concentrated acetic acid but not in the 
room-temperature solution of acetic acid and sodium acetate of the previous 
study. 

The residual solid from these extractions using organic solvents contained 
£a. 95 e/ e of the 2^ 6Ra activity. The insolubility of the 2 2 6 R a 
species in the organic solvents is not unexpected based on the previous 
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observation, on this same soil sample, that 27, 27, and 17*/ 
respectively of the Re species was present as exchangeable (ionic) 
material, material bound to iron and manganese oxides, and material bound to 
organic matter. None of these types of species are expected to be 
particularly soluble in organic solvents with the exception, perhaps, of the 
material bound to organic matter. In this case, the solubility in organic 
solvents will depend on the nature of the radionuclide-organic ligand complex 
formed and the present study shows that, in this soil sample, these complexes 
are either essentially insoluble in the solvents used, or that they breakdown 
to free organic material and the radionuclide. 

In such a sequence of extractions, it is important to note that the 
radionuclide will only appear in the extracted solution if it remains firmly 
bound in the species. If, in boiling acetic acid solution, for example, the 
radionuclide complex was to fall apart, the ligand or binding portion of the 
original radioactive material may well end up in the acetic acid fraction but 
the radionuclide may become re-adsorbed on another component of the residual 
soil. If this occurs, subsequent extractions may not reflect the original 
speciation state of the sample. Hence by changing the order of employment of 
the extraction solvents, we may obtain further evidence about the species 
present. This has been attempted in the extraction sequence described next. 

Tables 2 and 3. - The results presented here include the extractive 
215 

behaviour of Th which was introduced into the soil sample as described 234 above. All of the Th activity introduced into the soil slurry [16(1) 
ktfqj was eitner adsorbed or bound chemically in the soil, and essentially no 
234 

Th activity [0.11(1) k3q] was present in the washings. However, the 
?2fi washings did contain a significant amount of Ra [2.8(2) Bq/g soil], but 

little 2 l 0 P b [0.1(1) Bq/g soil]. Tne removal of the 2 2 6 R a in the washings 
is undoubtedly due to the weakly acidic nature of the supernatant liquid (the 
thorium tracer solution contained 0.03 M HNOJ. Hence the total activities 
in the soil sample used for the extractions presented in Tables 2 and 3 are 

210 slightly lower than in the original sample (Table 1) for Pb and 
significantly lower for Ra [5.6(3) Bq/g compared with 8.5(3) Bq/g in the 
original soil]. 

In the extraction sequence of Table 2, triethylamine is the first 
extractant following water. In this case the extracted solution contained an 
intractable black oil, which was not observed in any of the other extraction 
sequences where triethylamine was not the first organic extractant. The 



of 2 2 6 R a , and 
in the extraction 

2 2 6 R a , and 4°/ 
2 1 0 P b , 1 ' / 

0 

2 V 
>re than 50° / of 

10 
triethylamine extracted ca. 2°/ of 2 1 U P b , 7°/ 

« 234 * 
17 / of Th. Acetic acid, the next solvent 

° ?1f) 
sequence, removed ca. 28°/ of Pb, 15°/ of 

234 — 
of„ Th. The final extractant, DMF, removed no 
ana 1*/' Th. The residual sample contained more than 
both tne 2 2 6 R a and 2 3 4 T h activities. In this series of extractions, considerable discrepancy is apparent 
between the summation over activities in the extracted fractions and in the 
final residue, and the initial total activity in the soil for all three 
radionuclides. This is thought to be due to loss of sample and extracted 
material while trying to collect the sticky oil-like substance mentioned above 
in the triethylamine extraction. For the extractions presented in Table 3, 
where acetic acia rather than triethylamine is the first organic extractant, 
the summations are in excellent agreement with the initial activities. 

The results presented in Table 3 show that the only significant extraction 
of activity due to any of the radionuclides occurs with acetic acid, where 34, 
11 and l°/ o respectively of 2 1 0 P b , 2 2 6 R a ind 2 3 4 T h is extracted. 
Most activity (61, 88 and 98°/ respectively of 2 1 0 P b , 2 2 6 R a and 
234 ° 

Th) is not removed by the extracting solvents and is found in the 
residual solid. 

An interesting comparison between these two sequences of extractions is 
Opt ?14 

provided by the total percentages of Ra and Th removed in each 
case. In Table 2, 23°/ of 2 2 6 R a and 22°/ of 2 3 4 T h were 
extracted (and these figures should possibly be higher considering the 
experimental loss of some activity as mentioned above). In Table 3, only 

'ioc. ?34 
12*/ of Ra and 2°/ of Th were extracted. This indicates 

o o 

that the order of extraction may interfere with the availability (and hence 
the speciation) of the radionuclides. In particular, the use of triethylamine 
as the first organic extractant seems to have the effect of releasing more of 
the radioactivity into the organic solvents. 

The overall conclusion from the results of Tables 1-3 is that the only 
organic solvent which will extract considerable amounts of activity due to 
piM ?2h ? ̂ 4 

Pb and Ra (but not Th) in this particular soil sample is acetic 
acid. The study was then expanded to determine whether different types of 
samples, from the same overall vicinity, showed similar behaviour. 
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Sequential Extractions of Sediments with Organic Solvents 

Table 4. - Two sediment samples were chosen from the areas discussed 
above, and the partitioning of activities due to the four radionuclides 
2 1 0 P b , 2 2 6 R a , 2 2 8 T h and 2 2 8 R a among different particle sizes was 

210 examined. Sediment 1 from 'Anomaly-X' essentially contained only Pb and 
Ra (uranium series) whereas sediment 2 from Radon Creek also contained 

228 228 significant activity due to Th and Ra (thorium series). 

pin 
For sediment 1, by far the largest amounts of activity due to both Pb 22h and Ra were in the fractions 500-1000 urn and >1 mm. For sediment 2, the 

largest amounts of all four radionuclides occur in the fractions 0-250 ym and 
>1 mm. 

The fractions >1 mm contained two types of material, namely organic matter 
(twigs and leaves) and inorganic material (sand and small stones). These two 
types were largely separated by density, although the sub-portions of density 

3 
>1 g/cm contained some organic material as well as all of the inorganic. 
For both samples, the less dense ('organic') material showed the highest 
activities. 

Tables 5-8. - These four Tables give the results of sequential extractions 
(using water, DMF, acetic acid and triethylamine) on each of the four 
fractions of differing particle size for sediments 1 and 2. In all cases, the 
initial extraction using water removed no significant radioactivity. 

DMF extractions in general removed a small (10*/ or less) amount of 
activity in all fractions for all radionuclides, with the exception of the >1 
mm organic fraction for which no activity was removed by the DMF. Again, 

210 acetic acid was by far the most successful extracting agent, and Pb in 
particular was readily extracted by more than 50'/ in many cases. On 

22& average, acetic acia extracted c_a. 40°/ of the Ra in each sediment, 
a significantly higher proportion than in the soil sample (Table 3) where only 
ca. H c / o of the Ra was extracted. Triethylamine, used last in th'i 
sequence of extractions, removed essentially no activity. 

Both sediments behaved similarly in the amounts of Pb and Ra 
removed by ach solvent, with the only significant difference being the 
proportion of Ra removed by acetic acid which was in general higher for 
sediment 1. 
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The different particle-size fractions of the sediments behaved similarly, 

within experimental errors, except for that containing organic material of 
size >1 mm, for which the results are not particularly consistent. For the 
other three particle-size fractions, the average percentages of activities in 
the residues (for both sediments) were ca. 1 2 ° ^ for Pb, 42°/ o 

for 2 2 6 R a , 44°/ for 2 2 8 T h and 28*/ for 2 2 8 R a . 
o e 

Sequential Extractions of Residues using an Inorganic Procedure 

Tables 9-12. - In an attempt to integrate the above results, and in 
particular the observation of consistently high levels of Ra activity in 
the acetic acid extractions, with the results of the previous study, the 
relevant extractions using inorganic reagents (described in the Experimental 
section above) from that study were performed on the residues of the organic 
extractions detailed in Tables 5-7 (sediments 1 and 2, particle sizes <1 mm), 
and in Table 3 ('Anomaly-X' soil sample). In particular, it was hoped to be 
able to determine what types of species, under the previous 
classifications of 'exchangeable', 'bound to Fe/Mn oxides', and 'bound to 
organic matter', were being extracted by the acetic acid. This applies 
particularly to the results of Table 12, as the soil sample is common to both 
this and the previous study. 

The species classified previously as 'bound to carbonates' is expected to 
be present in the acetic acid extractions, but from the previous work 1 

essentially no Pb and only 3-7°/ o of Ra was classified as 'bound 
to carbonates' in th^ soil and two sediment samples. In the present study, we 
find ca. 34°/ of 2 1 U P b and 11°/ of 2 2 6 R a in the acetic acid 
extract of the soil, and even higher proportions (38-96°/ of Pb and 
22-57°/ e of Ra, Tables 5-7) in acetic acid extracts of the sediments, 
indicating that others of the previous classifications are also acid-soluble. 

210 For Pb, all three classifications ('exchangeable', 'bound to Fe/Mn 
oxides', and 'bound to organic matter') are depleted by comparison with the 
previous work, where ca. 20-40*/ of the total Pb activity was 
found associated with eacn of these classes. However, because most of the 

Pb had already been extracted by the previous acetic acid extraction, 
210 measurements of activity due to PD in Tables 9-11 (sediments) are 

necessarily of low accuracy, experimental errors are proportionately large, 
and in these cases we can conclude little about the distribution of the 
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remaining Pb among these three classes. The results on the soil (Table 

210 12) confirm the trend and indicate that essentially all remaining Pb 
after the organic-solvent extractions is present in the final residue (tightly 
bound in the crystal lattices of various minerals). 

226 22fi In the case of Ra (and Ra for sediment 2), less activity was 
extracted by acetic acid and the apportioning of the remainder among these 
three classes of species is of significance in each case. Both sediments 
behaved identically, with percentages of extracted to initial (before any 
extractions) Ra activities of 20, 16 and 3°/ for the three classes 

o 

'exchangeable', 'bound to Fe/Mn oxides' and 'bound to organic matter' 
respectively for the sub-samples of particle size less than 250 pm (Table 9). 
ror particle sizes 250-1000 pm (Tables 10, 11), these percentages are 12, 6 
and 1*/ . In the previous study where no acetic acid extractions were 10 performed, for the soil and two sediments, similar percentages for the 
three classes of species were 17-41, 10-31 and 7-17°/ . Hence it appears 

o 

that the acetic acid extraction has removed some Ra species from each of these 
classes, and from the 'bound to organic matter' phase in particular. The 
results on the soil sample (Table 12) confirm this view. 

In the previous study, very little Ra was present in the residual 
fractions (2-9°/ ), and the same is found here with less than 5°/ 

o o 
of the total Ra appearing in all residues (Tables 9-12) except one. Larger 210 proportions of Pb were present in the residues of the previous study 
(13-25°/ ), and these are very considerably less in the residues of Tables 

° 210 
9-11, indicating that much of the Pb previously classified as residual or 
bound in primary and secondary minerals in the sediment samples is released in 
acetic acid solution. However, this is not found in the soil sample (Table 
12). 

CONCLUSIONS 

The major result is that of all the organic solvents used in the 
extractions, only acetic acid was found to remove large amounts of the 
radionuclides 2 1 0 P b (c_a. 30-70'H and 2 2 6 R a (ca. 10-55°/J from 
all soil ana sediment samples studied. The failure of the other organic 
solvents, and in particular DMF which is generally an excellent solvent for 
most metal complexes of organic ligands, to extract appreciable amounts of 
2lO ?2h 

Pb and Ra activity suggests that these radionuclides are not present 



14 
as discrete molecules composed of metal atoms and organic ligands. The 
overriding conclusion is that the acidic nature of the solvent is the 
important property in releasing the bound radionuclides into solution. 

Most organic molecules, and many inorganic complexes, are expected to be 
either soluble in acetic acid, or to react with the acid, and hence to be 
removed in tne extraction procedure using the boiling acid. Our results show 
that both acetic-acid soluble and insoluble types of radionuclide species 
exist for both uPb and Ra in the soil and sediment samples. It is 
not possible, at this stage, to comment specifically on what forms these 
species assume, although it is likely that the insoluble type are polymers or 
extended arrays as found in mineral structures. Interestingly, for ^°Ra in 
particular both types of species, soluble and insoluble in acetic acid, are 
found within the classifications 'exchangeable' and 'bound to Fe/Mn oxides' of 
the previous work. Only a very small proportion of the species previously 
classified as 'bound to organic matter1 was found to be insoluble in acetic 
acid. 

It is of interest that in one of the sediments, that from near Radon 
Creek, both the thorium and uranium series coexist. From the extraction 

226 228 results on this sediment, the percentages of each of Ra and Ra 
removed at each step throughout the various extractions were essentially 
identical. This suggests that both isotopes, originating from different decay 
chains, have been transported in the environment in similar chemical and 
physical forms, and as expected have reacted similarly with the chemical 
species present in the sediment. 

In agreement with the conclusion from the previous study, the 
?1f) 2?fi significantly different speciation behaviour of Pb and Ra in the 

210 soil and sediments indicates that the Pb (half-life 22.3 y) originates by 
210 adsorption of water-transported Pb, and not by ingrowth from its 

00 f. 
long-lived precursor, Ra (half-life 1600 y ) . 

The solubility in acetic acid of large percentages of the radionuclides 
investigated suggests that even under mildly acidic conditions likely to be 

?in 2?fi encountered in the environment, significant amounts of Pb and Ra 
234 (but perhaps not Th) may be re-dissolved and hence available for further 
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transportation. Further studies, such as the investigation of solubilities in 
dilute hydrochloric acia, will concentrate on this aspect, as well as on the 
details of the species broadly categorized in this work. 
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TABLE 1 
Activities (Bq/g) in 'Anomaly-X' soil 1 by f-ray spectrometry. 

" ^ ^ R 7 

Total activity 

Hexanes fraction3 

Chloroform fraction 

Methanol fraction 

Acetone fraction 

OMF fraction 

Acetic acid fraction 

Triethylamine fraction 

Residue 

Fractions 

4.5(2) 8.5(3) 

NDb -0.01(3) 

NO ND 

0.01(3) -0.01(3) 

0.00(3) ND 

0.14(4) 0.04(3) 

2.5(2) 0.61(4) 

0.00(3) 0.02(3) 

1.4(1) 8.2(4) 

4.1 8.9 

a. The hexane solvent was A.R. grade supplied by Mallinckrodt Chemical Works, 
and was a mixture of several isomers of hexane, predominantly n-hexane and 
methyl eyelopentane. 

b. ND indicates that the activity was below the limit of detection. 

c. The residual solid will contain radionuclides present in forms which are 
insoluble in the above organic solvents at their boiling points. 

d. The summation is over the activities in the organic solvent fractions and 
in the final residual solid, and is to be compared with the original total 
activity. 



TABLE 2 
Activities (Bq/g) in 'Anomaly-X' soil 1 by Y-ray spectrometry. 

210 Pb 226 Ra 234 J ha 

Total activity 
Water (A) b 

Water (B) 
Triethylamine (A) 
Triethylamine (B) 
Triethylamine (C) 
Acetic acid (A) 
Acetic acid (B) 
DMF (A) 
DMF (B) 
Residue 

Fractions 

3.8(4) 5.6(3) 607(36) 
NDC 0.03(3) 2.1(1) 
ND 0.04(3) 0.32(4) 
0.07(10) 0.26(5) 67(4) 
ND 0.15(3) 34(2) 
ND 0.00(2) 0.68(6) 
1.0(1) 0.69(6) 20(1) 
0.08(4) 0.19(3) 3.8(2) 
ND 0.03(2) 2.6(2) 
ND 0.05(3) 2.8(2) 
0.3(1) 2.9(2) 320(18) 
1.5 4.3 453 

234 The sediment sample was spiked with Th (t, / 0 24.1 d). A standard 
234 l' 

containing Th was prepared at the same time, and its activity 
determined simultaneously with that of the extracted material throughout 234 the experiment. The Th activities presented here have been scaled by 
reference to the standard to negate the loss of 
over the time-scale of the experiment. 

234 Th activity by decay 

b. The letters A, B, etc. refer to the first and second, etc. sequential 
extractions with the same solvent. 

c. ND indicates that the activity was below the limit of detection. 

a. The residual solid will contain radionuclides present in forms which are 
insoluble in the above organic solvents at their boiling points. 

e. The summation is over the activities in the organic solvent fractions and 
in the final residual solid, and is to be compared with the original total 
activity. 



TABLE 3 
a Activities (Bq/g) in 'Anomaly-X' soil 1 by -j-ray spectrometry. 

2 1 0 P b 2 2 6 R a 2 3 4 T h 

Total activity 

Water 

Acetic acid (A) 

Acetic acid (B) 

Acetic acia (C) 

DMF (A) 

DMF (B) 

Triethylamine (A) 

Triethylamine (b) 

Residue 

Fractions 

3.8(4) 5.6(3) 607(36) 

-0.01(2) 0.00(3) 0.7(1) 

0.72(6) 0.48(4) 2.5(2) 

0.30(4) 0.06(2) 1.2(1) 

0.27(4) 0.07(3) 1.3(1) 

0.10(4) 0.02(3) 4.2(3) 

0.00(2) 0.01(2) 3.3(3) 

0.00(2) 0.07(2) 0.1(1) 

NO -0.01(1) -o.KD 

2.3(2) 4.9(2) 593(35) 

3.7 5.6 606 

a. Footnotes to Table 2 apply here also. 



TABLE 4 
Activities (Bq/g) in fractions of different particle sizes in 

'Anomaly-X' sediment 1 and Radon Creek sediment 2 by r-ray spectrometry. 

Particle Sediment 1 Sediment 2 

Size(wm) 2 1 0 P b 2 2 6 R a 2 2 8 T h 2 2 8 R a 2 1 0 P b 2 2 6 R a 2 2 8 T h 2 2 8 R a 

0 - 250 0.55(4) 0.803(8) 0.017(2) 0.018(7) 0.9(1) 2.77(3) 0.52(2) 0.95(4) 

250 - 500 0.54(7) 0.79(1) ND a 0.02(1) 0.17(5) 0.82(1) 0.190(7) 0.35(1) 

5U0 - 1000 1.8(2) 2.54(4) ND 0.06(2) 0.14(3) 0.411(5) 0.101(2) 0.173(8) 

> 1000 1.0(2) 2.40(2) 0.022(7) ND 1.2(2) 3.97(3) 0.96(1) 1.99(4) 

> 1000 part a b 2.3(4) 3.0(3) ND ND 1.0(2) 5.0(2) 1.18(1) 2.45(8) 

> 1000 part b C 0.6(2) 1.88(2) 0.045(8) ND 1.0(4) 2.18(4) 0.41(2) 1.08(7) 

a. ND indicates that the activity was below the limit of detection. 

b. Part a refers to that part of the fraction containing the largest 
particles (> 1000 pm) less dense than water (organic material). 

c. Part b refers to that part of the fraction containing the largest 
particles (> 1000 wm) more dense than water (in general, silica and other 
minerals). 



TABLE 5 
Activities (Bq/g) in the fraction of particle size less than 250 um for 
'Anomaly-X' sediment 1 and Radon Creek sediment 2 by -r-ray spectrometry. 

Sediment 1 Sediment 2 
210 p b 226 R a 228 J h 228 R a 2l0 p b 226 R a 228 T h 228 R a 

Total activity 0.55(4) 0.803(8) 0.017(2) 0.018(7) 0.9(1) 2.77(3) 0.52(2) 0.95(4) 

Water NDC ND ND ND ND 0.009(4) 0.008(3) ND 

DMF 0.04(4) 0.029(4) ND ND 0.05(6) 0.194(7) 0.071(4) 0.07(1) 

Acetic acid 0.33(6) 0.293(4) 0.003(2) 0.010(6) 0.7(1) 0.74(2) 0.024(4) 0.27(3) 

Triethyl amine ND ND ND 0.004(4) ND ND ND 0.005(4) 

Residue 0.07(4) 0.449(5) 0.009(2) ND 0.18(5) 1.46(1) 0.356(4) 0.46(2) 

Fractions 0.44 0.771 0.012 0.014 0.93 2.40 0.46 0.81 

a. ND indicates that the activity was below the limit of detection. 

b. The residual solid will contain radionuclides present in forms which are 
insoluble in the above organic solvents at their boiling points. 

c. The summation is over the activities in the organic solvent fractions and 
in the final residual solid, and is to be compared with the original total 
activity. 



TABLE 
Activities (Bq/g) in the fraction of 

•Anomaly-X' sediment 1 and Radon Creek 

Sediment 1 
210 p b 226 R a 228 T h 

Total activity 0.54(7) 0.79(1) NO 

Mater ND ND ND 

DMF 0.07(4) 0.05(2) ND 

Acetic acid 0.52(5) 0.335(6) 0.002(2) 

Triethylamine 0.02(3) ND ND 

Residue 0.04(3) 0.305(6) 0.008(2) 

Fractions 0.6b 0.69 0.01 

6 
particle size 250 - 500 win for 
sediment 2 by -r-ray spectrometry.3 

Sediment 2 
228 R a 210 p b 226 R a 228 J h 228 R a 

0.02(1) 0.21(4) 0.846(6) 0.195(4) 0.360(9) 

ND 0.009(17) ND ND ND 

ND 0.01(2) 0.055(2) 0.032(1) 0.026(4) 

ND 0.08(2) 0.183(2) 0.0065(8) 0.077(3) 

ND ND ND ND ND 

0.010(5) 0.02(2) 0.27(2) 0.056(1) 0.069(4) 

0.01 0.12 0.508 0.095 0.172 

a. Footnotes to Table 5 apply here also. 



TABLE 7 
Activities (Bq/g) in the fraction of particle size 500 - 1000 wm for 

'Anomaly-X' sediment 1 and Raaon Creek sediment 2 by >-ray spectrometry. 

Sediment 1 Sediment 2 
2lO p b 226 R a 228,, 228 R a 210 p b 226 R f l 228,, 228 R a 

Total activity 1.8(2) 2.54(4) ND 0.06(2) 0.12(2) 0.410(4) 0.100(2) 0.174(5) 

Water ND 0.029(7) ND ND ND ND ND 0.004(5) 

DMF 0.08(12) 0.106(8) 0.0002(57) 0.03(2) 0.03(2) 0.010(1) 0.010(1) 0.022(4) 

Acetic acid 1.2(1) 1.45(2) 0.021(8) 0.02(3) 0.05(2) 0.133(2) 0.0059(8) 0.054(3) 

Triethylamine 0.05(10 0.008(7) 0.004(8) ND ND ND ND ND 

Residue 0.2(1) 0.86(1) 0.035(6) 0.02(1) ND 0.07(1) 0.037(1) 0.028(3) 

Fractions 1.5 2.45 0.06 0.07 0.08 0.213 0.053 0.108 

a. Footnotes to Table 5 apply here also. 



TABLE 8 
Activities (Bq/g) in the fraction of particle size greater than 1.0 mm 

(portion with density <1.0 g cm ) for 'Anomaly-X' sediment 1 
and Radon Creek sediment 2 by Y-r*ay spectrometry.3 

Sediment 1 Sediment 2 
210 p b 226 R a 228 J h 228 R a 210 p b 226 R a 228 J h 228 R a 

Total activity 2.3(4) 3.0(3) ND ND 1.0(2) 5.0(2) 1.18(1) 2.45(8) 

DMF ND ND ND ND ND ND 0.017(7) 0.06(2) 

Acetic acid 0.22(5) 0.10(3) 0.002(3) ND 0.3(2) 1.9(1) 0.11(1) 0.91(3) 

Triethyl amine ND 0.10(3) ND ND ND 0.025(8) ND 0.05(2) 

Residue ND 1.9(3) ND ND ND 2.96(3) 1.32(3) 1.69(b) 

Fractions 0.2 2.1 0.00 ND 0.3 4.89 1.45 2.71 

a. Footnotes to Table 5 apply here also. Note that these fractions were well 
washed with water during the density separation procedure. 



TABLE 9 
Further fractionation of activities (Bq/g) in the residues from the 

organic extractions detailed in Table 5 (particle size 
less than 250 urn) for sediments 1 and 2. 

Sediment 1 Sediment 2 
210D. 226 D a 228T. 228 D 210 D k 226 D 228T. 228 D 

Pb Ra Th Ra Pb Ra Th Ra 

Total activity 0.07(4) 0.449(5) 0.009(2) ND 0.18(5) 1.46(1) 0.356(4) 0.46(2) 

Fraction l a 0.05(4) 0.190(5) ND 0.007(7) ND 0.483(7) 0.011(3) 0.17(1) 

Fraction 2 ND 0.127(4) 0.002(1) 0.005(5) ND 0.432(8) 0.007(2) 0.133(9) 

Fraction 3 ND 0.014(3) 0.010(2) ND 0.23(6) 0.113(6) 0.172(4) 0.033(8) 

Residueb ND 0.018(3) 0.014(2) 0.009(6) 0.04(5) 0.148(5) 0.107(4) 0.024(8) 

Fractions0 0.05 0.349 0.026 0.021 0.27 1.18 0.297 0.36 

a. The fractions 1-3 refer to species that are exchangeable, bound to Fe/Mn 
oxides and bound to organic matter respectively. 

b. This residual solid will contain mainly primary and secondary minerals 
which may contain trace metals and radionuclides within their crystal 
structure. Such metals and radionuclides are not expected to be released 
in solution over a reasonable time span under the conditions normally 
encountered in nature. 

c. The summation is over the activities in fractions 1-3 and in the final 
residual solid, and is to be compared with the original total activity. 



TABLE 10 
Further fractionation of activities (Bq/g) in the residues from the 

organic extractions detailed in Table 6 (particle size 
250-500 urn) for sediments 1 and 2. a 

Sediment 1 Sediment 2 
210 p b 226 R a 228 T h 228 R a 210 p b 226 R a 228 T h 228 R a 

Total activity 0.04(3) 0.305(6) 0.008(2) 0.010(5) 0.02(2) 0.27(2) 0.056(1) 0.069(4) 

Fraction 1 0.02(4) 0.118(4) ND ND ND C.ll(2) 0.003(1) 0.034(4) 

Fraction 2 ND 0.096(3) 0.005(2) ND ND 0.047(2) 0.003(1) 0.018(3) 

Fraction 3 0.01(3) 0.024(3) 0.010(2) 0.012(6) ND 0.003(1) 0.008(1) 0.002(3) 

Residue 0.03(2) 0.013(2) 0.012(2) 0.011(5) ND 0.024(1) 0.036(1) 0.005(3) 

Fractions 0.06 0.251 0.027 0.023 ND 0.18 0.050 0.059 

a. Footnotes to Table 9 apply here also. 



TABLE 11 
Further fractionation of activities (Bq/g) in the residues from the 

organic extractions detailed in Table 7 (particle size 
500-1000 pm) for sediments 1 and 2. a 

Sediment 1 Sediment 2 
210 p b 226 R a 228 T h 228 R a 210 p b 226 R a 228 T h 228 R a 

Total activity 0.2(1) 0.86(1) 0.035(6) 0.02(1) ND 0.07(1) 0.037(1) 0.028(3) 

Fraction 1 ND 0.36(2) ND 0.03(2) ND 0.05(2) ND 0.016(5) 

Fraction 2 ND 0.25(2) 0.036(9) ND ND 0.011(2) 0.003(1) 0.004(6) 

Fraction 3 0.1(1) 0.04(1) 0.041(8) 0.05(3) ND 0.007(3) 0.006(1) ND 

Residue 0.2(1) ND ND ND 0.02(2) 0.003(1) 0.021(1) 0.028(5) 

Fractions 0.3 0.65 0.077 0.08 0.02 0.07 0.030 0.048 

a. Footnotes to Table 9 apply here also. 



TABLE 12 
Results from the further fractionation of activities (Bq/g) in the residue 

from the organic extraction detailed in Table 3 ('Anomaly X' soil 1), 
together with the results from the previous extractions performed on 

the soil itself.3 

Further fractionation of Previous fractionation 
Table 3 
2 1 0 P b 

residue: 
2 2 6 R a 

of soil: 1 0 

2 1 0 P b 2 2 6 R a 

Total activity 2.3(2) 4.9(2) 3.9(3) 8.3(4) 

Fraction 1 ND 1.14(1) 0.70(7) 2.2(1) 

Fraction 2 0.40(6) 1.65(1) 1.0(1) 2.2(1) 

Fraction 3 0.04(4) 0.68(1) 1.0(1) 1.4(1) 

Residue 1.84(6) 0.22(1) 0.96(7) 0.15(2) 

Fractions 2.28 3.69 -

a. Footnotes to Table 9 apply here also. 
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Figure. The Mt. Brockman Massif area in the Northern Territory, 
showing the positions from which the 'Anomaly X' and Radon 
Creek samples were collected. 


