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ABSTRACT 

A sequential chemical extraction proceaure has been used to investigate 
?lfl ??h 

the speciat'on of the radio..jcliaes Pb and ka in three soil ana 
sediment samples from the Mt. Brockman area in the Northern Territory. The 
analyses, by Y-ray spectrometry, are in terms of those species that are 
exchangeable, bound to carbonates, bound to iron or manganese oxiaes, bound to 
organic matter, and tightly bouna in the crystal lattices of various minerals 
(residual material). Complementary speciation studies of the stable trace 
elements zinc, iron, lead, and calcium have been performed by use of atomic 
absorption spectrophotometry. The results tor the radionucliaes inaicate 
significant aifferences between Pb and ka in their aistribution 
among the fractions, with very little ka present in all resioual Tractions. 
Very low concentrations of both radionuclides were present in the fractions 
representing species bouna to carbonates, with ka concentrations greater 210 that Pb. Where the iron content of the sample is nigh, ana in the form 
of iron oxides, both radionucliaes are associated largely with the iron oxiae 
phase. The fraction representing species bound to organic matter containea 
relatively high concentrations of both radionuclides in all samples. 



INTRODUCTION 
There has been extensive application of chemical extraction techniques to 

investigate the bioavailability of trace metals in soils and sediments ana to 
aetermine to which soil or sediment component a particular trace metal is 
bound. The use of total metal concentration as a criterion to determine 
the biological activity of metals bouna up in sediments and soils implies that 
all physico-chemical forms of the particular metal have the same biological 
availability. This assumption has been shown to be incorrect. ' The 
partitioning of a particulate metal between its various physico-chemical forms 
in a sediment has been termed speciation. 

Several recent reports have formulated sequential, chemical extraction 
procedures to study the partitioning or speciation of trace metals in 
sediments. Each of the extractive procedures used in these studies is 
considered, with some qualification, to be selective for the corresponding 

8 9 geochemical component of the sediment. ' The use of sequential extraction 
procedures is said to provide detailed information about the origin, mode of 
occurrence, biological and physico-chemical availability, mobilization, and 

Q 
transport of trace metals. 

To our knowledge, no attempt has been made to systematically study the 
speciation of radionuclides in the natural environment surrounding uranium ore 
deposits. Previous studies have been concerned with total radionuclide 
concentrations. Clearly, by analogy with the trace metal situation, 
the biological activity of radionuclides in natural soils and sediments will 
dep°nd largely on the Diological availability of the different physico-
chemical forms of the radionuclides. Therefore, speciation studies of 
radionuclides in soils and sediments surrounding uranium deposits would seem 
to have the potential for yielding detailed information bearing on biological 
availability and ease of transport. 

The present investigation is preliminary in character ac its purpose is to 
test the applicability of the sequential extraction procedure for trace 

o 
metals to speciation studies of radionuclides. We have applied the method 
to a soil, and to two sediment samples from perennial springs, from the 
Mt. Brockman area of the Northern Territory in the vicinity of uranium ore 
deposits. In these samples we have chosen to study the natural radionuclides 
226 ?10 

Ra and ' Pb, both of which are members of the uranium series, of high 
radiotoxicity, and are known to occur in soils and sediments in the 



2 

region. The investigation has included analyses for certain stable 
elements, namely lead, zinc, iron, and calcium, in order to compare the 
environmental behaviour of these elements with that of the radionuclides. The 
analysis of radionuclide speciation must take account of the fact that the 
elements under study are often present in sub-trace amounts (pg/g), and 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. - Stream sediment (top layer) and soil samples were selected for 

this study from a series of samples which had been collected in the vicinity 
of two perennial springs near the Mt. Brockman Massif in the Northern 
Territory. One of the springs, 'Anomaly X', has been termed a 'peat 
anomaly' and soil and sediments of the area are characteristically high in 
organic content. The other, Leicharat Springs, originates from a single fault 
at the base of Mt. Brockman and spring water is known to have a high mineral 
content. These locations are shown in the Figure. 

The samples were selected for this investigation on the basis of 
preliminary f-ray spectrometry measurements which had revealed high levels of 

226 210 
radium ( Ra) and lead ( Pb). From 'Anomaly X' two samples were chosen 
for analysis. These were surface (to 0.1 m) creek bank soil (designated 'soil 
1') and stream sediment ('sediment 1'). Sub-samples ('la' and 'lb') were 
taken from the latter to give rcne indication of the reproducibility of the 
extraction procedures. A third sample was stream sediment from the Leichardt 
Springs area ('sediment 2'). All samples had been air dried and thoroughly 
ground (< 250 ym) and homogenised prior to trace metal or radionuclide 
extractions. 

Fractionation Procedure. - The method of sequential fractionation closely 
follows that reported in detail by Tessier, Campbell and Bisson, and only a 
brief resume is given below. Although it has been establisheo that the 
concentration of water-soluble metal species in sediments is negligible with 

Q 
respect to the total metal concentration, we have included a preliminary 

210 
extraction using de-ionised water to verify that the radionuclides Pb and 
226 

Ra follow this behaviour. 
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For the analyses of trace metal concentrations by atomic absorption 
spectrophotometry, 10 g of sample was used for the initial extraction. For 
determination of the radionuclide concentrations by -r-ray spectrometry, 
between 30 and 60 g of sample was used in each initial extraction. 

(1) Water Extraction. The sample was extracted at ambient temperature 
3 for 6 h with 80 crrr of de-ionised water with continuous agitation. 

(2) Exchangeable. The residue from (i) was extracted with 80 cm 3 of a 
1 M solution of magnesium chloride at pH 7.0. The extraction was performed at 
ambient temperature with continuous agitation for 6 h. 

(3) Bound to Carbonates. The residue from (ii) was leached at ambient 
3 

temperature with 80 cnr of a 1 M sodium acetate solution adjusted to pH 5.0 
with acetic acid. Continuous agitation was maintained for 5.5 h. 

(4) bound to Fe/Mn Oxides. The residue from (iii) was extracted at 98 *C 
with 200 cm of 0.04 M hydroxylamine hydrochloride in 25 /o (v/v) acetic 
acid solution. Occasional agitation was maintained for 5.5 h. 

(5) Bound to Organic Matter. To the residue from (iv) were aaded 30 
cm of 0.02 M nitric acid and 50 cm of 30 /o hydrogen peroxide solution 
adjusted to pH 2.0 with nitric acid. The mixture was heated to 9b *C for 3 h 
with occasional agitation. A second 30 cm aliquot of 30 /o hydrogen 
peroxide solution (adjusted to pH 2.0 with nitric acid) was then added and the 
mixture was heated at 98 *C with occasional agitation for a further 3 h. 
After cooling, 50 cm of 3.2 M ammonium acetate in 20 /o (v/v) nitric acid 

3 
solution was added and the sample was ailuted to 200 cm . This mixture was 
agitated continuously for a further 30 min. 

Because the soil sample contained a relatively large proportion of organic 
matter, a second organic extraction was performed as a check on the 
completeness of the first extraction. 

(6) Kesidual. The remaining residue was digested in a mixture of 
hydrofluoric, nitric and perchloric acids for analysis by atomic absorption 
spectrophotometry. 
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Between successive extractions, the residues were collected by 
centrifugation (3000 rpm for 30 min), and the supernatant solution was 
decanted ana concentrated to a volume of 25 cm before being analyseu for 3 trace metals. The residue was washed with 80 cm of de-ionised water. 
After centrifugation for 30 min, this second supernatant was discardeo. 

As well, a 10 g portion of each homogenised sample was digested as in 
(6) above. The resulting solution was analysed by atomic absorption 
spectrophotometry for total trace metal concentrations. 

Atomic Absorption Spectrophotometry. - A Varian Techtron Model AA-5 atomic 
absorption spectrophotometer was used for the determination of trace metal 
concentrations. This involved the direct aspiration of the aqueous solutions 
into an air-acetylene flame. Analyses were performed for each of the metals 
calcium, iron, zinc and lead, and the concentration of each metal was found 
directly from a standard calibration curve. Matrix effects were investigated 
by a standard addition technique and were found to be insignificant for all 
fractions except 2, the magnesium chloride extractant. In this case the 
concentrations of trace metals were determined from a calibration curve 
prepared with the components of fraction 2 in analogous concentrations. For 
calcium, satisfactory results were obtained by use of either a nitrous 
oxide-acetylene flame, or a standard sdaition technique with an air-acetylene 
flame. There was found to be no significant contamination of the reagents by 
any of the metals analysed. 

Gamma-ray Spectrometry. - The only -y-emitt.ing radionuclides of 
measurable concentrations in the samples analysed were Pb and Ra. 
The concentrations of these nuclides were determined by high resolution T-ray 
spectrometry. The spectrometry system consists of a lithium-drifted germanium 
detector (Ortec model VIP10), the output of which is fed via a pre-amplifier, 
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 soil 
and sediment samples. The liquid extracts from the successive fractionations 
were sealed in a matrix of agar gel before being analysed on the spectrometer. 
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Activities were calculated from the areas of full-energy spectral peaks 
for selected Y-rays corrected for background and continuum effects. The 
estimated standard deviations in the activities, given in parentheses in the 
Tables, were determined from counting statistics and from the errors involved 
in the calibration of the spectrometer and in the estimation of L.ie background 
levels. 

For sediments 1(a) and 1(b), y-ray spectrometry was performed on both the 
liquid extracts and the solid residues between successive extractions. For 
the soil and sediment 2 samples, only the liquid extracts were measured 
between extractions, and a portion (5 cnr) of the extract (of total volume 

3 40 cm ) was used for the determination of trace metal concentrations by 
atomic absorption spectrophotometry. Hence both analyses, for trace metals 
and for radionuclides, were performed on the one set of extracts from the one 
fractionation procedure in the latter cases, whereas for sediments 1(a) and 
1(b) separate extractions were performed for each method of analysis. All 
samples and solid residues were measured for total and residual Y-ray 
activities, respectively, before the extraction proceoure was commenced and 
after the last fractionation step was completed. 

RESULTS 
Sequential Extractions of 'Anomaly-X' Sediment 1 

2 1 0 P b and 2 2 6 R a . - The results of 2 1 0 P b and 2 2 6 R 3 analyses from the 
sediment extractions carried out on samples la ana lb are presented in Table 
1. There is good agreement between the extraction data for the two 
subsamples, demonstrating that the extraction procedures are reproducible. 
For each sub-sample, the total activity and the sum of the activities in all 
fractions show satisfactory agreement, confirming the reliability of the 
radioactivity measurements. 

226 210 
The highest proportions of Ra and Pb activities appear in fractions 

2 and 5, the exchangeable and bound-to-organic material respectively. 
Averaging the data for samples la and lb, fraction 2 contained 41°/o of 

Ra activity and 35 /o of Pb activity and in fraction 5 the proportions 
were 16°/o for 2 2 6 R a and 33°/o for 2 1 0 P b . Less than 6°/o of the total 
activity of Ra appeared in the residual solid remaining after the 
extractions, whereas 13 /o of the Pb was present in the residue. 
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Stable Elements. - Additional sub-samples of 'Anomaly-X' sediment 1 were 
analysed for Pb, Zn and Fe in order to determine if the partitioning of 
radionuclides between sediment fractions showed similarities to the behaviour 
of stable elements. The results are given in Table 2. The extraction 
procedures, again, proved to be reproducible as indicated by the data for 
sub-samples la and lb. 

It is evident that for each of the elements, the insoluble residue 
remaining after the final extraction contained the greatest proportion of the 
particular element (80°/o for Zn, - 100°/o for Fe, ana 80°/o for Pb). 
The results suggest that these stable elements are closely associated with 

210 minerals which are very resistant to solublization. The radionuclides Pb 
opt 

and Ka appear to be bound to quite different components of the sediments 
and are either readily exchangeable or complexed with organic material. The 
differences in sediment binding may reflect oifferent speciation of the 
radionuclides and the trace metals during transport in the water system of 
this region. 

'Anomaly-X' Soil Sample 
210pb and 2 2 6Ra. - Analytical results for 2 2 6Ra and 2 1 0Pb in the various 

fractions are given in Table 3. The distribution of activity between the 
fractions is similar to that found for the sediment from the same area except 
that fraction 4 (Fe/Kn oxides) for the soil contained a higher proportion of 

Ra and Pb activities (27 /o and 26 /o respectively). The percentages 
of Ra and Pb found in fraction 2 were 27 and 18 /o respectively, and in 
fraction 5 were 17 and 26 /o respectively. Again, very little Ra activity 
(2°/o) was present in the residual solid. 

Stable Elements. - Extracts were also analysed for Pb, Zn, Fe, ana Ca and 
the results are given in Table 4. The total concentrations of trace elements 
Zn and Pb are similar to those found in the 'Anomaly-X' sediment although 
their distribution amongst the various fractions is quite different. The 
concentration of Fe in the creek bank soil is considerably greater than in the 
sediment, with approximately 30 /o in the form of iron oxides and 78 /o 
associated with organic material. This latter figure is unexpected and is 
possibly due to incomplete extraction of Fe in the previous step. Appreciable 
concentrations of iron oxides in the soil will provide sites for binding 
?io ??k 

Pb and Ra. This is confirmed by the presence of these radionuclides 
in fraction 4, as noted in the previous section. 
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Leichardt Springs Sediment 2 
210pb and 22feRa. - The sediment sample from Leichardt Springs contained 

1.3 Bq/g of 2 1 0 P b and 3.4 Bq/g of 2 2 6 R a , and the distribution of these 
radionuclides in the extracts is given in Table 3. The residual 
concentration*, of Ra and Pb represent approximately 9 /o and 
22°/o respectively of the totals. The results indicate significant 

210 226 differences between Pb and Ra in their distribution among the 
fractions. For °Pb, the highest concentration (42°/o of total) appears 
in fraction 4 which represents binding to iron and manganese oxides. The 

210 remainder of the non-residual Pb is almost entirely associated with 
sediment organic matter. 

In contrast, the Ra contents of fractions 2 and 3 were 17 /o and 
7°/o of the total, respectively. These results indicate that a significant 
proportion of the Ra bound to this particular sediment is exchangeable or 
associated with carbonates. The greatest proportion, however, of non-residual 

Ra is bound to iron ana manganese oxides (31 /o of total Ra). 
Fraction 5 (organic matter) contained approximately 7 /o of the total 
pot 

Ra activity. 

Stable Elements. - Analysis of the Leichardt Springs sample revealed that 
•he sediment contained high levels of Fe (2.4 mg/g) and Ca (0.2 mg/g). The Zn 
and Pb contents were similar to the concentrations found in the 'Anomaly-X' 
samples. Results are given in Table 4 for the content of these elements in 
the various fractions from the extraction procedure. Although stable Pb 
appears to be evenly distributed throughout fractions 2-5, 68°/o of the 
total concentration is present in the residue. Fraction 5 had the highest 
proportion of non-residual Zn. The 'Anomaly-X' samples gave similar results. 
Most of the Fe present in the sample appears in fractions 4 and 5, namely 
55 /o and 40 /o respectively. This latter value is unexpectedly high ' 
and as noted previously may be due to incomplete reduction of Fe in fraction 4. 

DISCUSSION 
Several conclusions can be drawn from the sequential, selective extraction 
226 210 of Ra and Pb from the sediments and soil samples in this study. Host 

226 210 of the Ra and Pb contents can be extracted by use of the chemical 
procedures and these radionuclides are not present, therefore, in the lattice 
structure of clays and silicate minerals within these particular sediments and 
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soil. The partitioning of these two radionuclides between the various 
components of the sediments shows significant differences, with Ra more 
readily available for exchange and more likely to be associated with carbonate 
minerals. The Fe content of the sediment appears to influence the manner by 
which these radionuclides are bound to the sediment or soil. Where the Fe 
content is high and in the form of iron oxioes, as in the case of Leichardt 
Springs sediment, botl 
the iron oxide phase-

oi Q 226 Springs sediment, both " w p b and Ra are likely to be associated with 

Significant differences were observed in the fractionation of trace 
elements Zn and Pb, and the radionuclides, " 6 R a and 2 Pb in the three 
samples analysed. For example, it was found tnat more than 50 /o of the 
total concentration of stable Pb was associated with residual minerals. This 
would seem to have implications in a comparison of the biological availability 
of stable Pb with that of its radioactive homologue, c Pb. The trace 
elements, Zn and Pb, may not be derived from the same source as the 
uranium-series nuclides, hence their chemical speciation in the spring water 
may be different. This will give rise to different mechanisns for seaiment 
adsorption. 

226 
The presence of Ra within sediment phases can be explained by two 

226 
distinct mechanisms. Either Ra itself can be selectively adsorbed from 

226 water-transported material or Ra can be formed by ingrowth from its 230 precursor, Th, which may be bound to components of the sediment. The 
respective half-lives of 2 2 b R a and 2 3 0 T h are 1600 y and 7.7 x 10 4 y. 

226 
The half-life of Ra is long compared with the time-scale of the 

environmental and chemical processes occurring between the non-residual 
components of the sediment ana associated water. Therefore, it is most 
unlikely that significant amounts of Ra will be formed by ingrowth from 230 any Th bound to non-residual fractions. However, in the residual phase, 

Th may be contained within the lattice structure of clay ana silicate 
minerals and, under normal conditions, would not undergo chemical exchange or 

226 
be mobile. In this situation the presence of Ra could alternatively be 230 attributed to ingrowth from its parent Th. 

In this study both 2 1 0 P b (half-life 22.3 y) and its long-lived 
226 precursor, Ra, have been determined in sediment fractions so that more 

210 definite conclusions can be made concerning the source of Pb in the 
non-residual sediment phases. The differences between the concentrations of 
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226 210 
Ra and Po in the various fractions ai*e sufficient to inoicate that 
Pb in the sediment originates by adsorption of water-transported Pb, 

and not by ingrowth from adsorbed 

Overall, this study has demonstrated that selective, sequential extraction 
procedures can be used to investigate the adsorption of raoionuclides in 
sediaents and soils. This work will provide the basis for further, aore 
detailed studies of the partitioning of radionuclides in sediaents and soils 
in the region of uranium-bearing ore deposits in the Northern Territory. An 
important aspect of further studies will be to determine the potential 
availability of radionuclides for re-suspension or re-oissolution unoer 
certain environmental conditions. 
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Figure. The Mt. Brockman Massif area in the Northern Territory, 
showing the positions from which the 'Anomaly-X' and 
Leichardt Springs samples were collected. 



TABLE 1 

Activities (Bq/g) in 'Anomaly-X' seaiments 1(a) and 
1(b) by Y-ray spectrometry. 

Sediment 
2 1 0Pb 

iu) 
2 2 bka 

Sediment 1(b) 
2 1 0Pb 2 2 6Ra 

Total activity 0.48(4) 0.61(4) 0.50(4) 0.60(3) 

Fraction l a _ - 0.00(1) 0.01(1) 
Residue - - 0.51(4) 0.5613) 

Fraction 2 0.19(2) 0.31(2) 0.1512) 0.18(2) 
Residue 0.26(2) 0.20(2) 0.31(3) 0.28(2) 

Fraction 3 0.01(1) 0.03(1) 0.01(1) 0.03(1) 
Residue 0.26(3) 0.16(2) 0.25(3) 0.24(2) 

Fraction 4 0.04(2) 0.05(1) 0.03(1) 0.06(1) 
Residue 0.23(2) 0.12(1) 0.25(2) 0.17(1) 

Fraction 5 0.12(2) 0.08(1) 0.20(2) 0.11(1) 
Residue 0.09(1) 0.03(1) 0.04(1) 0.04(1) 

I Fractions0 0.45 0.50 0.43 0.43 

The fractions 1-5 refer to species that are water soluble, 
exchangeable, bound to carbonates, bouno to Fe/Mn oxides, and bound 
tc organic matter respectively. 
This residual solid will contain mainly primary and secondary 
minerals which may contain trace metals and radionuclides within 
their crystal structure. Such metals ana radionuclides are not 
expected to be released in solution over a reasonable time span under 
the conditions normally encountered in nature. 
The summation is over the activities in fractions 1-5 and in the 
fina. residual solid, and is to be compared with the original total 
activity. 



TABLE 2 

Trace metal concentrations (yg/g) in 'Anomaly-X' sediments 1(a) ana 1(b) 
by atomic absorption spectrophotometry. 

Sediment 1(a) Sediment 1(b) 
Zn Fe Pb Zn Fe Pb 

Total concentration3 4.75 223 9.6 6.88 223 9.6 

Fraction 2 b 0.28 ND C ND 0.33 ND ND 

Fraction 3 0.25 ND ND 0.40 ND ND 

Fraction 4 0.40 27.8 ND 0.83 25.2 ND 

Fraction 5 1.45 12.7 ND 1.23 10.2 ND 

Residue 2.48 262 7.5 6.80 292 8.5 

I Fractions'1 4.86 303 7.5 9.59 327 8.5 

a. The total trace metal concentrations were determined by digesting 
10 g portions of the homogenised samples in the same manner as the 
analyses of the residues were performed (see text). 

b. Fractions 2-5 refer to species that are exchangeable, bound to 
carbonates, bound to Fe/Mn oxides, and bound to organic matter 
respectively. The residue remaining after fraction 5 was totally 
digested and analysed for trace metals which had been tightly bound 
in the crystal lattices of various minerals. 

c. ND indicates that the concentration was below the limit of detection 
of the spectrophotometer, in this instance 3.0 and 1.0 yg/g for Fe 
and Pb respectively. 

d. The summation is over the concentrations in fractions 2-5 and in the 
remaining residue, and is to be compared with the total concentration. 



TABLE 3 

Activities (6q/g) in 'Anomaly-X' soil 1 ana 
Leichardt Springs sediment 2 by y-ray spectrometry. 

Soil 1 
210 Pb 226 Ra 

Sediment 2 
210, Pb 226 Ra 

Total activity 

Fraction 1 

Fraction 2 

Fraction 3 

Fraction 4 

Fraction 5 

Residue 

I Fractions 

3.9(3) 

ND 

0.70(7) 

NO 

1-0(1) 

1.0(1) 

0.96(7) 

3.7 

8.3(4) 

0.04(1) 

2.2(1) 

0.27(2) 

2.2(1) 

1.4(1) 

0.15(2) 

0.3 

1.3(1) 

ND 

0.05(2) 

0.01(2) 

0.54(5) 

0.1b(3) 

0.28(4) 

1.0 

3.4(2) 

ND 

0.58(4) 

0.25(2) 

1.04(6) 

0.25(3) 

0.30(3) 

2.4 

a. Footnotes to Table 1 apply here also; ND indicates that the activity 
was below the limit of detection, equivalent to O.01 Bq/g for both 
radionuclides. 

b. For the 'Anomaly-X' soil sample only, because of the large amounts of 
both radionuclides bound to organic matter, a second extraction of 
organic material was performed. The results presented for fraction 5 
are summations of the activities in the two extracts. The activities 

210 from the first and second extractions were 1.2(1), 0.10(6) ( Pb) 
and 1.45(9), 0.23(3) Bq/g ( 2 2 6Ra), indicating that in cases 
containing a relatively large proportion of organic matter, the 
extraction procedure described in the text for radionuclides bound to 
organic matter will extract ca. 85°/o of the relevant activities. 



TABLE 4 

Trace metal concentrations Ug/g) in 'Anomaly-X' soil 1 and 
Leichardt Springs sediment 2 samples.3 

Soil 1 Sediment 2 
Zn Fe Pb U Zn Fe Pb Ca 

Total concentration1* 5.8 448.7 5.4 73.2 6.4 2371.0 6.6 202.9 

Fraction l c 0.4 ND° ND ND 0.1 5.6 NO 5.1 

Fraction 2 1.0 3.2 1.5 13.6 0.9 91.4 1.5 4.5 

Fraction 3 0.3 2.0 1.1 6.9 0.5 155.1 1.1 48.2 

Fraction 4 1.0 152.2 ND 5.9 1.3 1297.7 1.0 39.0 

Fraction 5 1.3 348.8 ND 4.1 3.1 950.2 1.0 55.4 

Residue - 158.5 4.0 32.7 - 488.5 4.5 29.0 

Z Fractions6 - 664.7 6.6 63.2 - 2988.5 9.1 181.2 

a. The analyses, by atomic absorption spectrophotometry, were performed 
on portions of the one set of extracts which were also used for the 
Y-ray spectrometry measurements. 

b. The total trace metal concentrations were determined by digesting 
10 g portions of the homogenised samples in the same manner as the 
analyses of the residues were performed (see text). 

c. The fractions 1-5 refer to species that are water soluble, 
exchangeable, bound to carbonates, bound to Fe/Mn oxides, and bound 
to organic matter respectively. 

d. ND indicates that the concentration was below the limit of detection, 
equivalent to 1.0 ng/g for Fe and 0.5 pg/g for Pb and Ca. 

e. The summation is over the concentrations in fractions 1-5 and in the 
remaining residue, and is to be compared with the total concentration. 


