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Abstract

Realistic environmental interpretation of soil contamination depends on an understanding of how metals are bound to the
various phases in the soil. A five-step sequential chemical extraction scheme, originally designed for sediment analysis by flame
atomic adsorption spectroscopy (FAAS), has been developed for the multielement analysis of soils by inductively coupled
plasma-atomic emission spectrometry (ICP-AES). Each of the chemical fractions is operationally defined as follows: (1)
exchangeable; (2) bound to carbonates or specifically adsorbed; (3) bound to Fe-Mn-oxides; (4) bound to organic matter and
sulphides; and (5) residual. The number of elements determined by ICP-AES has been extended to fifteen (Be, Ca, Co, Cr, Cu,
Fe, K, Li, Mn, Ni, P, Pb, Ti, V, Zn), which include most of the major elements, thereby increasing the potential of the sequential
extraction method by enabling broader studies of geochemical associations in soils. The precision was estimated to be ~ 5%
(20) for each extraction step. The overall recovery rates of international reference materials were between 85 and 110% for
most elements, with an average of 92%. There is good agreement between the resuits for the international reference material
(USGS MAG-1) in each extraction step and published values. A wide range of soil reference materials, including SO-7-SO-4
and BCR741-BCR 143, were also analysed for future comparison. The application of the method to soils contaminated by past
mining and smelting activities showed distinctive partitioning patterns of heavy metals from the two sources. The multielement
measurements gave useful information to assist in the interpretation of the possible geochemical forms and sources of the trace
elements in soils.

1. Introduction ronment (Jenne, 1977; Kramer and Allen, 1988).
These phases include the following broad categories:

Most studies dealing with particulate metals in sed- exchangeable; specifically adsorbed; carbonate; Fe-

iment, soil and water systems are concerned with total
metal concentrations. Relatively few attempts have
been made to evaluate the speciation of metals in par-
ticulate form (i.e. the partitioning among the various
forms in which they might exist). Metals in soils may
be present in several different geochemical phases that
act as reservoirs or sinks of trace elements in the envi-
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and Mn-oxides; organic matter; and mineral lattice. All
of these may occur in a variety of structural forms
(Tessier et al., 1979; Beckett, 1988). It is now recog-
nised that the quantification of the chemical forms of
metals in soils is essential for estimating the mobility
and bioavailability of the metals in the environment
(Leschber et al., 1985; Broekaert et al., 1990).

One approach to the analytical determination of the
distribution of metals among these physicochemical
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phases has been made by phase-selective chemical
extractions involving single or multiple extracting rea-
gents. Multi-step sequential extraction schemes appear
to be of greater value than a single extractant, providing
more detailed information of possible metal chemical
forms in the soil ( Tessier et al., 1979; Pickering, 1986).
The reagents utilised in the sequential extraction have
been chosen on the basis of their supposed selectivity
and specificity towards particular physicochemical
forms, although variations in reagent strength, volume
and extraction time between schemes are apparent.

Many different sequential extraction procedures
have been developed for partitioning trace elements in
sediments, soils and sludges ( Tessier et al., 1979; Lake
et al., 1984; Shuman, 1985). In particular, the protocol
of Tessieret al. (1979) has been thoroughly researched
and rigorously tested (Tessier et al., 1979; Valin and
Morse, 1982; Rapin and Forstner, 1983; Martin et al.,
1987; Kim and Fergusson, 1991). This method is now
widely applied in sediment and soil studies by many
investigators (i.e. Harrison et al., 1981; Hickey and
Kittrick, 1984; Forstner, 1985; Xian, 1989; Clevenger,
1990). However, the limitations of this sequential
extraction method have been addressed by several
researchers (Jouanneau et al., 1983; Khebonian and
Bauer, 1987; Bermond, 1992). These limitations
include the technical difficulties associated with
achieving complete and selective dissolution and
recovery of trace metals from those geochemical phases
in soils and sediments, for example, the overlap of
chemical reagents and re-adsorption of trace metals
during extraction. Despite these inherent limitations,
the sequential extraction scheme is still a very useful
method for characterising solid-phase associated trace
metals in soils and sediments (Belzile et al., 1989; Kim
and Fergusson, 1991).

Although the procedure of Tessier et al. (1979) has
been widely used in many soil and sediment studies,
the accuracy and precision of the techniques used in
each study have rarely been estimated. Comparability
of the results produced by different authors is therefore
problematical. Furthermore, the analysis of the extrac-
tion solutions using flame atomic absorption spectro-
photometry (FAAS) is only appropriate for the
determination of a relatively small number of elements.
The investigation of soil contamination frequently
requires the analysis of substantial numbers of samples
for a large suite of elements. The method described

below has been developed to enable large batches of
samples to be processed rapidly, whilst maintaining
acceptable accuracy and precision for environmental
interpretation. Moreover, the use of inductively cou-
pled plasma-atomic emission spectrometry (ICP—
AES) to analyse the extractant solutions for some 15
elements has increased the productivity of the sequen-
tial extraction method and enabled a broader study of
the geochemical associations in soils.

2. Experimental

Analar®-grade chemicals and deionised water
(DIW, conductivity >1 M{2 cm) were used through-
out the study. All pipettes, tubes and containers were
washed with a detergent (Decon®), then soaked for 24
hr in 2% nitric acid (HNO,) solution and rinsed repeat-
edly with DIW. The soil samples were dried at 25°C in
a filtered air drying cabinet for 3 days. These samples
were then sieved through a 2-mm sieve and milled in
an agate pot to a fine powder ( <170 um). Interna-
tional reference materials were selected, these
included: MAG-1 (U.S. Geological Survey, U.S.A.;
USGS); SO-1, SO-2, SO-3 and SO-¢ (Canadian Cer-
tified Reference Material Project, Canada; CCRMP);
and BCR-141, BCR-142 and BCR-/43 (Community
Bureau of Reference, Belgium; BCR). Descriptions of
these reference materials have been given by Potts et
al. (1992). All the test materials were dried at 105°C
overnight before use. The reference materials, dupli-
cates of samples and reagent blanks were distributed at
random throughout the whole extraction procedure to
make the most realistic assessments of data quality
(Ramsey et al., 1987).

2.1. Extraction steps

The sequential extraction scheme was developed
from that of Tessier et al. (1979), and retains the same
terminology. The extraction was carried out progres-
sively on an initial weight of 1.000 g of test material.
The extractants and operationally defined chemical
fractions were as follows:

(1) Fraction I: exchangeable — sample extracted
with 8 ml of 0.5 M magnesium chloride (MgCl,) at
pH 7.0 for 20 min, with continuous agitation, at room
temperature.
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Table 1
Instrumental operating conditions

ICP-AES instrument

Forward power 1.25 kW at 27 MHz

Applied Research Laboratories®, ARL 34000C, 1-m vacuum polychrometer with PDP® 11/04 computer

Reflected power <I0wW
Viewing height 4.0-mm square window centred 14 mm above the load coil
Torch Fassel® type
Gas flow-rate:

coolant 1201 min~"

auxiliary 0.4 1 min~!

injector 1.0l min~*
Spray chamber Scott® double-pass type
Nebuliser Concentric glass (Meinhard® TR-30-3A)
Solution uptake rate 1.0 ml min~! (unpumped)
Uptake tube 310 X 0.5-mmi.d. polyethylene
Nebuliser tip wash

Pre-flush, integration time 20sand3X 5s

0.5 ml of de-ionised water containing 1% v/v Photo-flo® between sample solutions

(2) Fraction 2: bound to carbonate and specifically
adsorbed — residue from step (1) leached for 5 hr with
8 ml of 1 M sodium acetate (NaOAc; adjusted to pH

Table 2
The instrumental detection limits (2¢) for individual elements in
each extraction step (ugg™")

Ele- Extraction step® Sum®
ment

nH 2) 3) “4) 5)
DF* 20 80 13.33 1333 25
Be 0.004 0.016 0.003 0.003 0005 0.018
Ca 1.00 4.00 0.67 0.67 1.25 441
Co 0.10 0.40 0.07 0.07 0.13 0.44
Cr 0.10 0.40 0.07 0.07 0.13 0.44
Cu 0.10 0.40 0.07 0.07 0.13 0.44
Fe 0.40 1.60 0.27 0.27 0.50 1.76
K 1.00 4.00 0.67 0.67 1.25 441
Li 0.10 0.40 0.07 0.07 0.13 044
Mn 0.20 0.80 0.13 0.13 0.25 0.88
Ni 0.20 0.80 0.13 0.13 0.25 0.88
P 1.00 4.00 0.67 0.67 1.25 441
Pb 1.00 4.00 0.67 0.67 1.25 441
Ti 0.10 040 0.07 0.07 0.13 044
v 0.10 040 0.07 0.07 0.13 044
Zn 0.20 0.80 0.13 0.13 0.25 0.88

"Following the sequential extraction steps described in the text: step
(1), exchangeable fracticn; step (2), fraction bound to carbonate
and specifically adsorbed; etc.

%Sum represents the detection limit for the five fraction estimated
from:

DL, =DL%.,+DL2 ;+... +DLiws
°D.F. = dilution factor for each step (ml g~ "),

5.0 with acetic acid, HOAc) at room temperature. Con-
tinuous agitation was maintained during the extraction.

(3) Fraction 3: bound to Fe—-Mn-oxides — residue
from step (2) was extracted with 20 ml of 0.04 M
hydroxylammonium hydrochloride (NH,+OH-HCI)
in 25% (v/v) HOAc for 6 hr. The extraction was per-
formed at 96°C with occasional agitation. After extrac-
tion, the extract solutions were diluted to 20 ml with
DIW and subjected to continuous agitation for 10 min.

(4) Fraction 4: bound to organic matter and sulphide
— to the residue from step (3), 3 ml of 0.02 M HNO,
and 5 ml of 30% hydrogen peroxide (H,0,; adjusted
to pH 2.0 with HNO,) were added. The sample was
heated progressively to 85°C, and maintained at this
temperature for 2 hr with occasional agitation. A sec-
ond 3-ml aliquot of 30% H,0, (adjusted to pH 2.0 with
HNO,) was then added, and the mixture was heated
again at 85°C for 3 hr with intermittent agitation. After
cooling, 5 ml of 3.2 M ammonium acetate (NH,OAc)
in 20% (v/v) HNO, were added, followed by dilution
to a final volume of 20 ml with DIW. The tubes were
then continuously agitated for 30 min.

(5)Fraction 5: residual phase — residue from step
(4) was digested with 4 ml concentrated HNO; (70%
w/w), 3 ml perchloric acid (HCIO,, 60% w/w) and
15 ml hydroftuoric acid (HF, 40% w/w) to dryness
using the following heating regime: 90°C for 6 hr,
120°C for 10 hr and 190°C for 6 hr. The remaining
material was then taken up in 5 ml of 5 M HCl at 70°C
for 1 hr, and diluted to 25 ml with DIW.

The extractions (except the last HF-HCIO,~HNO,
step) were conducted in S0-ml polysulphone centrifuge
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Table 3
The sequential extraction results (ug g~"') for USGS MAG-1

Element Extraction step® Sum®
¢} 2) (3) 4) (5)
Co A <0.8 <0.8 40+04 19102 141+16 204422
B <0.2 <0.8 33403 1.810.1 14.1+04 19.2+1.0
Cu A 03402 <04 <04 72414 19.8+34 27.1+24
B 0.6+0.1 <04 <0.1 2940.5° 243+04° 26.7+12
Fe A <04 7.8+1.6 3,460 £ 360 1,300 +520 41,000 £+ 2400 45,800 2,400
B 7.11415¢ 13.2+4.7° 2,020 +230° 980 +230 36,700 +400° 39,700 £ 970°
Mn A 53.0+11.0 72.0+13.0 135+7 31418 375126 670+24
B 60.5+6.2 68.7+4.6 125+8 4143 405130 700+ 31
Ni A <0.8 26+1.6 105+18 58+1.0 346+8.0 535156
B 04+0.2 12403 78+1.1° 7.11£02 316+0.2 486122
Pb A <0.8 46+1.0 42108 25420 12.6 +£3.0 23.8+14
B <1.0 <4.0 34407 26+09 15.7+16° 254+ 16°
Zn A <0.2 22408 245420 13.1+42 90.2+4.6 130+4.4
B <02 1.8+05 16.243.0° 69+25 86.9+6.0 H1+1.5¢

A= calculated from Tessier et al. (1979), mean value and 2 X standard deviation for four replicate determinations; B = this study, mean value
and 2 X standard deviation for three determinations in different batches.
*Following the sequential extraction steps described in the text: step (1), exchangeable fraction; step (2), fraction bound to carbonate and

specifically adsorbed; etc.
"Sum represents the sum of the five fractions

°Indicates the results in this study that are different from the published values at 95% confidence.

tubes (28.5X 104 mm) with 24-mm polypropylene
sealing caps (Nalgene®, Sybron International, Roch-
ester, New York, U.S.A.). When continuous agitation
was required, samples were shaken lengthwise on a
mechanical shaker at 50 oscillations per minute with a
stroke of 8 cm. Heating of the samples was operated
using an aluminium heating block. Following each
extraction, the mixtures were centrifuged at 2000 rpm
for 20 min at room temperature. An aliquot of the
supernatant was decanted into clean glass test tubes
using a Gilson pipette. The aliquot used for each extrac-
tion step was 4, 1, 15 and 15 ml for steps (1), (2), (3)
and (4), respectively. The remainder of the solution
was discarded. Prior to the start of next extraction step,
samples were shaken with 8 ml of DIW for 5 min, and
the wash solution was discarded after 20-min centri-
fuging. The final extraction step (HF-HCIO,~—HNO,
digestion) was carried out in large PTFE (polytetra-
fluoroethylene) tubes (140 X 25 mm) after the residue
had been transferred from the polysulphone tubes by
repeated suspension of the residue in DIW using a

vortex mixer, and subsequent decanting of the suspen-
sion.

2.2. Matrix adjustment and analysis of extraction
solutions

In order to ensure one uniform matrix for ICP-AES
analysis, the different extraction matrices were digested
with concentrated HNO;. To the aliquots of extractant
solutions from steps (1)—(4), 1 ml HNO; (concen-
trated, 70% w/w) was added, and then the solutions
were heated to dryness on an aluminium heating block
at 140°C. Care should be taken when heating the solu-
tion from extraction steps (3) and (4) because a violent
reaction of HNO; with NH, - OH - HCl or NH,OAc¢ may
occur. After adding HNO,, these extract solutions were
left overnight on a heating block at 90°C, and the tem-
perature raised slowly to 140°C and heated to dryness.
The residue in the tubes was then leached with 2 ml of
5 M HCI, and made-up to final volume of 10 ml with
DIW.
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Table 5
Comparison of the sum concentrations (ug g™ ') of the five fractions with the certified total values for reference materials, SO-1— and BCR-
141-143
Ele- SO-/ SO-2 S0-3 S04
ment

>) Ccv R b)) Ccv R ) Ccv R ) CvV R
Ca 1.81 1.79 101% 1.74 196 88.8% 12.8 14.6 87.7% 1.05 1.10 95.5%
Fe 4.62 6.00 71.0% 4.58 556 82.4% 1.37 1.52 90.1% 2.16 237 91.1%
K 1.75 2.68 653% 235 245 95.9% 1.07 1.16 922% 1.60 1.55 103%
Mn  0.085 0.089 95.5% 0.066 0.072 91.7% 0.049  0.052 942% 0063 0.060 105%
P 0.061 (0.062) 984% 029 030 96.7% 0.045 0.048 93.8% 0.091 (0.090) 101%
Ti 045 0.53 849% 0.75 086 87.2% 0.19 020 95.0% 0.31 0.34 91.1%

BCR-141 BCR-142 BCR-143

b cv R 3 cv R b Ccv R
Cu 320101 326+14 98.1% 280 275106 102% 2137  2365+82 904%
Ni 285103 (30.9) 922% 283 292425 97.0% 84.0 99.5+55 84.4%
Pb 314497 294426 107% 522 378+15 138% 1,110 1,333 439 83.1%
Zn 646+08 813137 80.0% 78.1 924144 845% 998 1,2724+30 78.5%

3'=mean sum concentration of the five fractions with +2¢ (n=2); CV =certified or suggested (in parentheses) total concentration with 95%
confidence interval; R=recovery rate which is calculated from the sum concentration of the five fractions and the certified value.

Multielement analysis was performed by ICP-AES
under the operating conditions given in Table 1 (Ram-
sey and Thompson, 1987). The calibration scheme was
based on that described by Thompson and Walsh
(1989) with a matrix of 1 M HCI and approximate
matrix matching at 2000 pg g~ ' Na in the trace-ele-
ment calibration solutions. Calibration solutions were

Table 6
Cdncentrations (ug g~ ') of the exchangeable and total Pb in soils
from mining and smelting sites, Derbyshire, U.K.

Mining area
(n=11)

Smelting area
(n=10)

Exchangeable Pb [step (1), MgCl,-extractable]:

Mean 99 1,290
Median 46 1,650
Range 8.5-401 20-2,570
o, 126 907
Total Pb (sum of the 5 steps):
Mean 22,900 25,500
Median 13,500 10,600
Range 1,950-61,700 454-81,700
T, 20,400 30,700

n=number of the samples analysed; o, = standard deviation.

also run and at regular intervals throughout each batch
and at the end of the analysis, to compensate for drift.

3. Results and discussion
3.1. Instrumental detection limits

The instrumental detection limits were calculated as
twice the standard deviation of 11 repeated determi-
nations of a blank solution (1 M HCl), and reported in
the same concentrations (ug g~ ') as those for the soil
samples (Table 2). Detection limits for each element
vary between the five extraction steps because of the
different dilution factors at each step. The detection
limits determined using ICP-AES in this study are gen-
erally better than those achieved by FAAS analysis of
sequential extraction solutions, as used in the method
of Tessier et al. (1979). These detection limits are
considered acceptable for general analysis in environ-
mental studies.

3.2. Analytical precision

The precision for each extraction step was estimated
from analyses of soil samples in duplicate using the
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Fig. 1. Control chart for duplicate analyses of Zn at extraction step (2) with percentile lines drawn for 10% precision (i.e. 5%, 1¢). The new
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Fig. 2. Precisions calculated from duplicate analysis of Co, Cu Fe,
Mn, Ni, Pb and Zn for the five different extraction steps.

method modified from that described by Thompson and
Howarth (1976). About 10% of the samples were pre-
pared in duplicate and analysed at random positions
within a batch. Using a specially designed control chart
(Thompson and Howarth, 1976), it is possible to meas-
ure analytical precision by plotting the mean of dupli-
cate results against their absolute differences (Fig. 1).

! mean

Data were assessed against a target precision of 10%
using the 50%, 90% and 99% lines in the chart. A new
median (50%) line was inserted parallel to the original
median, bisecting the plotted points on the chart. A new
precision (1o) was estimated at the point where the
new median intercepted the mean value of 100 ug g ™'
[in this case, ~3% (1o) or ~6% (20)].
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Fig. 3. Precisions calculated from duplicate analysis of Ca, Cr, P, Ti
and V for the five different extraction steps.
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Fig. 4. Overall recovery rates for USGS reference material MAG-1 calculated from the sum concentration of the 5 extraction steps compared to

the recommended value for the total concentration.

The precisions obtained by this method for elements
determined at each extraction step are shown in Figs.
2 and 3. It is clear that the precision for most elements
at different extraction steps is better than 10% (20).
Most of the elements have a precision of ~5% in the
last three extraction steps (Fig. 2). The relatively
poorer precision of Fe, Mn and Pb in extraction step
(1) was due to the low concentrations of these elements
in the soil samples extracted by the MgCl,.

3.3. Accuracy of the method

The accuracy of sequential extraction methods is
much more difficult to estimate than that of a total metal
determination due to the many extraction steps
involved. In order to assess the overall accuracy of the
sequential extraction method by ICP-AES, two meth-
ods were employed here.
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In the first method, the sum of the concentrations
from the five steps were compared with the recom-
mended values for the total concentrations. The overall
recovery rates for USGS MAG-! for the five steps were
80-105% for all of the 15 elements determined, with
an average of 92% (Fig. 4). These results were based
on three observations for MAG-/ in different batches
in comparison with the recommended total concentra-
tions (Potts et al., 1992). The error bars show 95%
confidence intervals for the results of the whole extrac-
tion procedure. The relative wide error bar for Pb in

Fig. 4 was due to the fact that the Pb concentrations in
MAG-1 were close to the limits of detection at extrac-
tion steps (1) and (2). The recovery rates for in-house
reference materials and soil samples were also ~90%
for most of the elements determined. The high overall
recovery rates clearly indicate that multielement deter-
mination on the five sequential extraction steps for soil
samples can be achieved with acceptable accuracy by
ICP-AES.

A second and potentially more rigorous method of
assessing accuracy for the sequential extraction would
be by the use of Certified Reference Materials
(CRM’s) and comparison with certified data at each
extraction step. However, there are no CRM’s available
for the sequential extraction method, probably because
there is no agreement on standard methods of extrac-
tion. However, Tessier et al. (1980) have reported
sequential extraction results for Co, Ni, Cu, Pb, Zn, Fe
and Mn from USGS MAG-/. The results obtained in
the current study by ICP-AES can be directly com-
pared against these published values (Table 3). There
is generally good agreement between the two sets of
data, especially for metal concentrations present at
greater than five times the detection limits. Most of the
results in this study were not significantly different

Mining Area

Smelting Area

r T T T

0% 25% 50% 75% 100%

| Step 1
XY step 4

2 step 2
[ ] Step 5

[ step3

Fig. 7. Partitioning patterns of Pb in contaminated soils from the old
mining and smelting areas.
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from the published values given the quoted uncertain-
ties on each value (Table 3). However, there are some
marked variations of results between this study and
reported data, for example, the lower values for Fe and
Zn at step (3) obtained by ICP-AES (Fig. 5). This
probably reflects the small systematic differences in the
implementation of the extraction procedures and dif-
ferential bias between the two analytical techniques. In
extraction step (5), the dominant geochemical phase
for most of the elements analysed, there is acceptable
agreement between the results in this study and the
published values (Fig. 6).

To increase the number and types of CRM’s avail-
able for accuracy comparison, other certified soil mate-
rials (SO-1, SO-2, SO-3, SO-4, BCR-141, BCR-142,
BCR-143) were also analysed using the proposed
sequential extraction procedure. The results are sum-
marised in Table 4, which can be used for future com-
parison. There is good agreement between the sum of
the five fractions and the certified total concentration
for these CRM’s. The recovery rates for the elements
with certified values are listed in Table 5.

3.4. Example of application

Having considered the analytical performance of the
sequential extraction procedure, the following discus-
sion will focus on the application of this method to soils
contaminated by past mining and smelting activities to
assess its suitability for this application.

Large areas of agricultural land have been contami-
nated by a number of metals from the historical Pb
mining and smelting industries in parts of Derbyshire,
U.K. (Colbourn and Thornton, 1978; Li and Thornton,
1992 and Li and Thornton, 1993). The soil contami-
nation usually occurred over a long period but may
affect crops and livestock for many years after active
pollution has ceased (Thornton, 1983). Therefore, the
chemical forms of these contaminant metals in soils
need to be determined in order to assess the bioavaila-
bility and long-term environmental consequences of
the soil contamination. Soil samples from old Pb min-
ing and smelting sites have been subjected to the
sequential chemical extraction described above. The
full results of this study will be presented in another
paper. The brief discussion of partitioning of Pb is
given here as an example of the application of this
sequential extraction method.

The exchangeable and total concentrations of Pb in
soils at the old mining and smelting sites are summar-
ised in Table 6. The total concentrations of Pb are not
significantly different in the two areas. However, there
are significant differences in the partitioning patterns
of Pb between the soils taken from the mining area and
those from the smelting areas (Fig. 7). The most impor-
tant variation is the much higher exchangeable Pb in
the soils at the smelting sites than that of the mining
area (see Table 6 and Fig. 7). The analytical precision
of this determination ( +5%, 20°) is more than ade-
quate for the differentiation of these two areas, that
differ by more than a factor of 10. The analytical vari-
ance in this application accounts for <1% of the total
variance within both areas, which is well within the
limit of 4% (Ramsey, 1992). Any small bias that this
Pb extraction may have (e.g., 7% overall), will not
affect the discrimination between these two patterns of
Pb from the mining and smelting sources.

The major contamination sources of Pb in soils at
the smelting sites were emission particulates and slag
dumping. These sources contain anglesite (PbSO,)
and Pb-oxides (PbO and Pb;O,) which have a high
solubility in the MgCl, extraction step ( Foster and Lott,
1980; Clevenger et al., 1991). In the old mining area,
however, the Pb in soils is mainly in the forms (Ford,
1976; Cotter-Howells and Thornton, 1991) of cerussite
(PbCO;), galena (PbS) and pyromorphite
(Pbs(PO,);Cl), which have very low solubility in the
first extraction step. Therefore, the sequential extrac-
tion method demonstrates the ability to differentiate the
two sources of contamination and also to infer the geo-
chemical phases in which metals may be bound.

The bioavailability of metals in soils is thought to
decrease approximately in the order of the extraction
sequence, from readily available to unavailable,
because the strength of extraction reagents used
increases in this sequence (Harrison et al., 1981; Tes-
sier and Campbell, 1987). Hence, the exchangeable
fraction may indicate the form of the metals that are
most available for plant uptake. The second step
extracts metals bound to carbonate and specifically
adsorbed phases, which can easily become mobile and
available under conditions of lower soil pH. The
remaining three fractions (Fe-Mn-oxides, organic/
sulphide and residual) are generally strongly held
within the soil constituents and normally unavailable
to plants. From the results of the sequential extraction,
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the bioavailability of Pb in soils at the smelting sites
would be predicted to be higher than the Pb from the
mining area.

4. Conclusions

A sequential extraction procedure modified for
determination by ICP--AES can increase the number of
elements determined simultaneously. One essentially
uniform matrix after all five extraction steps allows a
single multielementcalibration of ICP-AES to be used.
Multiclement determinations on the five sequential
extraction steps for soil samples can be achieved using
this single calibration with acceptable precision and
accuracy by ICP-AES. The precision of each extraction
step is good with values typically ~5% (20) estimated
from the analysis of duplicate samples. The overall
recovery rates of USGS MAG-/ from five steps com-
pared with the recommended total concentration values
are in the range of 80-108% for most elements ana-
lysed, averaging 92%. There is acceptable comparabil-
ity between the results in this study and the published
values for USGS MAG-1 for each extraction step. The
sequential extraction results for the reference materials
(SO-1-4 and BCR-141-143) are provided for future
comparison. The application of the method to contam-
inated soils from an old mining region demonstrates
different partitioning patterns of Pb between the mining
and smelting sites, and indicate the high solubility and
bioavailability of Pb in the smelting areas.
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