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Abstract

The modified BCR sequential extraction procedure [Rauret, G., López-Sanchez, J., Sauquillo, A., Rubio, R., Davidson, C., Ure, A.,
Quevauviller, Ph., 1999. Improvement of the BCR three step sequential extraction procedure prior to certification of new soil and
sediment reference materials. J. Environ. Monit. 1, 57–60.] was applied to 4 sediments from a mine tailing pond in La Calamine (East-
Belgium). The results showed a very different behaviour of different samples towards the same extraction scheme. In samples with an
elevated acid neutralizing capacity, a significant increase in the pH of the extracts was measured after the first two extraction steps. Other
artefacts, such as readsorption of metals and precipitation could be deduced by comparing X-ray diffraction patterns after different
extraction steps. For example, anglesite was effectively dissolved during the acid extraction step (step 1) but relatively low Pb
concentrations were measured in the CH3COOH extract because of the readsorption of Pb. Mineralogical analysis of the sediments after
each extraction step also indicated the incomplete oxidation of sulphides by H2O2. Besides a mineralogical analysis, the monitoring of
the pH of the extracts and the analysis of major elements (Fe, Ca, Al, Mn) can be helpful for the interpretation of the results of the
sequential extraction.

The combination of sequential extractions with mineralogical sample investigation provided information on the reactivity and
solubility of minerals in the samples. This improved the interpretation, at least within the detection limits of the mineralogical analysis
applied. Besides the improved interpretation of the results of the sequential extractions for sediments in which minerals are identified,
the information concerning the reactivity of minerals is an important tool to evaluate the risk associated with contaminated sediments.
© 2006 Published by Elsevier B.V.
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1. Introduction

Sequential extractions provide semi-quantitative
information on element distribution between operation-
ally defined geochemical fractions in soils, sediments
and waste materials. Whereas sequential extractions are
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often used to infer the speciation of heavy metals, the
fractions obtained from sequential extraction do not
necessarily reflect true chemical speciation.

The different extractions in a sequential extraction
scheme often intend to simulate processes in nature such
as acidification or oxidation. However, the physico-
chemical conditions in sequential extraction experi-
ments (strong reagents and rapid reactions) differ from
natural conditions (weak reagents and slow reactions)
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(Nirel and Morel, 1990). Although leaching techniques
such as column leaching tests and lysimeter tests are
probably more realistic to field conditions, sequential
extractions can give an indication of the ‘pools’ or
‘sinks’ of heavy metals that are potentially available
under changing environmental conditions.

In recent years, attempts to improve sequential ex-
tractions towards higher selectivity and higher opera-
tional efficiency have been made. With respect to this
more problem-orientated approach, Maiz et al. (1997)
proposed a short extraction scheme only considering
mobile (‘exchangable’: CaCl2), mobilisable (DTPA) and
residual forms. Gómez Ariza et al. (2000a) developed an
improved extraction scheme for heavily contaminated
and iron-oxide rich sediments, using repetitive extrac-
tions with NH2OH.HCl 0.4 M.

The most common problems with sequential extrac-
tions are the non-selectivity of reagents and readsorption
phenomena (Rendell et al., 1980; Howard and Vanden-
brink, 1999). Sometimes a bad recovery is also observed
when total metal concentrations are compared with the
sum of concentrations associated with the individual
phases. This is often encountered for heavily contaminat-
ed samples (e.g. Davidson et al., 2000; Van Herreweghe
et al., 2003), and is partially due to sample heterogeneity.

Besides the measurement of elements in the extracts,
the analysis of the solid phase (X-ray diffraction, energy
dispersive spectroscopy, microprobe analysis) after
extraction with a reagent, can give information on the
selectivity of the reagent and the completeness of re-
action (Tipping et al., 1985; Tessier and Campbell,
1988; Gruebel et al., 1988; Tessier and Campbell, 1991;
Dhoum and Evans, 1998; La Force and Fendorf, 2000).
The sequential extraction of model solid phases can also
yield information of the selectivity and efficiency of
reagents in the different steps of a sequential extraction
scheme (e.g. Gómez Ariza et al., 2000a,b; Van
Herreweghe et al., 2003). La Force and Fendorf
(2000) concluded that sequential extractions should
not be universally applied to all soils but need to be
evaluated on a site basis for a given soil. Therefore,
optimisation of a given extraction (concentration of
reagents, sequence and reaction time) is required. On the
other hand, standardisation of these procedures is the
only way to achieve comparability when using sequen-
tial extractions (Quevauviller, 1998). In the past decade,
much effort has been made to evaluate sequential ex-
traction schemes. The best example is the BCR se-
quential extraction scheme, a simple 3-stage procedure
that was thoroughly tested by interlaboratory trials. The
original procedure (Ure et al., 1993) consisted of 3
extractions which separated ‘acid extractable’ (CH3
COOH 0,11 M), ‘reducible’ (NH2OH.HCl 0,1 M, pH 2)
and ‘oxidisable’ (H2O2 15%) fractions. During the cer-
tification of Reference Materials (Rauret et al., 1999;
Sahuquillo et al., 1999), the reducing extraction
(NH20H.HCl) in the BCR sequential extraction scheme
was found to suffer from a lack of reproducibility. After
testing different reaction conditions (concentration of
the reagent, pH), the NH2OH.HCl concentration was
changed to 0.5 M and the pH of the reagent was adjusted
to 1.5 by addition of a fixed volume of HNO3.

Finally, different extraction procedures, applied on
the same sample, are often compared to select the pro-
cedure that is most suited for the soil or sediment of
concern (e.g. Gómez Ariza et al., 2000a; Joksi et al.,
2005). However, the direct comparison between meth-
ods is difficult to carry out, especially when different
reagents are applied to extract a specific phase or when
reagents with different concentrations are used in the
methods to be compared.

The objectives of the present study were to apply the
(modified) BCR sequential extraction scheme to dredged
pond sediments contaminated by Pb–Zn mining and to
investigate mineral reactivity in sediments with a
different mineralogical and physico-chemical composi-
tion by combining data of sequential extractions and
mineralogical analysis (XRD).

2. Materials and methods

2.1. Sampling

Thirty samples of a tailing consisting of dredged mine
pond sediments were collected in September 2004. The
mine pond tailing, which is located in village of La
Calamine (East-Belgium), contains dredgedmaterial from
a sedimentation pond, which was used to store waste
waters from the former Pb–Zn mine (Cappuyns et al.,
2006a). In the centre of the tailing, a profile was excavated
until a depth of 4 m and samples were taken every 10 to
20 cm. After determination of total element concentra-
tions and mineralogy, 4 samples were selected for a more
detailed investigation with sequential extractions.

2.2. Physico-chemical and mineralogical sample
characterisation

For the physico-chemical analysis, the samples were
air-dried and part of the sample was disaggregated in a
porcelain mortar and sieved (2 mm). Grain size was
analysed by laser diffraction analysis (Malvern Mas-
tersizer S long bed, Malvern, Worcestershire, UK). Total
metal concentrations (Al, As, Ba, Ca, Cd, Co, Cr, Cu,
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Fe, K, Mn, Ni, Pb and Zn) were determined in all the
samples. The term ‘total’ is used here as the amount of
metals dissolved according to the 3 acid dissolution
method. Therefore, one gram of each sample was dis-
solved in a 3-acid mixture (4 mL HClconc, 2 mL
HNO3conc and 2 mL HFconc) in a Teflon beaker. The
mixture was gently heated on a hot plate until half dry
and subsequently reattacked with the same three acids
and heated until completely dry. The residue was
redissolved with 20 ml 2.5 N HCl and filtered (What-
man 45). Finally, the solution was diluted to 50 ml with
distilled water. A Certified Reference Material (Mon-
tana Soil 2710) and sample duplicates (all the samples
were analysed in duplicate, for the reference materials 4
replicates were analysed) were used for quality assurance
of the analytical data. Values (in mg/kg) obtained were:
for Cd 19.1 (certified value 21.8), Zn: 6612 (certified
value 6952), Pb: 5069 (certified value 5532), As: 608
(certified value 626), Fe 2.87 % (certified value: 3.38%)
and Ca 1.03 % (certified value 1.25%).

Total S and C were determined with the CHNS
element analyser (Interscience CHNS Analyser). Min-
eralogy was studied combining X-ray diffraction (XRD,
Philips®, Co-target, λ=1.79 Å) and optical petrography.
Diffractometer settings were 30 kV, 30 mA, 10–75° 2θ,
step size 0.04° 2θ and 2 s counting per step. Pre-
concentration was achieved by separating different frac-
tions of the waste material according to magnetic
properties (Franz isodynamic separator, McAndrew,
1957) and grainsize. Clay mineralogy was determined on
orientated clay preparates. The pH of the samples was
measured in a solid-water suspension (liquid/solid ratio of
1/10) that was shaken for 24 h on a reciprocal shaker.
After measurement of the pH, the solution was centri-
fuged, decanted off and filtered (0.45 μm). One half of
each sample was acidified with a drop of concentrated
HNO3 and put aside for analysis of major and trace
cations. Another part of the sample was put aside for
sulphate analysis by turbidimetry (Vogel, 1961).

2.3. Sequential extractions

The optimised BCR sequential extraction procedure
(Rauret et al., 1999) was applied to assess heavy metal
fractionation in the samples. This extraction procedure
consists of three extraction steps, namely: Step1:
extraction with acetic acid (0.11 M, 16 h); Step2: ex-
traction with hydroxylamine hydrochloride (0.5 M,
pH=1.5, 16 h); Step3: extraction with H2O2 8.8 M
(2×1 h, 85 °C) followed by an extraction with
ammonium acetate 1.0 M. Additionally, a fourth step
was added by dissolving the final residue by using the
same three acids as for determination of total element
content (Step4). The quality of the analytical data for the
sequential extraction procedure was assessed by carry-
ing out analyses of the certified reference materials
BCR-701 and CRM483. BCR-701 is a lake sediment
certified for extractable metal contents in the three steps
of the modified BCR sequential extraction procedure
and indicative values for aqua regia extraction (Pueyo
et al., 2001). CRM483 is a sewage sludge amended soil
that has indicative values for Cd, Cr, Cu, Ni, Pb and Zn
in the 3 steps of the BCR extraction procedure. Ad-
ditionally, the BCR sequential extraction procedure was
also applied to the reference soil SRM 2710 (Gillis,
1997), which is certified for its total element concentra-
tions. Although no certified values are available for the
BCR sequential extraction procedure for this material, a
few authors published their results of the BCR se-
quential extraction procedure.

The reference materials (BCR-701, CRM483 and
SRM 2710) were included in quadruplate and blanks of
the different extractants were also analysed. Calibration
solutions were made up with the appropriate extraction
solutions. The pH of the extracts was also determined
(after each extraction) with a combined glass electrode
(Hamilton Single pore electrode).

Four different samples and 3 reference materials were
subjected to the sequential extraction procedure and
extractions were performed in quadruplate, yielding 4
series of 7 samples = 28 samples. After each extraction
step, one sample of each series was put aside for XRD-
analysis (except the reference materials).

2.4. Analysis

The solutions were analysed by AAS (Thermo
Electron Corporation S Series AA) for Pb, Zn, Fe and
Al. The analytical wavelenghts were: 217.0 nm for Pb,
213.9 nm for Zn, 372.0 nm for Fe and 309.3 nm for Al.
For As, Cu and Cd, a multi element analysis by ICP-MS
(HP 4500 series) was carried out. The samples were
diluted just before analysis with 5% HNO3 (ultrapure).
Standard series were made up starting from the ‘10 ppm
Multi-Element Calibration Standard-2A in 5% HNO3’
from Hewlett Packard®. An Indium (In) internal
standard was applied to both samples and standards.
The spectroscopic interference of ArCl, which has the
same m/z as As (75) was corrected according to the
recommendations of the EPA (method 200.8, Brockhoff
et al., 1999). Each ICP-MS measurement was carried
out with three repetitions holding relative standard de-
viations below five percent. All reagents used for anal-
ysis were of analytical grade. All glassware was



Table 1
pH, element concentrations, grain size, mineralogy and insoluble residue (IR), of the samples

pH S C Fe Ca K Al Mg Mn b2 2Nb63 N63
g/kg g/kg g/kg g/kg g/kg g/kg g/kg mg/kg μm μm μm

LC1 3.4 33.5 31.1 29.7 50.8 13.3 40.3 1.5 20 31 28 41
LC2 7.5 25.7 23.9 28.1 55.7 15.3 27.9 3.0 3264 11 20 69
LC3 6.4 127.1 37.6 117.7 47.2 10.6 30.8 4.8 872 58 38 4
LC4 3.6 68.2 25.4 63.9 16.5 15.0 54.8 2.3 77 60 33 7

Zn Pb Cd As Cu IR Mineralogy a

g/kg g/kg g/kg mg/kg mg/kg %

LC1 2.5 39.1 5 180 6 13.4 Q, ka, ill, sme, ang, gyp, jar
LC2 67.7 4.2 367 249 15 4.9 Q, ka, ill, sme, ang, cal, sid, smi, cer, gyp
LC3 108.1 31.5 305 2294 69 3.9 Q, ka, ill, sme, ang, cal, cer, gal, mar, pyr, sph
LC4 24.4 37.2 307 1196 35 6.4 Q, ka, ill, sme, ang, gal, pyr, sph
a ang = anglesite, cal = calcite, cer = cerussite, gal = galena, gyp = gypsum, ill = illite, jar = jarosite, ka = kaolinite, mar = markasite, sid = siderite,

sme = smectite, smi = smithsonite, sph = sphalerite, pyr = pyrite, Q = quartz.
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thoroughly cleaned with HNO3 0.2 M. Reagent blanks
were determined for each new batch of reagent.

3. Results

3.1. Chemical and mineralogical sample composition

The tailing consists of diverse types of sediments,
which is also reflected in the different composition,
mineralogy and grainsize of the samples (Table 1).
Although more elements were analysed, the discussion
will mainly focus on Zn, Pb, Cd, As, Fe, Ca and S. The 4
samples contained elevated concentrations of Zn, Pb,
Cd, and As (Table 1).
Table 2
Comparison of the results of the modified BCR sequential extraction of sam
with certified (BCR-710: Rauret et al., 2001) and indicative (CRM 483: Rua

BCR701

Step 1 Step 2 Step 3

Certified values
Cd 7.34±0.35 3.8±0.28 0.27±
Cr 2.26±0.16 46±2 143±
Cu 49.3±1.7 124±3 55.2±
Pb 3.18±0.21 126±3 9.3±
Zn 205±6 114±5 45.7±
Fe(⁎) 71±1 7698±106 1079±

This work
Cd 7.32±0.04 3.8±0.04 0.23±
Cr 2.11±0.03 39±1 128±
Cu 47.3±0.4 120±1 59.1±
Pb 2.5±0.1 121±11 7.9±
Zn 199±1 94±2 47.7±
Fe 62±1 8804±221 808±

For Fe, the values of Kubová et al. (2004) were taken as indicative values. C
The pH of samples LC1 and LC4 was acid, while
LC2 and LC3 displayed a near-neutral pH. Samples
LC1 and LC2 were characterised by a coarser grainsize
than samples LC3 and LC4. Quartz, kaolinite, illite,
smectite and anglesite (PbSO4) were detected in all the
samples. Samples LC1, LC2 and LC3 contained larger
concentrations of Ca than sample LC4. This reflects the
occurrence of calcite and gypsum in these samples.
Gypsum also occurs as white precipitate on the tailings’
surface and indicates that neutralizing minerals are
present in the tailing. Sample LC2, with the highest pH,
contained several carbonate minerals: calcite (CaCO3),
smithsonite (ZnCO3), cerussite (PbCO3) and siderite
(FeCO3). The minerals found in the mine tailing partly
ple BCR-701 and CRM483 (mean±standard deviation of 4 replicates)
ret et al., 2000) values

CRM483

Step 1 Step 2 Step 3

Indicative values
0.06 10±0.77 25±2.3 1.22±0.48
7 9.4±3.5 654±108 2215±494
4 17±1.5 141±20 132±29
2 0.8±0.7 379±21 66.5±22
4 441±39 438±56 37.1±9.9
53 36±2 6691±198 1058±11

This work
0.01 9.1±0.1 23±0.5 1.02±0.17
7 7.8±1.6 470±13 1988±135
3 14±0.4 135±3 126±11
0.3 0.7±0.1 271±4 51.6±4.1
2 425±15 392±14 38.2±2.9
37 40±2 6174±177 1101±33

oncentrations in mg/kg.



Table 3
Comparison of the results of the modified BCR sequential extraction of sample SRM 2710 (mean±standard deviation of 4 replicates) with the results
from other authors

Reference a Step 1 Step 2 Step 3 Step 4 Total b Recovery

[1] Zn 1290±6 1510±13 758±33 2760±48 6952±91 91
[2] Zn 1226±25 1625±16 705±19 2874±18 6952±91 92
[3] Zn 1320±80 1510±16 738±19 2283±46 6952±91 84
[1] Pb 677±2 4240±75 250±13 458±29 5532±80 102
[2] Pb 677±2 3966±23 263±14 457±4 5532±80 97
[3] Pb 618±4 4030±78 239±7 349±2 5532±80 95
[1] Cu 912±32 1230±22 349±9 323±5 2950±130 95
[2] Cu 955±3 1205±11 326±3 279±3 2950±130 94
[3] Cu 912±10 1182±32 288±5 202±1 2950±130 88
[1] Fe 16±1 4510±311 1080±49 25400±720 33800±1000 92
[2] Fe 16±1 5820±64 1050±10 23804±1244 33800±1000 91
[3] Fe 19±1 4328±2 611±22 31167±44 33800±1000 107
[3] As 13±2 445±2 23±1 95±2 626±5 92
[3] Cd 11±0,2 5,9±0,03 1,1±0,01 2,0±0,01 21,8±0,6 93

Concentrations in mg/kg, recovery in %.
a [1] = Sutherland and Tack (2002), [2] = Kubová et al. (2004), [3] = This work.
b Certfied total concentrations.
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reflect the mineralogy of the ore deposits around the
village of La Calamine, which mainly consist of cala-
mine (a mixture of smithsonite, willemite (Zn2SiO4) and
hemimorphite (Zn4(Si2O7)(OH)2.H2O) hold together
with Fe-oxides and clay minerals (Dejonghe and Jans,
1983)). Samples LC3 and LC4 contained more Fe and S
than LC1 and LC2 (Table 1), which is also indicated by
Table 4
Amount of Zn, Pb, Cd and As released in the different steps of the BCR seq

Zn Pb Cd

Step 1 (n=4)
LC1 438±39 124±4 3±0.1
LC2 40982±940 333±8 263±4.6
LC3 8166±89 1475±19 43±1.0
LC4 3345±53 177±7 92±1.4

Step 2 (n=3)
LC1 86±3 16278±866 0.2±0.1
LC2 6888±163 1090±64 41±0.4
LC3 8025±510 21516±3782 48±0.8
LC4 2185±102 17149±956 41±1.0

Step 3 (n=2)
LC1 1013±17 10276±220 3±4
LC2 6397±33 16±1 20±3
LC3 46267±951 1793±562 154±23
LC4 16020±309 1991±71 65±3

Step 4 (n=1)
LC1 1063 11901 1
LC2 2278 2148 5
LC3 52152 8770 118
LC4 4149 21136 5

The number of replicates is given between brackets. ‘pH’ is the pH of the e
the occurrence of Fe- and sulphide-minerals in these
samples. Pyrite (FeS2) was only detectable in the lower
part of the tailing (samples LC3 and LC4), which
contained enough S for all the Fe to occur as FeS2
(pyrite and/or marcasite). Here heavy metal containing
sulphides, namely sphalerite (ZnS) and galena (PbS)
were also found. XRD analysis indicates that siderite
uential extraction procedure

Ca Fe As pH

24299±468 1003±24 4±0.07 2.98
46813±338 862±37 1±0.07 4.66
40871±239 2783±68 2±0.1 4.02
14969±182 1900±55 5±0.1 3.03

1283±138 1731±50 18±0.1 1.44
6068±374 5582±342 15±0.4 1.60
7849±1068 14303±1249 111±11 1.85
1615±32 9652±177 47±1 1.97

98±15 119±9 22±1.0 ND
451±217 7800±256 28±9.2 ND
1868±456 49983±516 709±1.7 ND
256±182 22503±279 231±49 ND

985 12214 154 ND
689 9919 184 ND
1260 11884 1691 ND
559 28842 944 ND

xtract after extraction.



Fig. 1. Comparison of the amount of Pb, Zn and Cd extracted with water
andwith acetic acid. The pHof the extract is indicated on top of each graph.
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and (jarosite (KFe3SO4)2(OH)6) , a common product of
pyrite oxidation (Larsson et al., 1990), are the most
abundant Fe-minerals in sample LC2 and LC1 respec-
tively. Sulphate minerals such as anglesite and gypsum
are often present in mine tailings as the result of wet-dry
processes (Jambor et al., 2000).

Considering the contaminants in the mine pond
sediments, Zn and Pb are the most abundant heavy
metals. Very high Cd-concentrations were detected in
samples LC2, LC3 and LC4, whereas the Cd-content of
sample LC1 was significantly lower. No As-containing
minerals could be detected with XRD-analysis, but the
elevated As concentrations in samples LC3 and LC4 are
most likely related with the occurrence of pyrite
(Saunders et al., 1997).

3.2. Distribution of elements among the geochemical
fractions

3.2.1. Certified reference materials
The BCR extraction procedure was applied on the

reference materials BCR-701 and CRM483, which are
characterized by relatively low total metal concentra-
tions. Since the sediments investigated in this paper are
characterized by very high total heavy metal con-
centrations, a certified reference material with a higher
metal load, namely SRM2710, was also analysed. Metal
concentrations in the last extractions step (Step 4) and
recovery were only determined for SRM2710. The
distribution of Zn, Pb, Cd, Ca, Fe and As among the
different geochemical fractions from the BCR sequential
extraction procedure is given in Tables 2 and 3.

3.2.2. Samples of the dredged mine pond tailing
Between 79% and 91% of total Ca-concentrations

were released in the first extraction step (Table 4). For
Fe and As, the residual fraction prevailed since more
than 50% and 40% of the total Fe- and As-content
respectively was released during the last step (residual
fraction, step 4). In samples LC2, LC3 and LC3, a
considerable amount of Fe was also extracted in step 3.
Cd and Zn displayed the highest solubility. In sample
LC2, more than 70% of the total Zn-content was
extracted with acetic acid, whereas this was less than
20% for the other samples. Cd and Zn displayed a
similar distribution between different geochemical frac-
tions, which is usually the case in soils and sediments
(e.g. Cappuyns et al., 2006b). However the acid-
extractable fraction of Cd and Zn was very variable
for different samples: between 11 and 80% of the total
Cd-content and 13–72% of the total Zn content was
extracted with acetic acid (Table 4). Pb was less soluble
than Zn and Cd and mostly recovered in the residual and
reducible fractions.

3.3. pH of the extracts

The pH of the extracts was measured after each
extraction step to assess the influence of pH on the
mobilisation of heavymetals from the sediments (Table 4).
The original pH of the acetic acid solution (before
extraction) was 2.3. For all the samples a significant
increase in pH of the acetic acid solution was noticed,
going from 0.6 pH unit for sample LC1 to 2.3 pH unit for
sample LC2. The pH of the acetic acid extract was clearly
related to the original pH of the sediment, since a higher
sediment-pH resulted in a higher pH of the acetic acid
extract and vice versa. The (partial) dissolution of
carbonate phases in samples LC2 and LC3 explains for
the very important increase in pH. In the second extraction
step (NH2OH.HCl), the increase in pHwas only significant
for samples LC2 and LC3 (Table 4). This pH increase was
most likely caused by the dissolution of carbonate phases
that were not completely dissolved in step 1.



Table 5
Recovery (%) of Zn, Pb, Cd, Fe, Ca and As. (Recovery=([step 1+step
2+step 3+step 4]/total concentration)×100)

Zn Pb Cd Fe Ca As
% % % % % %

LC 1 103 99 94 52 51 111
LC 2 83 85 90 97 86 92
LC 3 106 106 119 110 67 110
LC 4 105 109 94 106 98 103
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3.4. Solubility of Pb, Zn and Cd in water and acetic acid

In samples with a low pH (LC1 and LC4), the
amount of Zn and Cd extracted with acetic acid was only
slightly higher than the amount of Zn and Cd extracted
with water (Fig. 1). pH played on important role here,
since the pH of the acetic acid solution is only slightly
lower than the pH of the water extract (Fig. 1). In
general, the release of Pb in acetic acid is much more
important than in water, except for sample LC4.

4. Discussion

4.1. Quality control of the data of sequential extractions

4.1.1. Certified reference materials

4.1.1.1. Accuracy and precision. In the certified
reference materials developed for the BCR sequential
extraction procedure (BCR-701 and CRM483) the ex-
perimental precision was very satisfactory, with relative
standard deviations for all elements below 10%.Accuracy
was also satisfactory, since the values obtained in this
study differed less than 2 standard deviations from
certified (BCR-701) or indicative (CRM483) values
(Table 2).

For the certified reference material with a higher total
metal content (SRM 2710), no certified values are
available for the BCR sequential extractions procedure.
Therefore we will compare our results with the results of
Sutherland and Tack (2002) and Kubová et al. (2004),
who applied the modified BCR sequential extraction
procedure to this reference material. Although As and
Cd were not investigated by these authors, the results for
As and Cd are also reported because it are very im-
portant contaminants in many soils and sediments. It has
to be mentioned that several authors published the
results of other sequential extraction schemes (Li et al.,
1995; Hall et al., 1996) or from the original BCR
sequential extraction scheme (Ho and Evans, 1997) for
SRM 2710. Although Hall et al. (1996) tried to compare
the results of different extraction schemes for SRM
2710, it is clear that intercomparison between different
researchers is only possible when exactly the same ex-
traction procedure is followed.

As can be seen from Table 3, a reasonable agreement
is found between our results and the results of Suther-
land and Tack (2002) and Kubová et al. (2004).

4.1.1.2. Recovery. The recovery was calculated by
dividing the sum of the concentrations of an element in
the 4 extractions steps by the total concentration. The
recovery for the reference materials (Table 3) is some-
times too low because the metals in Step 4 were
determined by the 3-acid dissolution method, in which a
small part of the sample (few %) is not dissolved. When
the recovery is calculated with total concentrations
obtained with our method, a recovery around 100% is
obtained.

For the samples from La Calamine (Table 5), the
recoveries were in the range 90–110% ([step 1+step 2+
step 3+step 4]/total concentration×100) In 75% of the
cases. A poor recovery can be explained by the washing
with water between two extraction steps. It is likely that
the water (from washing with water between two
extractions), which is discarded after extraction, can
contain a significant amount of metals. This could ex-
plain why, in the present study, the recovery was sys-
tematically too low for Ca. Another reason for inferior
extraction variability and recovery, especially in made-
up materials such as contaminated ground from in-
dustrial sites could relate to subsample heterogeneity
(Van Herreweghe et al., 2003).

4.2. Extractability of major- and trace elements from
sediment samples

4.2.1. Influence of the pH and acid neutralizing
capacity on the extractability of elements

Sahuquillo et al. (1999) showed that pH was of
paramount importance for the extractability of heavy
metals in the second step of the BCR sequential ex-
traction scheme. Whereas Cd and Zn are less sensitive to
pH-variations, the extractability of Pb, Cu and Cr
dramatically decreases when the pH of the extract
increases. Sample LC2 is characterized by an elevated
acid neutralizing capacity, which results in a relatively
high pH (almost 5) for the (first) acetic acid extract
(Fig. 2). After 3 consecutive extractions with acetic acid,
the pH decreased to a value of approximately 3 (Fig. 2),
which is comparable with the pH of the acetic acid
solutions of samples LC1 and LC 4 after 1 extraction
(Table 4). For sample LC3, even 5 extractions with
acetic acid were necessary to reach a pH of 3. Repetition



Fig. 2. Release of Zn, Pb and Fe during the 3 (sample LC2) or 5 (sample LC3) successive extractions with 0.11 M acetic acid and pH of the extracts.
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of the acetic acid extraction is especially important for
Pb and Fe (Fig. 2). It may indicate that Pb-minerals were
not completely dissolved after the first extraction with
acetic acid, and/or that there was a redistribution of Pb
as a consequence of binding to other matrix compo-
nents. Similar observations were made in carbonate-rich
dredged river sediments (Cappuyns et al., 2004, 2006b).

4.2.2. Dissolution of mineral phases: geochemical
versus mineralogical data

The dissolution of mineral phases from the disposed
pond sediments was assessed by X-ray diffraction
analysis of sediments after different extraction steps
and by taking into account (thermodynamic) data con-
cerning the solubility of minerals. Since almost all the
minerals that were identified in the four samples are
represented in samples LC2 and LC3, only the X-ray
diffraction patterns of samples LC2 and LC3 are given
(Figs. 3 and 4). Notice that some of the minerals in
Table 1 were present in heavy mineral concentrates and
their presence can not be deduced from the X-ray
diffraction pattern of the bulk samples in Figs. 3 and 4.

4.2.2.1. Sulphate minerals. After the first extraction
step, gypsum is completely dissolved in all the samples
(Fig. 3). Since anglesite is easily soluble, the first
extraction is often the most important fraction for Pb in
anglesite. For example, water or diluted salt solutions
are capable to extract anglesite from dust particles and
roadside soils (Harrison et al., 1981; Clevenger et al.,
1991). However, the first step of the BCR extraction
procedure (HOAc 0.11M) seems less effective in ex-
tracting anglesite from the La Calamine samples.
Relatively small Pb-concentrations (between 124 and
1475 mg/kg) were released from the four samples and
anglesite was still detected with XRD after the first
extraction step (Fig. 4 for sample LC3). Giordano
(1989) measured the solubility of anglesite in buffered
acetate solutions (pH≈5) and found that, above free
acetate concentrations of 0.01 M, anglesite solubility
sharply increases to concentrations near 1000 mg/L.
However, the pH of the acetate solution used in the BCR
sequential extraction is 2.3, which explains for the low
solubility of anglesite. In sample LC1, anglesite was
further removed after the reducing extraction step. In an
investigation of Fonseca and Martin (1986), part of the
anglesite was also dissolved during the reducing
extraction because of the relative high acidity of the
NH2OH.HCl solution. Nevertheless, in sample LC3,
anglesite and gypsum appeared again after oxidation
with H2O2 (Step 3). Possibly sulphate was generated by
the oxidation of sulphur and precipitated as PbSO4

(anglesite) and CaSO4.2H2O (gypsum).
Jarosite is formed by precipitation from acid mine

drainage solutions at pHb2.8 (Bigham et al., 1996) and
is only stable below pH 7 (Welham et al., 2000).



Fig. 3. Fractionation of Zn, Pb, Ca and Fe in sample LC2 and XRD spectrum of sample LC2 after the different steps of the BCR sequential extraction.
Gypsum (gyp), calcite (cal), smithsonite (smi) and cerussite (cer) are dissolved in step 1 (HOAc), but siderite (sid) is still present after extraction with
H2O2. Q = quartz.
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However, jarosite can dissolve at low pH (pH 2) in the
presence of sulphuric acid (Smith et al., 2006). In the
present study, the pH of the acetic acid extract was
higher than 2 (Table 4) and XRD analysis showed that
jarosite disappeared from sample LC 1 after extraction
Step 2 (NH2OH.HCl). The reducing conditions created
by this reagent seem to have contributed to the dis-
solution of jarosite. In a study of Dold (2003), jarosite
was also dissolved from Cu-bearing waste after
reduction with ammonium oxalate.
Fig. 4. Fractionation of Zn, Pb, Ca and Fe in sample LC3 and XRD spectrum
Gypsum (gyp) and calcite (cal) are dissolved in step 1 (HOAc), but anglesite (ang)
4.2.2.2. Carbonate phases. In sample LC2, calcite
and smithsonite are almost completely dissolved in the
first extraction step (Fig. 3). None of the reagents used in
the BCR sequential extraction is capable of completely
dissolving siderite (Fig. 3). Thermodynamic calculations
with the speciation code MINTEQA2 (Allison et al.,
1999) indicate that the solubility of siderite sharply
increases at pH-values below pH 3.5. Whereas the
limited dissolution of siderite in Step 1 (acetic acid
extraction) can be attributed to the too high pH (pH 4,
of sample LC3 after the different steps of the BCR sequential extraction.
, pyrite (pyr) and sphalerite (sph) are still present after extractionwithH2O2.
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Table 4) of the solution, this is not the case for extraction
step 2, where pH is 1.4. Even during the oxidising step
(Step 3), siderite is not completely dissolved. Kinetic
limitations might explain the limited solubility of
siderite. Skousen et al. (1997) mentioned that the de-
termination of the neutralizing potential of siderite
samples especially requires H2O2 treatment to accelerate
iron oxidation, and may require more H2O2 and re-
titration to reach a stable endpoint. In the study of
Fanfani et al. (1997), most of the siderite from a mine
tailing material was recovered in the reducible fraction
(extracted with a 0.04 M NH2OH.HCl solution in 25%
acetic acid).

4.2.2.3. Sulphidic phases. The important amount of Fe
released in the oxidisable fraction (H2O2, Step 3) and in
the residual fraction (Step 4) is consistent with the
occurrence of Fe-sulphides (pyrite, marcasite) in samples
LC3 and LC4 (Table 4). The X-ray diffraction pattern of
sample LC3 (Fig. 4) indicates that sphalerite (ZnS),
pyrite (FeS2) and marcasite (FeS2) are not completely
dissolved by H2O2. This is consistent with the results of
Fonseca and Martin (1986), who performed sequential
extractions on pure Pb- and Zn-minerals.

Nevertheless, the intensity of the peaks of pyrite and
sphalerite decreases after the H2O2 extraction and a
considerable amount of Zn and Fe is released during
Step 3 (Fig. 4), indicating a partial dissolution of these
minerals. Both in samples LC3 and LC4, galena (PbS)
is dissolved after the oxidizing extraction step (Fig. 4).
However, almost no Pb was found in the solution after
the H2O2 extraction. The precipitation of Pb as PbSO4 is
a potential artefact that might explain why almost no
lead is found after oxidation with H2O2, despite the fact
that galena has disappeared from the sample.

For all the samples, the dissolution of Fe in Step 2
(NH2OH.HCl) was also relatively low (Table 4).
Davidson et al. (2004) investigated the use of ammonium
oxalate as an alternative for the hydroxylammoniumchlor-
ide (NH2OH.HCl) in step 2 of the BCR sequential
extraction. Although ammonium oxalate provides a more
complete dissolution of Fe-bearing phases than hydro-
xylammoniumchloride, it is not an adequate reagent for
the samples of the present study because of the potential
rapid precipitation of Ca- and Pb-oxalates.

4.2.3. Solubility of Pb, Zn and Cd in water and acetic
acid: geochemical versus thermodynamic data

Since anglesite displays a lower solubility at acid pH-
values than at neutral and alkaline pH, it was interesting
to compare the solubility of Pb in acetic acid and water.
Thermodynamic calculations with MINTEQA2 indicat-
ed that the water extracts of sample LC4 was only
slightly oversaturated with respect to PbSO4 (anglesite),
suggesting equilibrium conditions between soluble and
solid phase. The water extract of sample LC2 was
supersaturated for several Pb-containing minerals.
Anglesite (SI=0.743, SI=saturation index), hydrocer-
ussite (SI=6.066) and cerussite (SI=1.911) are often
involved in the precipitation of Pb from aqueous
solutions (Marani et al., 1995).

Other Pb-sulphate and Pb-hydroxide minerals with a
positive saturation index were Pb4(OH)6SO4 (SI=2.063),
Pb3O2SO4 (SI=1.869), PbSO4.PbO (SI=3.169) and
Pb(OH)2 (SI=1.558). According to literature data,
PbSO4.PbO and Pb(OH)2 (SI=1.558) are difficult to
form by direct precipitation from solution at room
temperature, due to kinetic limitations (Marani et al.,
1995).

Normally the release of Pb in acetic acid is much
more important than in water, except for sample LC4.
When acetic acid is added to sample LC4, only a small
decrease in pH is observed (From 3.6 to 3.0, Tables 1
and 4) and a slight increase in the release of Pb. On the
one hand, anglesite precipitates when pH decreases, on
the other hand, the formation of acetate and sulphate
complexes keeps Pb in solution.

Calmano et al. (2001) also observed the unexpected
dissolution of PbSO4 from a soil extracted with am-
monium acetate and Na acetate (pH 5), due to the for-
mation of easily soluble complexes with acetate anions of
the extractant. Since Pb-acetate has a solubility of 44.3 g/
L in water (20 °C) (Lide, 2005), there was no precipitation
of Pb-acetate for any of the 4 samples.

4.3. Implications for reactions in mine environments

From an environmental point of view, data obtained
with sequential extractions can be helpful to assess the
risk associated with the heavy metal burden in the mine
tailing. Since the dredged mine tailing pond sediments
contain significant amounts of sulphide-bearing miner-
als, they represent a potential source of acid mine
drainage, which would increase the release of heavy
metals into the environment. The physico-chemical
conditions and reactions occurring during sequential
extractions can be considered as a worst-case simulation
of physico-chemical processes (acidifications, oxida-
tion, …) in nature. The very limited and incomplete
oxidation of sulphides by H2O2 indicates that the
minerals in the mine tailing of La Calamine are not
likely to cause acid mine drainage. Moreover, in some
parts of the tailing, the carbonate minerals can buffer the
acidity produced by the oxidation of sulfidic minerals.
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5. Conclusions

5.1. A combined geochemical-mineralogical approach

The modified BCR sequential extraction procedure
was applied to dredged sediments from a mine tailing
pond. A very different behaviour of different samples in
front of the same scheme was observed. Although the
BCR sequential extraction procedure was no meant to
study trace metal binding to mineralogical fractions, the
combination of sequential extractions with mineralog-
ical sample investigation provided information on the
reactivity and solubility of minerals in the samples. This
improved the interpretation of the results of the se-
quential extractions for sediments in which minerals
were identified, at least within the detection limits of the
mineralogical analysis applied. Besides the enhanced
effectiveness of the BCR scheme in providing a
geochemical–mineralogical comparison, the informa-
tion concerning the reactivity of minerals is an important
tool to evaluate the risk associated with contaminated
sediments.

5.2. Certified reference materials

Although much effort has been made to provide
certified reference materials for the BCR sequential
extraction procedure, only reference materials with
relatively low total heavy metal concentrations are yet
available. Certified reference materials with higher total
metal concentrations would be a better reference for soils
and sediments with a higher metal load, as was the case
in the present investigation. Although several authors
published results of sequential extractions for the
certified reference material SRM 2710 (NIST), which
contains elevated Cu-, Pb- and Zn-concentrations, the
same procedure is not always followed, making inter-
comparison difficult. There is clearly a need of certified
values for this (or another highly contaminated) ref-
erence material. A certification campaign, in which the
BCR extraction procedure is tested in an interlaboratory
exercise would therefore be very useful.

According to the official BCR sequential extraction
procedure, only the element concentrations released in
the different extraction steps have to be mentioned.
However, our results show that other parameters, such
as the (final) pH of the extract can have a paramount
influence on the results. Therefore, we would recom-
mend to mention the pH of the CH3COOH extract and
eventually also of the NH2OH·HCl extract. Additional-
ly, the release of major matrix elements such as Ca and
Fe can provide information concerning the dissolution
of matrix-components. These parameters (pH, major
elements) could also be included in the development of a
new certified reference material for the BCR sequential
extraction scheme.
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