
Environmental Pollution 131 (2004) 355e364

www.elsevier.com/locate/envpol
Evaluation of the BCR sequential extraction procedure
applied for two unpolluted Spanish soils
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‘‘Capsule’’: The sequential extraction procedure of BCR is suitable for
As, Pb and Cd at low concentrations, but not for Cu, Co, Cr, Zn and Ni.

Abstract

The procedure of BCR sequential extraction has been applied to five samples from two unpolluted soils in southern Spain. Total
concentrations of different elements have been calculated as the sum of the three fractions of BCR and the residue has been
measured for each. Also, a total analysis based on INAA or total-digestion techniques has been performed for the same samples.

BCR and total analysis closely agreed for As, Pb and Cd. For Cu, Co, Cr and Zn the comparison of the results did not provide
definitive conclusions concerning the capability of BCR in measuring total concentrations. On the other hand, in these cases,
a certain correlation was found between the concentrations measured and some soil characteristics, especially the clay, organic-

matter and CaCO3 contents. BCR proved incapable of providing accurate measurements for Ni.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Selective extraction methods for trace metals have
been widely studied: Tessier et al. (1979); Gibson and
Farmer (1986); Miller et al. (1986) and Oughton et al.
(1992), among others. Some authors have compared
different extraction methods for metals or have partially
modified existing ones: Kheboian and Bauer (1987);
Rauret et al. (1989); López-Sánchez et al. (1993); Fiedler
et al. (1994); Mester et al. (1998).

In principle, the determination of element concentra-
tions using extraction methods shows greater uncertain-
ties than do the procedures in which their total contents
are determined in a direct manner. This is due to: (1) the
difficulties in isolating the compounds to be studied
from their substrates; (2) the possibility of upsetting the
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equilibrium between the different chemical species pre-
sent in the system; (3) the inadequate analytical sensi-
tivity of some of the techniques, especially when trace
elements are found at very low concentrations; and
(4) the frequent lack of certified reference materials
(Pickering, 1995).

The proposal of the European Community Bureau of
Reference, usually called the BCR method (Ure et al.,
1992), seeks to minimize errors in the treatment and
analysis of samples, to identify the most appropriate
analytic procedure and to supply reference materials for
comparisons of the results between different laborato-
ries. This method appears to be more operationally
effective than others proposed previously, such as that
of Tessier (Tessier et al., 1979). Nevertheless, the dis-
solution or selective destruction of the soil components
seems to be implicit in any sequential extraction tech-
nique, as does the non-specificity of the reagent or the
possibility of the redistribution of metals during the
extraction (Sheppard and Stephenson, 1997).
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Recent years have shown growing interest in the BCR
method, both in polluted as well as non-polluted soils
(Ure et al, 1993; Sahuquillo et al., 1999; Barona et al.,
1999; Száková et al., 1999). The method has been used
not only in laboratory experiments, with mineralogically
uniform samples (humic acids, calcium carbonate, iron
oxides or manganese, illite, montmorillonite, etc.) and
with controlled quantities of added metals (Whalley and
Grant, 1994), but also in natural substrates, fundamen-
tally sediments from estuaries (Davidson et al., 1994;
Thomas et al., 1994; Fiedler et al., 1994; Sahuquillo
et al., 2002).

The use of simple substrates eliminates the problem
of the redistribution of the metal into the constituents of
the substrate (Belzile et al., 1989), and the samples reach
equilibrium better in sea-water solutions, such as the
estuary substrates (Whalley and Grant, 1994).

In the present study, we test the suitability and
applicability of this procedure for the evaluation of the
behaviour of 11 elements (As, Cd, Co, Cu, Cr, Ni, Se,
Sn, Pb, Bi and Zn) in five horizons from two un-
contaminated soils.

2. Materials and methods

2.1. Analytical methods

The five soil samples analysed belong to two profiles
from Campillos (S Spain). The soils are classified
according to the FAO (1998) as Haplic Calcisol and
Luvic Calcisol. The macromorphological and analytical
characteristics, given in Aguilar et al. (2002), are sum-
marized in Table 1. The soil samples were submitted to
different treatments:

� A total analysis performed by Activation Labora-
tories Ltd. (Ontario, Canada). The contents in As,
Co, Cr, Se and Sn were determined with the INAA
(Instrumental Neutron Activation Analysis) tech-
nique, one of the most sensitive methods for
measuring trace elements (Hoffman, 1992). For the
other elements, soil samples, finely ground
(!0.05 mm), were digested in strong acids (HF,

Table 1

Values (in %) for the composition of the five horizons considered

Composition of

the horizons

Clay CaCO3 pH Fine silt

and clay

(!0.02 mm)

Organic

matter

Error (%) 5.0 2.0 0.2 5.0 0.2

Horizons 3Ah 47.4 11.4 8.0 76.4 2.71

3Bwk 57.6 21.7 8.0 87.3 1.43

6Ap 51.5 9.6 8.2 73.8 2.57

6Bw 51.7 7.6 8.1 85.3 1.07

6Bt 65.9 7.5 8.1 71.4 1.71
HClO4, HNO3 and HCl) at 200 (C to fuming and
were diluted with dilute aqua regia. The solutions
were read on a simultaneous Jarrell Ash ICP spec-
trometer or a Perkin Elmer OPTIMA 3000 ICP. We
have used these results as reference measurements
for our analysis.

� A BCR sequential extraction with diluted acetic acid
(0.1 mol l�1), a reducing agent (hydroxylammonium
chloride 0.5 mol l�1) and an oxidant (hydrogen
peroxide 8.8 mol l�1). The measurements were made
at the Instrumentation Center of the University of
Granada. An ICP/MS mass was used to determine
the concentrations in mg/l of the solutions of each of
the three steps of the BCR method, as well as that
of the acid attack of the residue. This latter
determination was performed in a way similar to
that described for the total analysis. However, we
considered two different procedures in the sample
dilution after drying, thus having two replicates of
the samples. In the first one (Residue A) no
reference volume was considered and the dilution
factor was 10.25. In the second one (Residue B) the
sample was diluted to a reference volume using
a dilution factor of 50. The comparison with the
total analysis results could help us to elucidate
which one of the two procedures is more correct.

2.2. Statistical methodology

As previously stated, our aim was to test the BCR
technique for the determination of the concentration of
the 11 elements mentioned above in five soil samples,
labelled 3Ah, 3Bwk, 6Ap, 6Bt and 6Bw. To do so, we
first calculated the BCR total concentration, C a, of
each element in each soil according to the following
expression:

C a ¼
X3

i¼1

ciCra ð1Þ

where fci; i ¼ 1; 2; 3g represents the concentrations de-
termined in each of the three BCR steps, and ra signifies
that of the residue. The superindex a refers to the two
residues (A and B) described above. The corresponding
uncertainties, s(C a), were calculated as the quadratic
sum of the respective errors of the concentrations
resulting from each of the BCR steps and the residue:

sðC aÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X3

i¼1

½sðciÞ�2C½sðraÞ�2
vuut ð2Þ

The resulting values were compared to the reference
values provided by the total analysis, which gives us the
total concentrations, T, as well as the corresponding
uncertainties, s(T ), for each element in each soil sample.
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In addition to the direct comparison of the values
found, we have calculated, for each element and each
soil, the quantity

g ¼ C aCTffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½sðC aÞ�2C½sðTÞ�2

q ð3Þ

It can be shown (see Frödesen et al., 1979) that if the
total concentrations determined with the two methods
derive from the same parental distribution, the variable
g should be a Gaussian distribution centred at 0 with
variance 1.

Finally, for each step of the BCR method we
calculated the correlations between the concentrations
of each element and the soil characteristics listed in
Table 1, by means of the Pearson’s linear correlation
coefficient (Press et al., 1992):

ri

P
ðci � �ccÞðv� �vvÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðci � �ccÞ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðv� �vvÞ2

q ð4Þ

where the sums for the five soils analysed, �cc, is the mean
of the values ci for these soils, v refers to the soil cha-
racteristics and �vv is the corresponding mean value.

Also, the uncertainty of these correlation coefficients
was determined following a Monte Carlo technique. For
each ci value, we generated a random value according to
the Gaussian distribution centred on it, with variance
[s(ci)]

2. The same procedure was performed for each v
value. This gave new sets of values c

ðkÞ
i and v(k), for the

five soils considered. By repeatedly using Eq. (4), we
obtained a set of values frðkÞi ; k ¼ 1;.;Ng while the
uncertainty of the original linear coefficient ri is given by
the standard deviation of these N values. We verified
that N ¼ 1000 was adequate for convergence in the
results.

The various statistical methods used are documented
in Press et al. (1992) and Frödesen et al. (1979). To
perform the calculations, we prepared a series of pro-
grams in FORTRAN language, especially designed for
each particular case. The programs were run on a PC
under the Linux operating system.

3. Results and discussion

3.1. Validity of the BCR method for the
elements studied

First, we analysed the results for the total concen-
trations of the different elements considered.

In the analysis, we did not consider Se, since we
found no concentrations of this element, within the error
limits, either in the total-analysis measurements or in
any of the steps of the BCR.

The reference measurements indicated that both Sn
and Bi were absent from the samples analysed. Never-
theless, we considered them because the concentrations
found in the case of the BCR fractionated extraction
and/or the acid attack were above the minimum
measurement levels.

Tables 2e6 show the concentrations, in mg/kg, found
with the two methods. The BCR values were derived
from the concentrations in mg/l, taking into account that
the dilution factors were 4 for the first two BCR steps
and 10 for the third one.

To evaluate the validity of the BCR extraction
procedure for all elements considered, we first compared
the values of the total concentrations given by this
procedure with the total reference concentrations. This
comparison is made in Fig. 1, where each panel cor-
responds to one of the ten elements under consideration.
In each panel the results for the five soil samples studied
are shown separately. Experimental points correspond
to the BCR (A and B) concentrations. The error bars
correspond to 1s (solid lines) and 2s (broken lines), s
being the error given in Tables 2e6. The reference values
Table 2

Values for the concentrations, Ca, in mg/kg, of the different elements obtained in the three steps of the BCR and in the acid attacks, as well as the

values for the total concentrations in the 3Ah horizon

3Ah

Concentration

(mg/kg)

Total

INAA

Total acid

attacks

BCR Residue A Total A Residue B Total B

Step 1 Step 2 Step 3

As 10.2(5) 0.8(2) 2.1(6) 0.8(2) 11(3) 15(3) 25(8) 29(8)

Co 16(1) 2.8(3) 2.6(3) 2.4(2) 4.1(4) 11.9(6) 18(2) 25(2)

Cr 70(5) 1.2(1) 14(1) 3.4(3) 47(4) 66(4) 790(40) 800(40)

Sn 0(100) 4(1) 3(1) 12(4) 0.00(3) 20(4) 90(30) 110(30)

Bi 0(10) 0.12(1) 0.000(4) 0.50(5) 0.00(1) 0.62(5) 4.5(5) 5.1(5)

Cd 0.5(5) 0.000(4) 0.000(4) 0.40(4) 1.3(1) 1.7(1) 0.50(5) 0.90(6)

Cu 34(1) 1.0(1) 0.000(4) 0.00(1) 17(2) 18(2) 0.00(5) 1.0(1)

Ni 35(1) 7.3(7) 4.1(4) 17(2) 22(2) 50(3) 190(20) 210(20)

Pb 20(5) 0.000(8) 7(1) 2.3(5) 4.1(8) 13(2) 13(3) 22(3)

Zn 44(1) 0.000(4) 0.000(4) 0.00(1) 50(4) 50(4) 1970(80) 1970(80)

The values in parenthesis give the uncertainties (corresponding to the last significant figure) such as, for example, 10.2(5) means 10:2G 0:5.
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Table 3

Values for the concentrations, Ca, in mg/kg, of the different elements obtained in the three steps of the BCR and in the acid attacks, as well as the

values for the total concentrations in the 3Bwk horizon

3Bwk

Concentration

(mg/kg)

Total

INAA

Total acid

attacks

BCR Residue A Total A Residue B Total B

Step 1 Step 2 Step 3

As 10.1(5) 0.4(1) 2.3(7) 0.00(3) 8(3) 11(3) 0.0(2) 2.7(7)

Co 15(1) 2.8(3) 1.6(2) 1.4(1) 4.3(4) 10.1(6) 0.00(5) 5.8(4)

Cr 77(5) 0.000(4) 16(1) 0.60(6) 51(4) 68(4) 0.00(5) 17(1)

Sn 0(100) 4(2) 2.7(8) 13(4) 0.00(3) 20(4) 0.0(2) 20(4)

Bi 0(10) 0.32(3) 0.040(4) 0.20(2) 0.00(1) 0.56(4) 0.00(5) 0.56(6)

Cd 0.0(5) 0.000(4) 0.040(4) 0.10(1) 0.10(1) 0.24(2) 0.00(5) 0.14(5)

Cu 35(1) 0.000(4) 0.000(4) 0.00(1) 17(2) 17(2) 0.00(5) 0.00(5)

Ni 39(1) 5.2(5) 4.2(4) 7.7(8) 57(4) 75(4) 0.00(5) 17(1)

Pb 22(5) 0.000(8) 3.5(7) 3.9(8) 2.6(5) 10(1) 0.0(1) 7(1)

Zn 51(1) 0.000(4) 0.000(4) 0.00(1) 52(4) 52(4) 0.00(5) 0.00(5)

The values in parenthesis give the uncertainties (corresponding to the last significant figure) such as, for example, 10.1(5) means 10:1G 0:5.
are represented in the figure as shaded regions. The dark
region corresponds to the total concentration value
G 1s and the lighter region to the same total value G 2s.

As can be seen, the agreement, within the uncertain-
ties, between the total concentrations measured with
BCR and the reference ones is reasonable only for some
elements and/or horizons. This can be seen also in Table
7, where the variable g, calculated according to Eq. (3),
is shown for the different elements and soils. As men-
tioned above, this quantity should be a Gaussian dis-
tribution centred at 0 and with s ¼ 1, and thus we
marked (shadowed cells) those cases with KgK%3, which
we assume to be representative of a reasonable agree-
ment between both methods.

In case of As, we found that BCR is valid for all five
soil samples. In fact, one of the two BCR results (A or
B) provides a KgK value lower than 1.4. In our analysis, we
found the greatest concentration of this element in the
residual fraction in all the horizons studied (see Tables
2e6), a result which agrees with the findings of Dhoum
and Evans (1998). In addition, these authors indicated
that the values found in the second step of the sequential
extraction can present an error associated with the
interference between Cl and As and, therefore, they
suggest replacing hydroxyammonium chloride by hy-
droxyammonium sulphate for more accurate results. In
our study, the highest quantity of As, after that in the
residue, appeared in the second BCR step; moreover, the
value calculated was probably lower than the actual one,
because, as suggested in some works, 80% of the As in
the soils is associated with Fe and Al oxides, and the
mobility of this element in soils is inversely proportional
to the addition time and to the Fe and Al content in
the substrate (Vangronsveld and Cunningham, 1998;
Thornton and Farago, 1997; Kabata-Pendias, 2001;
Simón et al., 2001). In addition, calcium carbonate
strongly immobilizes As, as demonstrated in experi-
ments by Dorronsoro et al. (2002) in soil remediation of
the Guadiamar Basin after the toxic spill of Aznalcóllar.

The BCR results for Co agreed with the reference
total concentrations, within the experimental uncertain-
ties, for all the horizons of profile 6, but not for those of
Table 4

Values for the concentrations, Ca, in mg/kg, of the different elements obtained in the three steps of the BCR and in the acid attacks, as well as the

values for the total concentrations in the 6Ap horizon

6Ap

Concentration

(mg/kg)

Total

INAA

Total acid

attacks

BCR Residue A Total A Residue B Total B

Step 1 Step 2 Step 3

As 12.1(5) 0.4(1) 2.2(6) 1.1(3) 20(6) 24(6) 14(4) 18(4)

Co 23(1) 0.72(7) 4.8(5) 1.2(1) 9.0(9) 16(1) 18(2) 24(2)

Cr 123(5) 1.6(2) 14(1) 0.00(1) 143(7) 159(7) 170(10) 190(10)

Sn 0(100) 5(1) 2.8(8) 12(4) 0.00(3) 20(4) 100(30) 120(30)

Bi 0(10) 0.080(8) 0.16(2) 0.20(2) 0.10(1) 0.54(3) 8.5(9) 8.9(9)

Cd 0.0(5) 0.000(4) 0.000(4) 0.00(1) 1.1(1) 1.1(1) 2.0(2) 2.0(2)

Cu 36(1) 0.000(4) 0.000(4) 0.00(1) 28(3) 28(3) 0.00(5) 0.00(5)

Ni 52(1) 3.6(4) 5.4(5) 5.1(5) 89(5) 103(5) 110(10) 120(10)

Pb 31(5) 0.000(8) 4.6(9) 5(1) 4.1(8) 14(2) 18(4) 28(4)

Zn 65(1) 0.000(4) 0.000(4) 0.00(1) 105(5) 105(5) 0.00(5) 0.00(5)

The values in parenthesis give the uncertainties (corresponding to the last significant figure) such as, for example, 12.1(5) means 12:1G 0:5.
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Table 5

Values for the concentrations, Ca, in mg/kg, of the different elements obtained in the three steps of the BCR and in the acid attacks, as well as the

values for the total concentrations in the 6Bt horizon

6Bt

Concentration

(mg/kg)

Total

INAA

Total acid

attacks

BCR Residue A Total A Residue B Total B

Step 1 Step 2 Step 3

As 14.1(5) 0.7(2) 1.8(5) 1.9(6) 4(1) 8(1) 17(5) 21(5)

Co 25(1) 0.76(8) 6.6(6) 2.3(2) 1.5(2) 11.2(7) 16(2) 25(2)

Cr 138(5) 0.64(6) 13(1) 3.3(3) 18(2) 35(2) 170(10) 180(10)

Sn 0(100) 6(2) 3(1) 12(3) 0.00(3) 20(4) 80(20) 100(20)

Bi 0(10) 0.080(8) 0.040(4) 0.30(3) 0.00(1) 0.42(3) 4.5(5) 4.9(5)

Cd 0.5(5) 0.000(4) 0.000(4) 0.00(1) 1.3(1) 1.3(1) 1.0(1) 1.0(1)

Cu 36(1) 0.000(4) 0.000(4) 0.00(1) 28(3) 28(3) 0.00(5) 0.00(5)

Ni 62(1) 6.6(6) 8.8(8) 14(1) 12(1) 41(2) 120(10) 150(10)

Pb 24(5) 0.000(8) 5(1) 5(1) 37(6) 48(7) 6(1) 16(2)

Zn 72(1) 0.000(4) 0.000(4) 0.00(1) 1360(30) 1360(30) 0.00(5) 0.00(5)

The values in parenthesis give the uncertainties (corresponding to the last significant figure) such as, for example, 14.1(5) means 14:1G 0:5.
profile 3. The low concentrations in this profile may
have caused these negative results. Tokalioğlu et al.
(2000), applying the BCR method to sediments of
Turkey, arrived at the same conclusion with respect to
Co, since small concentrations of this element could
cause high relative errors. On the other hand, these
authors indicated that roughly 50% of the Co is re-
covered in the third step, probably as CoS, while 35% is
found in the residue. Our results differ notably. In fact,
only about 9% of the total was recovered in the third
BCR step, while around 20% was found in the second
step (reducible fraction) and about 72% in the residue.

For Cr, the BCR results were consistent with the
reference ones for the two horizons of profile 3, and for
two horizons of profile 6, though the horizon 6Bt was at
the limit considered (g ¼ 2:983). In case of the horizon
6Ap, the BCR did not work, despite that the total
content in this latter horizon was appreciably higher.
The inability of the BCR method to account for the
sequential extraction of the Cr has been documented by
different authors. Thus, Fiedler et al. (1994) found
concentrations of Cd, Cr, Cu and Pb only in the third
BCR step, with an error higher than 10%, and thus they
could not demonstrate the stability of the method for
these elements. Thomas et al. (1994) concluded that the
high concentrations of the Cr present in the samples
studied, in relation to the other elements present,
provoked antagonistic effects which were the cause of
error in this element, the same also affecting Cu and Ni.
Gómez et al. (2000) found high interference matrices in
the determination of Cd and Cr, which these authors
explained by the high salt content in the extract solu-
tions. Davidson et al. (1998) also reported results for Cr
in the residual fraction, but cited the work of Coetzee
et al. (1995) who, working with reference substrates, ex-
tracted Cr in the third step of the BCR. In our soils,
the highest concentrations of Cr were found in the re-
sidual fraction and additional small quantities were ob-
tained in the three BCR steps, especially in the second
extraction.
Table 6

Values for the concentrations, Ca, in mg/kg, of the different elements obtained in the three steps of the BCR and in the acid attacks, as well as the

values for the total concentrations in the 6Bw horizon

6Bw

Concentration

(mg/kg)

Total

INAA

Total acid

attack

BCR Residue A Total A Residue B Total B

Step 1 Step 2 Step 3

As 13.7(5) 0.7(2) 2.2(7) 1.4(4) 16(5) 20(5) 16(5) 20(5)

Co 29(1) 0.72(7) 4.7(5) 2.3(2) 6.9(7) 14.6(9) 17(2) 25(2)

Cr 120(5) 0.76(8) 12(1) 4.3(4) 93(5) 110(5) 550(30) 570(30)

Sn 0(100) 5(1) 3.2(9) 13(4) 0.00(3) 21(4) 90(30) 110(30)

Bi 0(10) 0.12(1) 0.000(4) 0.80(8) 0.21(2) 1.13(8) 4.5(5) 5.4(5)

Cd 0.0(5) 0.16(2) 0.040(4) 0.00(1) 0.92(9) 1.12(9) 0.00(5) 0.20(5)

Cu 37(1) 0.000(4) 0.000(4) 0.00(1) 45(4) 45(4) 0.00(5) 0.00(5)

Ni 50(1) 2.4(2) 4.6(5) 10(1) 71(5) 88(5) 130(10) 150(10)

Pb 33(5) 0.000(8) 4.4(9) 1.5(3) 4.7(9) 11(1) 11(2) 16(2)

Zn 66(1) 0.000(4) 0.000(4) 0.00(1) 133(7) 133(7) 1000(50) 1000(50)

The values in parenthesis give the uncertainties (corresponding to the last significant figure) such as, for example, 13.7(5) means 13:7G 0:5.
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Fig. 1. Comparison between the total reference concentrations (shaded areas) and those from the BCR method for the two cases of acid attack

(experimental points). The dark and light areas represent the intervals 1s and 2s, respectively. The experimental points include the intervals of error

of 1s (solid line) and 2s (broken line).
The case of Pb, under the BCR method proved
similar to that of Cr, horizon 6Bw being the only one for
which the results did not agree at all with the reference
concentrations. For Cd, the BCR agreed with the
reference method for all the horizons studied, though
for the 6Ap the value g ¼ 2:199 was found. For these
two elements, the low concentrations in the samples
analysed, as noted by Thomas et al. (1994) and Fiedler
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et al. (1994), or the interference matrices, as observed by
Davidson et al. (1998), can notably alter the findings of
the BCR method.

The behaviour of Cu resembled that of Co, in that the
BCR and reference total concentrations agreed only for
the horizons of profile 6, though the values for KgK were
higher than 2. In these horizons, all the Cu found in our
analysis was in the residual fraction, contrary to the re-
sults of Davidson et al. (1994), who, working with con-
centrations similar to ours, extracted it bonded mainly
to the oxidizable fraction, probably forming organo-
metallic complexes.

For Zn, in contrast to Cu, the BCR agreed with the
total analysis for the two horizons of profile 3, but not
for those of profile 6. However, as in the case of Cu, Zn
was extracted exclusively in the residual fraction, a result
which does match that of Davidson et al. (1994), who
found Zn concentrations in all three steps of the BCR
method.

The two elements for which the BCR results best
agree with the reference total concentrations were Sn
and Bi. It bears noting again that, for these two
elements, the reference measurements were lower than
the experimental uncertainties, while the concentrations
found were above these uncertainties in the case of the
fractionated extraction.

Finally, Ni was not extracted adequately by the BCR
method. Other authors have also reported problems in
determining this element. Fiedler et al. (1994) reported
chance errors in the analysis process; Thomas et al.
(1994) ascribed such problems to interference with other
elements such as Cr; and Sahuquillo et al. (1999)
proposed modifying the method by adjusting the pH
of the extractant solutions.

According to the g values presented in Table 7, we
conclude that the validity of the BCR method depends
strongly on the elements analysed and also shows a cer-
tain dependence on the particular soil sample studied.
Only in a few cases does this methodology of fraction-
ated extraction, as used, provide results that agree with
those of the reference method, within experimental
uncertainties. However, it is remarkable, for example,
that the BCR values for Ni completely disagreed with
reference ones, and, for Zn and Cu, agreement was
found only for two and three horizons, respectively.

3.2. Correlations between the concentrations measured
in the BCR steps and the soil characteristics

Next, we analysed the possible correlations between
the soil characteristics and the concentrations of the
elements studied, extracted in the three steps of the BCR
and the acid attack.

In view of the results of the foregoing section, it is
clear that not all the values provided by the BCR
method are reliable. Therefore, these correlations were
studied only for those cases in which KgK remained lower
than 3. These cases are indicated in Table 7. When the
two values, A and B, fulfilled this condition for a single
element and horizon, we considered only the better one,
that is, that with the lower value of KgK.

The linear correlation coefficient in Eq. (4) found in
these cases is shown in Table 8. We italicized the situa-
tions in which the coefficient was greater than 0.8. The
Table 7

Values of the parameter g calculated according to Eq. (3) for the two total (A and B) BCR procedures

3Ah 3Bwk 6Ap 6Bt 6Bw

A B A B A B A B A B

As 1.314 2.447 0.385 -8.475 2.043 1.304 -3.995 1.345 1.407 1.353 

Co -3.537 4.484 -4.315 -8.713 -5.027 0.607 -11.269 0.102 -10.886 -2.087 

Cr -0.653 19.257 -1.366 -11.643 4.122 4.147 -18.935 2.983 -1.341 16.124 

Sn 0.197 1.067 0.203 0.203 0.2 1.124 0.203 0.982 0.212 1.1 

Bi 0.062 0.511 0.056 0.056 0.054 0.891 0.042 0.492 0.112 0.541 

Cd 2.374 0.794 0.486 0.279 2.199 3.714 1.609 0.98 2.207 0.398 

Cu -8.402 -32.795 -9.367 -34.955 -2.902 -35.953 -2.857 -35.953 2.183 -36.952 

Ni 5.144 11.248 7.881 -15.362 9.658 6.95 -9.006 7.754 7.605 8.208 

Pb -1.254 0.312 -2.349 -2.862 -3.269 -0.516 2.887 -1.43 -4.337 -3.025 

Zn 1.44 24.296 0.234 -50.934 7.491 -64.916 47.331 -71.907 10.139 20.001 
The cases with KgK%3 are marked. Those marked in dark are considered to study the correlations.
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Table 8

Values of the correlation coefficient between the concentrations obtained in BCR step 1 and the characteristics of the composition of the soils

considered

Element Clay CaCO3 pH Fine silt and clay

(!0.02 m)

Organic matter

BCR step 1

As �0.16(5) �0.5(3) �0.4(4) �0.2(4) 0.1(4)

Co 1.0(8) �0.5(8) �0.5(8) 1.0(8) �0.8(8)

Cr �0.5(2) �0.73(7) 0.1(2) �0.7(2) 0.69(7)

Sn 0.7(6) �0.7(5) 0.5(5) 0.0(5) �0.5(5)

Bi 0.1(2) 0.96(2) 0.64(8) 0.6(2) �0.30(5)

Cd �0.2(2) �0.38(3) 0.1(1) �0.6(2) �0.15(4)

BCR step 2

As �0.6(5) 0.5(6) �0.1(6) 0.3(6) 0.3(5)

Co 1.00(8) �0.5(3) �0.5(3) 1.0(1) �0.8(2)

Cr �0.0(4) 1.0(2) 0.9(3) 0.6(4) 0.0(4)

Sn �0.1(6) �0.6(5) �0.2(5) 0.3(5) 0.1(5)

Bi 0.0(2) 0.05(4) 0.76(7) 0.1(2) 0.30(5)

Cd �0.0(2) 0.48(8) �0.3(1) 0.0(3) �0.42(8)

Pb �0.4(4) �0.6(3) �0.2(3) 0.5(4) 0.5(3)

BCR step 3

As 0.4(3) �0.93(9) 0.6(2) �0.3(3) �0.2(2)

Co 0.5(3) �1.00(3) 1.00(5) 0.4(4) �0.9(1)

Cr �0.3(2) �0.95(4) 0.7(2) �0.8(2) 0.3(1)

Sn �0.3(6) 0.6(6) �0.2(6) �0.0(6) �0.0(5)

Bi �0.4(2) �0.47(4) �0.1(1) �0.6(2) 0.07(8)

Cd �0.5(2) 0.23(4) �0.69(7) �0.0(2) 0.56(4)

Pb 0.6(3) �0.3(3) 0.8(3) 0.1(5) �0.5(3)

Residue

As 0.3(5) �0.9(2) 0.7(4) �0.4(4) �0.2(4)

Co �1.0(6) 0.7(7) 0.7(7) �0.9(6) 0.9(6)

Cr 0.8(1) �0.64(4) 0.8(1) 0.2(3) �0.69(3)

Bi �0.4(2) �0.47(5) 0.5(1) �0.8(2) 0.12(7)

Cd 0.2(2) �0.50(5) 0.65(9) �0.0(3) 0.22(8)

Cu �0.5(3) �0.5(2) �0.5(2) �0.6(3) �0.1(2)

Pb �0.7(2) �0.57(8) 0.6(2) �1.0(1) 0.85(9)

Total BCR+ acid attack

As 0.3(4) �0.9(2) 0.7(3) �0.4(4) �0.2(4)

Co 0.9(8) �0.9(8) �0.9(8) 0.8(9) �1.0(8)

Cr 0.8(1) �0.64(4) 0.8(1) 0.2(3) �0.68(3)

Sn 0.2(6) �0.2(6) 0.1(6) �0.2(6) �0.6(5)

Bi �0.5(2) �0.25(7) 0.0(1) �0.7(2) 0.06(9)

Cd 0.0(2) �0.53(5) 0.5(1) �0.1(3) 0.42(9)

Cu �0.5(3) �0.5(2) �0.5(2) �0.6(3) �0.0(29)

Pb �0.6(2) �0.7(1) 0.7(2) �1.0(2) 0.8(1)

The values in parenthesis give the uncertainties (corresponding to the last significant figure) such as, for example, �0.73(7) means �0:73G 0:07.
values in parenthesis show the uncertainty of the coeff-
icient. It should be pointed out that some cases with
high correlation coefficients present uncertainties of the
same order as the coefficient that casts doubts on the
correlation found. This happened with Co in the first
BCR step.

In the first BCR step, the acid-soluble fraction, we
found only a high positive correlation between Bi and
the percentage in calcium carbonate, the elements pre-
senting a negative correlation ( particularly Cr and Sn).

For the second step of the BCR method, the reducible
fraction, Co presented a high positive correlation with
the clay content in the soil, while Cr appeared strongly
correlated with CaCO3 and pH.

In the third step, the oxidizable fraction, Co showed a
negative and highly significant correlation with organic
matter and CaCO3. Meanwhile, pH showed a certain
positive correlation with Co and Pb.
Many remarkable correlations were found in the re-
sidue. For example, Cr positively correlated with clay
and pH, while Bi and Pb correlated negatively with the
fine silt and clay. Also, As and CaCO3 showed a negative
correlation. Since it is in this fraction where the highest
percentages of all the elements were found, these results
were to be expected on the basis of the low contamina-
tion of the soils studied. This has been noted also by
other authors, such as López-Sánchez et al. (2002).

For the total concentrations (including the three BCR
steps and the acid attacks), we found correlations of Cr
with clay and pH, As with CaCO3 and Pb with fine silt
and clay and organic matter.

4. Conclusions

Our results show that the BCR method works rea-
sonably well for Cd, As and Pb only. For these elements
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most of the BCR measurements agreed, within the
experimental uncertainties to the 3s level, with the
reference total concentrations. Therefore, the determina-
tion of these elements by sequential extraction appears
to be more or less feasible for trace concentrations.

The situation of Co, Cr, Cu and Zn was rather ir-
regular. The agreement between the BCR and the refer-
ence methods agreed only in a few horizons for each
element. For these elements, the reliability of the se-
quential extraction for the concentrations considered is
quite poor.

Finally, the BCR did not work at all in the case of Ni.
It should be emphasized that none of the 10 BCR mea-
surements approached the reference value.

The differences between the Total A and Total B
results, as well as the disagreement found between BCR
and total analysis, may be due to various factors. One
factor may be the protocol of the method, which should
be reviewed in some aspects, such as the need for
a reference volume for the third step, in which the
sample is dried to a ‘‘small volume’’.

Our findings reflect that the BCR method is not
reliable when used for trace concentrations. The BCR
method is complex and the possibility of contamination
in each step of the procedure can mask the actual ele-
ment concentrations. Despite this, it could become a
valuable tool for identifying the form in which elements
are found in soils and for managing them.
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Sahuquillo, A., López-Sánchez, J.F., Rubio, R., Rauret, G., Thomas,

R.P., Davidson, C.M., Ure, A.M., 1999. Use of a certified reference

material for extractable trace metals to assess sources of un-

certainty in the BCR three-stage sequential extraction procedure.

Anal. Chim. Acta 382, 317e327.
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