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Abstract

The total amount of zinc extracted from soils in the Legnicko–+,
&
��-�	Copper Mining Region using
either the McLaren and Crawford or Tessier et al. method differed within the limits of 2–35%, while the
application of the latter method yielded higher results for 86% of analyzed samples.

Amongst zinc fractions analyzed using the McLaren and Crawford method the fraction of zinc specifically
bound and less easily exchangeable dominates in horizons where there is an accumulation of organic matter
while in the remaining horizons a residual fraction. Whereas when the Tessier et al. method was used the
residual fraction dominated in all the genetic horizons of soils under study.

The smallest amounts of zinc, regardless of the method applied, were found in the fraction embracing
ions found in the soil solution and those easily exchangeable.

The quantity of mobile zinc (accessible for plants) calculated on the basis of sequential extraction according
to McLaren and Crawford procedure amounts to up to 14–54% while the quantity obtained by the Tessier et
al. method amounts to up to 6–28% of total zinc value. A significant difference was found in accumulation
horizons and amounted to 40-54% and 8-28% respectively.

The share of organic substance in zinc binding was smallest when assessed on the basis of sequential
analysis according to McLaren and Crawford. While in the case of applying the method by Tessier et al. the
smallest amounts of zinc were bound to carbonates, sulphates and phosphates.

Keywords:

Introduction

Proper evaluation of the effect of heavy metals on the
natural environment is possible on the basis of knowledge
about their forms and bindings with soil components found.
Sequential extraction could be the source of the above
information, enabling identification and quantitative

determination of various forms of the same chemical
element. This extraction procedure takes advantage of the
solubility mechanisms in water, ionic exchange, oxidation
and reduction processes, as well as complexation and
digestion of mineral and organic soil components.
Separated fractions are defined in a conventional and
operational manner, and as such present a certain
approximation in describing different forms of metals found.*Corresponding author
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So far, there have been many sequential extraction
procedures elaborated that differed by the type and order
of extracted fractions. The selection of reagents and
extraction conditions, due to their variety, make comparisons
of obtained results impossible. One of the first methods of
sequential extraction was developed by McLaren and
Crawford [1] for copper fractionation in arable soils. The
Tessier et al. method [2] has gained the highest
acknowledgement and broadest application in soil and
geological studies, as well as in environmental protection.

The aim of this work was to identify and compare
different zinc fractions determined by the sequential
extraction method according to the two procedures prepared
by McLaren and Crawford [1] and  Tessier et al. [2].

Materials and methods

The investigated soils were located in the Silesian
Luzycka Lowlands within the Legnicko-Glogowski Copper
Mining Region. The analysed profiles were situated at the
eastern direction within a distance of about 1300-1600
metres from the emission source centre, in the form of
stacks of the shaft furnaces of the “Legnica” Copper
Smelter. Due to the majority of western winds they are
affected mostly by the proluvial material deposits, rich in
inter alia, heavy metals and sulphur originating from the
surrounding areas of the smelter.

The study covered 6 profiles situated in-between two
hills (slopes of 8-10%) at the bottom of which deluvial
brown soils were found (144-150 m above sea level), next
transforming into deluvial humous soils (141-144 m above
sea level). Soil samples for laboratory analyses were taken
from each genetic horizon, taking into consideration turf
accumulation horizons (0-3 cm) in order to determine the
heavy metal accumulation in the layer mostly affected by
the emission of pollutants released from the smelter.
The following parameters were determined in the samples
taken, after drying:
·   granulometric composition using the Casagrande

method, modified by ��.��(*�-�	(according to Mocek

et al. [3]) in samples after separating their skeletal parts;
·    soil pH in H

2
O and 1M KCl using the potentiometric

method (according to Mocek et al. [3]),
·     Organic carbon using the Tiurin method (according to

Mocek et al. [3]),
·    Cationic sorption capacity using the Metson method

(according to Mocek et al. [3]),
·     Fe and Mn oxides using the Mehra – Jackson method

(Mehra and Jackson [4]).

Zinc fractions were determined by both the McLaren
and Crawford method [1] and the Tessier et al. method [2].
These methods enable the separation of 5 fractions defined
operationally; however, differing with respect to the order
of fraction separation and the type and concentrations of
reagents used (Table .) To separate the first fraction (FI)
including ions in the soil solution and easily exchangeable
– non-specifically sorbed ions – in both methods the
chloride solutions of different concentrations were used.
The next fraction in turn (FII) in the sequential extraction
procedure, according to McLaren and Crawford, is the
fraction of ions specifically sorbed on the surface of oxides
and at the edges of clay-like minerals. This fraction is
identified only in a few procedures, whereas in the Tessier
et al. method the second fraction in the order, called the
carbonate (FII), describes the metal fraction chemically
sorbed mainly by secondary carbonates, sulphates and
phosphates, of which calcite and dolomite are of highest
significance. The sodium acetate solution of pH 5 used
dissolves  carbonates and at the same time may cause a
release of part of metals specifically sorbed, and having
complexation properties may additionally cause a release
of metals bound to organic matter. Potassium
diphosphorane (V), causing dispersion of organic colloids
and at the same time complexing the released cations, was
used to fractionate metals bound to organic matter in the
McLaren and Crawford method (FIII). Furthermore,
diphosphoranes (V) cause partial digestion of different
forms of iron oxides. In the Tessier et al. method oxidizing
reagents (H

2
O, HNO

3
), which cause decomposition of the
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Table 1.  Metal fractions in soils and ways of their determination using two methods of  sequential extraction.
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organic matter and thus a release of metals bound to it, are
used to determine metal fractions bound to organic matter
(FIV). Reagents used to separate this fraction also cause
the decomposition of the sulphide fraction. The metal
fraction, called the oxide fraction in the McLaren and
Crawford method (FIV) is extracted in the oxalate buffer.
This reagent affects the amorphous and micro-crystalline
iron oxides and does not digest the crystalline forms. In
the Tessier et al. method the metal oxide fraction (FIII) is
released by hydroxylamine in hydrochloric acid. This
reagent is considered to be specific for the extraction of
metals co-occluded in manganese oxides and amorphous
iron oxides. This method of extraction may also partly
release heavy metals bound to organic matter. The residual
fraction (FV) is usually digested in both methods in the
hydrofluoric and chloric (VII) acids or in aqua regia.

A correlation coefficient was calculated in order to
determine the relation between the zinc fractions and
selected soil properties.

  Results and Discussion

Deluvial humous and brown soils, selected for
examination, have been formed from dusty loess-like
deposits [5]. The soil properties listed in Table 2, indicate
the ability of soils, inter alia, to bind  heavy metals as well
as to transform them from easily soluble forms to hardly
available, and also play a decisive role in the reverse
phenomenon [6,7,8,9]. The first group of phenomena
covers processes leading to a decrease in solubility and
mobility of elements, that is ionic sorption by mineral and
organic sorption complex, precipitation of insoluble
compounds from the solution and biological accumulation.
The opposite group of phenomena includes processes
increasing the mobility of the elements, that is desorption,
solubility and mineralization of organic compounds
[2,10,11,12].

The results of sequential extraction carried out using
the McLaren and Crawford method are presented in Table 3,
and using the Tessier et al. method in Table 4. The sum of
extracted 5 fractions (FI – FV) have been considered in
this work to be the total amount of zinc. The amount of
extracted zinc using both methods varied within the limits
of 2% to 35%. For the majority of soil samples tested by
the Tessier et al. method a higher quantity of zinc was
extracted compared to the McLaren and Crawford method,
especially originating from the brown horizon (Bbr), where
the difference amounted to 30 and 35%. For the material
originating from mineral and organic horizons the
differences in the zinc extracted varied within the limits of
2-15%, and 2-29% for the parent rock. Despite applying
full decomposition in the McLaren and Crawford method
to determine residual fraction (FV) and acid digestion in
the case of the Tessier et al. method, higher results were
obtained in the latter method for 86% of analyzed soil samples.

Furthermore, the amount of zinc bound to organic
matter extracted by the Tessier et al. method (FIV) in 72%
of examined soil samples was higher compared to the

amount extracted using the McLaren and Crawford method
(FIII). Most likely the reason for the lower contents of  zinc
in this fraction determined by the McLaren and Crawford
method is the salt used for extraction (sodium
pyrophosphate), which after hydrolysis causes dissolving
of the organic compounds only, which are soluble in the
alkaline environment (pH 10), and after their dissociation
an ionic exchange takes place between potassium ions and
specifically bound metal ions. Whereas the determination
of zinc fractions in the Tessier et al. method is based on
mineralization of the organic matter. Therefore, it is most
likely that the amount of zinc determined in this fraction
by the Tessier et al. method is higher than in the McLaren
and Crawford method. This is especially the case for
accumulation horizons of organic matter. Whereas in the
parents rock (C) and brown horizons (Bbr), a higher amount
of zinc might be the effect of decomposition of sulphides
[5]. The calculated correlation coefficients indicate
significant dependence between the amount of zinc in this
fraction and the organic matter (Table 5.).

Similarly, the amount of zinc bound to the fraction of
iron and manganese oxides determined by the Tessier et
al. method  (FIII) was higher in 77% of analyzed soil
samples compared to the results obtained by the McLaren
and Crawford method (FIV). It is most likely that the higher
amount of zinc extracted in the hydroxylamine solution
(Tessier et al. method) partially released the amount of
zinc bound to organic matter, especially as this fraction is
determined prior to mineralization of organic matter.
However, the oxalate buffer used not only in the McLawren
and Crawford method is considered to be a specific reagent
affecting the amorphous and microcrystalline iron oxides
(despite the fact that it does not digest crystalline forms)
no significant dependence was observed between the
amount of iron and manganese oxides and the amount of
zinc in a given fraction. No such dependence was also
observed using the Tessier et al. method (Table 5.).

The amount of zinc present in the soil solution and
easily exchangeable (non-specifically bound) - FI -
determined by the Tessier et al. method was higher in 82%
of analysed soil samples than by the McLaren and Crawford
method. This fact is most likely the effect of magnesium
chloride applied for zinc extraction in the Tessier et al.
method. Magnesium ions having a more similar ionic radius
(0.78 nm according to Goldschmidt) to zinc ions (0.83 nm)
than calcium ions (1.06 nm), as well as more similar
electronegativity to zinc. Regardless, the applied concentration
of salt, most likely contributed to the extraction of greater
amounts of zinc. Thus, there is possibly a positive
correlation between the zinc contents in this fraction and
the amount of colloidal clay and organic matter (Table 5).

Amongst the analyzed zinc fractions determined by the
McLaren and Crawford method zinc fraction specifically
bound and less exchangeable (FII) dominates in mineral
and organic horizons, also in comparison with the next
fraction determined  by the Tessier et al. method (FII),
where not only zinc ions bound to carbonates, sulphates
and phosphates are extracted, but also a part of specifically
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sorbed zinc (Figure 1-4). This fraction amounts to up to 21
to 54% of total zinc content determined by the McLaren
and Crawford method, and at the same time in the
accumulation horizons of organic matter it presents 41-
54% and it decreases together with the depth to 14-28%.
Whereas zinc in the second fraction determined by the
Tessier et al. method shows from 6 to 28% of its total
contents. Also, the percentage share of zinc in this fraction
in relation to its total contents decreases with depth. Such
a result in the McLaren and Crawford method was obtained
by using acetic acid solution of pH 2.5, having higher
extraction ability than the ammonium acetate solution of
pH 5 applied in the Tessier et al. method.

The way of extraction of the zinc fractions by both
methods enables, according to Salbu et al. [13] the

calculation of the mobility index (MI) for zinc on the basis
of the following equation:

100×
++++

+=
FVFIVFIIIFIIFI

FIIFI
MI

The amount of metal calculated this way is considered
to be available for plants by the authors mentioned above.
The mobility index of zinc determined by the McLaren
and Crawford method in the examined soils varied within
the limits of 14 to 54%, and 6-28% in the method by Tessier
et al.  The amount of zinc available for plants determined
by the McLaren and Crawford method in the accumulation
horizons of examined soils amounts to 40-54% of its total

Table 2.  Basic soil properties.
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contents, whereas 23-29% and 14-28% in the brown and
parents rock horizons. But the amount of zinc available
for plants determined by the Tessier et al. method in
the accumulation horizons of the tested soils is
significantly lower and amounts to up to 8-28% of total
contents, and from 6 to 20% in the remaining genetic
horizons.

The percentage shares of zinc in the analysed fractions
in the major genetic horizons of the examined soils,
regardless the type, are found in the following sequences:
· for the accumulation horizon (A):
according to McLaren and Crawford:

FII (39) > FV (23) > FIV (16) > FIII (14) > FI (1)
according to Tessier et al.:

FV (36) > FIII (26) > FIV (19) > FII (17) > FI (2)

· for the brown (cambic) horizon (Bbr):
according to McLaren and Crawford:

FV (48) > FII (25) > FIV (15) > FIII (12) > FI (0,01)
according to Tessier et al.:

FV (56) > FIII (19) > FIV (14) > FII (8) > FI (3)
· for the parents rock (C):
according to McLaren and Crawford:

FV (51) > FII (12) > FIV (11) > FIII (10) > FI (6)
according to Tessier et al.:

FV (66) > FIII (12) > FII (10) = FIV (10) > FI (2)
Regardless of the analytical procedure used, in the

majority of cases the share of zinc residual fraction (FV) is
the dominating one, whereas the smallest is the share of
easily exchangeable zinc fraction (FI) in the examined
genetic horizons of soil. Next, according to the McLaren

Table 3.    Zinc fractions determined by McLaren and Crafword method in deluvial soils (mg.kg-1 d.w.). Mean for n = 4 and ± sd.
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Table 4.  Zinc fractions determined by Tessier et al. method in deluvial soils (mg.kg-1 d.w.) Mean for n = 6 and ± sd.

and Crawford procedure, comes the specifically bound
and less exchangeable zinc fraction (FII), whereas
according to the Tessier et al. procedure – the fraction
bound to iron and manganese oxides (FIII). Spoisito at
al. [14] emphasize that these oxides are the elements,
which play the major role in binding heavy metals. This
phenomenon in the accumulation horizons may be partly
explained by analysing the composition of industrial
dusts, where metals are found in the form of bindings to
compounds with high iron share. The third fraction in
turn determined by the McLaren and Crawford method

is the fraction occluded in oxides (IV), although its
percentage in total content of zinc is similar to the
fraction determined by the Tessier et al. method.

As it may be observed from the presented sequences
above, the share of organic matter in binding zinc
(amongst the tested elements) is the smallest in the case
of using the McLaren and Crawford sequential analysis
procedure. Whereas the study results obtained using
the Tessier et al. method indicate that to the smallest
extent zinc was bound to carbonates, sulphates and
phosphates (FII).
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Conclusions

The total amount of zinc extracted from soils in
the Legnicko–GBogowski Copper Mining Region using
either McLaren and Crawford or Tessier et al. method
differed within the limits of 2–35%, while the application
of the latter method yielded higher results for 86% of
analyzed samples.

Amongst zinc fractions analysed using the McLaren
and Crawford the fraction of zinc specifically bound and

less easily exchangeable dominates in horizons where there
is the accumulation of organic matter while in the remaining
horizons – the residual fraction. Whereas, when Tessier et
al. was used the residual fraction dominated in all the
genetic horizons of soils under study.

The smallest amounts of zinc, regardless of the method
applied, were found in the fraction-embracing ions found
in the soil solution and those easily exchangeable.

The quantity of zinc (accessible for plants) calculated
as mobility index (MI) on the basis of sequential extraction
according to McLaren and Crawford amounts to up to

Table 5.  Significant correlation between soil basic properties and zinc fractions determined by McLaren and Crawford (M) and Tessier
et al. (T) methods.
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Fig. 1  Percent share of zinc fraction determined by McLaren and
Crawford method in genetic horizons of Gleyic Phaeozems.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

C

B br

A

Ad

G
en

et
ic

 h
or

iz
on

F I F II F III F IV F V

Fig 2  Percent share of zinc fraction determined by McLaren and
Crawford method in genetic horizons of Eutric Camibisols.
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Fig 3  Percent share of zinc fraction determined by Tesseir method
in genetic horizons of Gleyic Phaeozems.
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Fig. 4  Percent share of zinc fraction determined by Tesseir method
in genetic horizons of Eutric Camibisols.
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14–54% while the quantity obtained by Tessier et al.
amounts to up to 6–28% of total zinc value. A significant
difference was found in accumulation horizons and
amounted to 40-54% and 8-28% respectively.

The share of organic substance in zinc binding was
smallest when assessed on the basis of sequential analysis
according to McLaren and Crawford. While in case of
applying the method by Tessier et al. the smallest amounts
of zinc were bound to carbonates, sulphates and phosphates.
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