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Soils and sediments testing for contamination by heavy metals
some case studies in Slovakia
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Abstract. Soil (sediment) testing and determination of various chemical forms of metals is important in evalu-
ating their mobility and bioavailability. It can be perceived as an evolving process aimed at improving the as-
sessment of risk associated with heavy metals in soils and plants. Especially the determination of an
..available,, fraction of metals, based on single or sequential extraction and soil (pore) solution analyses is
now gaining widespread acceptance, as a means to characterise hazards from contaminated soil.
The main task of this contribution is to summarise current testing methodologies illustrated by new analytical
results obtained from some case studies in Slovakia. This paper examines new concepts and procedures used
for the assessing hazard from metal contamination, including some limitations (analytical, soil) that produce
testing results, weakening the relationship between higher content of metals in soil and actual environmental
and human health hazards.
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Introduction

The accumulation of heavy metals and metalloids in
soils and sediments possess many risks to human and eco-
system health. Risks may be expressed either through the
food chain or through the groundwater contamination.
The evaluation of soils, stream and overbank sediments
contamination is an evolving process aimed at improving
the assessment of environmental and human health haz-
ards associated with the content of potentially toxic ele-
ments in plants and water.

Risks due to soils and sediments pollution by metals
are well recognized and major texts have been published
by several authors (Alloway, 1990; Kabata - Pendias and
Pendias, 1992; Salomons et al., 1995).

Many researches have tried to find out a relation be-
tween the concentration of potentially toxic elements in
soil/plants system and their effect on organisms (plants
and humans) based on total element content or extractable
forms of elements (Fergusson, 1990). The most biological
effects in soils are rather closely related to the soil solu-
tion concentration than to the total metal content. Because
of most national inventories of metal concentrations in
soils are based on the total metal content a preliminary
approach is to find out how this data can be transformed
to understand a real effect. This effect-based approach is
aimed at elaboration of critical limits based on adverse
effect on ecosystems. The implicit assumption is that
(ecotoxicological) effects are due to the metal accumula-
tion. However, in most cases, toxic effects are mainly due
to the elevated bioavailable (mobile) concentration (de
Vries and Bakker, 1998).

A big amount of work has been done in attempting to
quantify metals held in different soil/sediment fractions,
particularly those thought to be mobile and bioavailable,
since these fractions can potentially adversely effect on
the ecosystem. The most widely used approach is to
choose a chemical extractant (single extraction) or series
of extractants (sequential extraction) to remove particular
chemical phases (species) of metals from soil and sedi-
ments (Tessier et al., 1979; Shuman and Hargrove, 1985;
Keefer et al., 1984; Miller et al., 1985).

In most cases, however, toxic effects on micro-
organisms and soil fauna is mostly due to an elevated
bioavailable concentration in soil (pore) solution (Van
Straalen and Bergema, 1995). But physico-chemical
properties of solids control activities and concentrations
of metals in the solution, therefore, directly affect their
availability to plants. In spite of the fact that modern in-
strumental technique has made possible to analyse most
elements in small concentrations in pore solution, there
are still many limitations that hamper wider use of the
results of pore solution analysis. Those limitations are
theoretical, analytical and methodological (Gregor et al.,
1997, 1999; de Vries and Bakker, 1998).

The aim of this paper is to illustrate on concrete re-
sults, obtained from studies of contaminated soils in Slo-
vakia, mostly within INCO-COPERNICUS project „Long
term risk of inadequate management practices on the sus-
tainability of agricultural soils,, (co-ordinated by W. de
Vries), the possibility of using soil (and sediments) testing
and summarise soil testing methodologies and concepts.
The evaluation of different tests and results, towards the
hazards involved, is out of the scope of this paper. How-
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ever, some theoretical and methodological problems are
also tackled, to point out some new trends and concepts
which might be useful to apply in geochemical and envi-
ronmental studies of soils, sediments and sewage sludges.

Methodology

For this study analytical results (single extraction and
soil solution) of twenty contaminated soils were chosen.
Their soil characteristics are presented in Tab. 1. Sequen-
tial analyses were performed on another set of contami-
nated soil samples from the Hron river basin. The basic
characteristics of these soils are presented in Tab. 4.

Sampling. Sampling was done by augering that en-
abled us to take samples at fixed depths of a plough layer.
The spatial variability of soil required to take 25 subsam-
ples at one point in order to prepare composite sample
from a plot area of 25 x 25 m .

Soil properties analyses. Fraction < 2 mm was arbi-
trary used for soil properties analyses by routine methods.
Soil reaction was measured potentiometrically in suspen-
sions. For determination of potential soil reaction 1M KC1
solution and 20 g sample was used, for determination of
active soil reaction redistilled water and 20 g of soil was
used. Carbonates were determined by Janko in a lime -
meter, in 10 % solution HC1 and from 20 g of soil sample.
The classical pipette method for soil texture was used
(fraction < 2 mm, after the sample dispersion by sodium
hexametaphosphate).

Chemical analyses. Soil extraction methods were used
followed handbook by Houba et al. (1996) and hence,
only principal methods are mentioned here:

Soil extraction with 0.01 M CaCl2. Soil samples dried
at 40°C were extracted at 20°C with 0.01 M CaCl2. The
suspension was stirred for 2 hours and centrifuged. Su-
pernatant was taken for analysis.

Soil extraction with aqua regia. Soil samples were
dried at 40°C and extracted with aqua regia at room tem-
perature for 16 hours, followed by boiling under a reflux
for 2 hours. Than the extract was filtered. The extracted
solution was fulfilled to the standard volume by adding of
nitric acid.

Soil extraction with 0.05 M EDTA. Soil samples
were dried at 40 °C and extracted with 0.05 M EDTA
solution by stirring the suspension for 1 hour at room
temperature (20 °C). The extract was filtrated into a
polyethylene bottle.

So/7 extraction with 0.05 M ammonium oxalate and
oxalate acid mixture. Soil samples, dried at 40°C, were
extracted with ammonium acetate and acetic acid mixture
(pH = 3.0 ± 0.1). The suspension was stirred for 2 hours
in a dark room at 20 ± 1 °C. The extract was filtered into
a polyethylene bottle.

Methods for soil solution analysis. 25 g of air-dried
sample were extracted with 50 ml of 0.002 M CaCl2.

Sequential extraction scheme used in this work is
based on Community Bureau of Reference method (1987)
tested in 18 EU laboratories (Mackovych et al., 1999).
The following metal fractions are distinguished:

i - exchangeable and carbonate fraction (0.11M acetic
acid),

ii - reducible fraction (Fe and Mn oxides bound) frac-
tion (0.1M hydroxylamine hydrochloric),

iii - organically (sulphide) bound fraction (8.8 M per-
oxide + 1M ammonium acetate),

iv - residual fraction (total decomposition with inor-
ganic acids mixture - HN03, HF, HC104).

Metal speciation and metal fractions in soils/sediments

Metals, both naturally occurring and inputted to soils
and sediments are present in an extremely large range of
forms. They may be distributed among many components
of soils or sediments and may be associated with them in
many different ways. The nature of this association is of-
ten referred to as speciation. Soil scientists, geochemists
and biologists have attempted to extract and quantify
these fractions held in different soil/sediment fractions,
particularly those which are thought to be mobile
(chemical species or forms), since they can potentially
pollute the groundwater or can get in to the food chain
from a plant uptake. In soils and sediments this generally
means to identify metals held in any of the following
fractions:

a) soluble
b) extractable (adsorbed)
c) organically bound
d) Mn oxides occluded
e) amorphous and crystalline oxyhydroxides Fe oc-

cluded
f) bound in carbonates
g) residual (total)
The potential availability (mobility) of elements in

different fractions of soil/sediments is illustrated in Fig. 1.
A big effort has been expended in attempting to quan-

tify metals held in different fractions, particularly those
fractions that are thought to be mobile and bioavailable.
The most common and single physical separation tech-
nique is to filter solution through micropore membranes
of the pore size 0.45 urn, thus it is rather a coarse differ-
entiation between „soluble„ and particulate,, metals.

The fundamentals and concepts of soil testing have
been reviewed by McLaughlin et al. (2000). Basically two
main groups of procedures are used at present:

a) single chemical extraction,
b) sequential chemical extraction.

Assessing „plant available,, or „mobile„ amounts of
metals in soils (sediments) by single extraction methods

For many years chemical extractants have been tested
by soil scientists and geochemists to estimate „plant
available,, („mobile„) fractions of metals.

The development of these tests was mainly in re-
sponse to the needs to monitor the metal uptake by plants
in contaminated soils, in bottom sediments, soils loaded
with sewage sludges and pesticides. Single extractions are
generally used to extract the following fractions of poten-
tially toxic metals (Berrow and Buridge, 1980):
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a) metals in soil solution (ionic, molecular, chelated and
colloidal forms),

b) exchangeable forms (readily exchangeable),
c) in adsorption complexes (firmly bound),
d) reducible-easily bound in sesquioxides (copreci-

pitated) and in hardly soluble salts,
e) fixed in crystal lattices of secondary minerals

(predominantly clay minerals).

In order to extract metals from the soil/sediments, the
basic dissolution, chelation, desorption/ion exchange and
oxidation/reduction processes are used prior to elemental

. determination.
Metals present in the solid phase as discrete phases

(sulphides, carbonates, phosphates, oxides, or coprecipi-
tated with sesquioxides) can be released by dissolution
processes. Usually less soluble compounds require more
vigorous extractant (usually inorganic acids).

Fig. 1 The potential metal mobility (availability) of different fractions of soil/sediments.
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Table 2: Heavy metal concentrations (mg.kg'1) in contaminated soils obtained by different (single) extraction
methods: i - the total (pseudototal) content obtained by aqua regia extraction, ii - the mobile fraction concentra-
tion obtained by 0.05 M EDTA, Hi - the mobile fraction concentration obtained by ammonium oxalate and oxa-
late acid, iv - the „ mobile" (available) fraction concentration obtained by 0.01 M CaCl2.

Sample Extraction
method

As Cd Cr Cu Hg Ni Pb Zn

i 20.95 0.5 30 57 0.080 26 62 123
ICSK-1 ii 0.35 0.3 <0.1 23 < 0.005 2 25 9

iii 5.85 0.1 1.6 32 < 0.005 4 4 18
iv 0.05 <0.05 <0.1 <0.5 < 0.005 <0.5 <0.5 <0.3
i 54.80 0.2 35 135 0.050 44 24 123

ICSK-2 ii 0.10 0.2 <0.1 40 0.019 7 8 9
iii 19.30 0.2 1.6 56 < 0.005 9 2 18
iv <0.0I <0.05 <0.I <0.5 0.005 <0.5 <0.5 <0.3
i 18.80 0.4 33 113 0.110 36 33 110

ICSK-3 ii 0.40 0.2 <0.1 44 < 0.005 5 11 10
iii 10.00 0.1 1.4 74 < 0.005 7 3 25
iv 0.03 <0.05 <0.1 <0.5 < 0.005 <0.5 <0.5 <0.3
i 46.80 0.4 29 228 0.100 46 50 137

ICSK-4 ii 1.50 0.2 <0.1 137 0.030 3 20 15
iii 29.30 0.1 1.0 192 < 0.005 5 3 37
iv 0.03 <0.05 <0.1 <0.5 < 0.005 <0.5 <0.5 <0.3
i 36.80 0.6 38 70 0.200 40 43 177

ICSK-5 ii 1.80 0.3 <0.1 29 0.009 3 18 30
iii 19.20 0.2 1.0 39 < 0.005 3 3 45
iv 0.09 <0.05 <0.1 <0.5 < 0.005 <0.5 <0.5 0.6
, 20.10 0.3 28 76 0.940 26 17 70

ICSK-6 ii 0.50 0.2 <0.1 35 0.061 3 7 7
iii 9.50 0.1 1.2 49 < 0.005 4 1 14
iv 0.02 <0.05 <0.1 <0.5 < 0.005 <0.5 <0.5 <0.3
i 87.50 0.7 17 589 0.180 25 170 243

ICSK-7 ii 0.60 0.3 <0.1 260 0.048 2 58 30
iii 50.50 0.2 1.3 372 < 0.005 3 29 61
iv 0.05 <0.05 <0.1 <0.5 < 0.005 <0.5 <0.5 0.6
i 12.50 0.3 28 21 0.080 27 16 67

ICSK-8 ii 0.20 0.2 <0.1 11 0.009 5 6 6
iii 6.40 <0.1 1.8 12 < 0.005 6 <1 12
iv "0 01 <0.05 <0.1 <0.5 < 0.005 4.6 <0.5 <0.3
i 39 20 0.7 25 117 0.120 17 62 158

ICSK-9 ii 1.00 0.5 <0.1 59 0.024 3 22 35
iii 23.70 0.1 0.8 71 < 0.005 3 3 46
iv 0.03 <0.05 <0.1 <0.5 < 0.005 <0.5 <0.5 <0.3
i 42.70 0.6 29 130 0.140 19 72 119

ICSK-10 ii 0.50 0.4 <0.1 60 0.038 3 25 12
iii 21.50 0.1 1.3 76 < 0.005 2 9 19
iv 0.05 <0.05 <0.1 <0.5 < 0.005 <0.5 <0.5 <0.3
i 17.50 13.7 23 201 0.030 14 1303 1704

ICSK-11 ii 0.10 8.4 <0.1 81 0.019 <1 467 400
iii 9.20 2.2 0.4 135 < 0.005 <2 243 595
iv < 0.01 1.16 <0.1 <0.5 < 0.005 <0.5 <0.5 52.3
i 16.90 20.5 19 236 0.030 11 0 1301 2445

ICSK-12 ii 0.10 16.8 <0.1 140 < 0.005 <1 585 853
iii 9.70 3.7 0.4 178 < 0.005 <2 373 994
iv <0.01 1.59 <0.1 <0.5 < 0.005 <0.5 <0.5 165.6
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Table 2: to be continued

Sample Extraction
method

As Cd Cr Cu Hg Ni Pb Zn

i 119.50 1.1 19 39 0.030 8 220 178
ICSK-13 ii 0.90 0.7 <0.1 9 0.006 1 102 26

iii 45.70 0.1 0.7 12 < 0.005 <2 24 31
iv 0.04 <0.05 <0.1 <0.5 < 0.005 <0.5 <0.5 <0.3
i 102.50 0.2 15 42 0.560 6 68 76

ICSK-14 ii 1.10 0.1 <0.1 14 0.088 < 1 17 9
iii 53.70 0.1 1.5 19 < 0.005 <2 12 19
iv 0.04 <0.05 <0.1 <0.5 < 0.005 <0.5 <0.5 <0.3
i 62.00 2.0 15 90 0.060 12 322 427

ICSK-15 ii 1.10 1.3 <0.1 43 0.054 2 147 94
iii 28.30 0.2 0.8 52 < 0.005 3 29 128
iv 0.05 <0.05 <0.1 <0.5 < 0.005 <0.5 <0.5 <0.3
i 39.20 1.9 22 107 0.090 10 134 339

ICSK-16 ii 1.40 1.2 <0.1 44 0.046 1 69 65
iii 22.50 0.2 3.5 63 < 0.005 3 11 117
iv 0.11 <0.05 <0.1 <0.5 < 0.005 <0.5 <0.5 <0.3
i 48.50 1.2 27 193 0.140 19 122 215

ICSK-17 ii 0.60 0.9 <0.1 105 0.076 4 56 40
iii 31.40 0.1 1.7 131 < 0.005 4 15 51
iv 0.03 <0.05 <0.1 <0.5 < 0.005 <0.5 <0.5 <0.3
i 68.90 0.9 66 49 0.010 77 28 173

ICSK-18 ii 3.00 0.6 0.2 21 0.001 21 10 14
iii 49.10 0.2 3.1 24 < 0.005 22 3 21
iv 0.05 <0.05 <0.1 <0.5 < 0.005 <0.5 <0.5 <0.3
i 4.70 0.3 9 138 0.010 7 33 81

ICSK-19 ii 0.30 0.1 0.2 103 < 0.005 1 12 13
iii 1.50 <0.1 0.7 94 < 0.005 <2 1 16
iv 0.01 <0.05 <0.1 <0.5 < 0.005 <0.5 <0.5 <0.3
i 61.80 0.3 51 26 0.020 30 21 80

ICSK-20 ii 0.50 0.1 <0.1 6 < 0.005 4 4 2
iii 39.70 <0.1 1.1 11 < 0.005 5 2 9
iv 0.07 <0.05 <0.1 <0.5 < 0.005 0.7 <0.5 <0.3

The mechanism of complexation is following: a metal
is paired with a ligand supplied by a metal ligand salt,
allowing metal desorption and helping to retain the metal
ion in a solution in a complex form (McLaughlin et al.,
2000). The weak chelating agents (EDTA, DTPA,TEA )
are used most often. It seems reasonable that at least the
more widespread use of DTPA reagent for testing
„availability„ of Ni, Zn, Cu and Cd in contaminated soils
is based on an internationally standardised method.

The desorption/ion exchange processes for extraction
of metals from soil/sediments has not been used until now
due to the very low analytic concentration, resulting from
the extraction based on these processes. With the im-
provement of analytical instrumentation the detection
limits were considerably lowered which allowed to detect
very low concentration in the extracted solution. Mostly
neutral salt solutions are used (NaN03, Ca(N03)2,
Mg(N03)2, NH4N03, MgCl2, CaCl2). Generally, concen-
tration of metals extracted by CI salts are higher, than
those extracted by corresponding nitrate salts.

Oxidation processes (with peroxide or acid solution of
HN03, HC1, HC104, HF or aqua regia) can release metal
sulphides and metals bound to organic materials. For
heavy metals bound to (co-precipitated with) secondary
sesquioxides (Fe, Mn, Al), reducing agents are used such
as acidified hydroxilamine hydrochloride (NH2OH.HCI),
acidified ammonium oxalate and dithionite/citrate solu-
tion (see also sequential extraction schemes).

The heavy metal concentrations in Slovakian con-
taminated soils obtained by different (single) extraction
methods are presented in Tab. 2. It is clear from presented
results that concentration of metals in different extractants
is mainly a function of metal ability to be bound in differ-
ent soil compounds. Higher concentration of several
studied elements (As, Cu, Cr, Hg and Zn) in the ammo-
nium acetate (+oxalate acid) fraction is due to selective
binding of these elements to secondary Fe oxides. Espe-
cially high concentration of As in this fraction, as com-
pared to the total content, points to the high selectivity of
As to Fe oxides. Predominantly in alluvial soils redox
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processes may partly deliberate As which can be than
transported to the groundwater. Similar tendencies are
evident for zinc (Tab. 2).

Very high portion of extractable Cd in contaminated
soils is present in the fraction obtained by 0.05 M EDTA
extraction. This extractant is used for extracting „available„
forms of the metal in soil to predict plant metal uptake. Our
study, supported also by sequential extraction, points to the
fact that Cd usually enters the highly „mobile„ fraction in
contaminated soils independent of pH (our soils were
mostly neutral - see Tab. 1). Cd contaminated soils show a
good correlation between the total content and EDTA ex-
tractable concentration (Fig. 2). There have been assump-
tions, supported by some findings, that the behaviour of Cd
in soil and its bioavailability differ according to Cd origin.
Cd added to soils from anthropogeneous sources is more
bioavailable (Kabata-Pendias and Pendias, 1992). Similar
results were obtained also for lead contaminated soils in
which both EDTA extractable and the fraction thought to
be bind in Fe oxides are high.

CaCl2 extraction has been suggested as the best pre-
dictor of phytoavailable metals in soils (Houba et al.,
1996). A good correlation has been found only in limited
number of soil types. Soils tested in our experiments are
hardly to evaluate, as different soil types have been used,
and no correlation between soil and plants has been de-
tected. Anyhow, in some cases high concentrations of
available Cd have been detected in soils (ICSK-11, 12).

Many authors have reported a good correlation be-
tween extractable metal content and metals uptake by

plants. However, the comparison between positive and
negative results of such tests revealed in some cases in-
significant correlation between extracted metals and metal
content in tested plants. Some extractants are useful to
extract metals and predict metal availability in neutral and
calcareous soils (DTPA) but not in acid soils. Davies
(1992) found a good correlation between the plant uptake
and the amount of potentially toxic metals in contami-
nated soils using a strong extractant such as EDTA.

An overview of different results (positive or negative)
published by Ross (1994) has shown that it is extremely
difficult to summarise these findings since so many test
solutions, different bioassay test plants, different soils and
different extraction techniques have been used. Our re-
sults show that the prediction of plant metal content based
on a single extraction is very questionable. Single extrac-
tants can neither give a useful information on the metal
speciation in soils/sediments.

Selective sequential extraction (dissolution) procedures

Metal fractionations using sequential extraction tech-
niques have been used to extract heavy metals from con-
taminated stream sediments (Tessier et al., 1979) and
metals applied in waste sludge. Such extraction usually
starts with the weakest, least aggressive and ends with
strongest and most aggressive extractant. Sequential ex-
tractants are generally used to characterise five or six of
the above stated fractions (see part: Metal speciation...).
The weakest extractants in the system are the most spe-

Fig. 2 Relationship between total and EDTA Cd contents in soils (mg.kg"')
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cific, the later, stronger extractants, the least specific, but
because they come later in the sequence, only one or two
groups of compounds may remain that they can dissolve
(Becket, 1989; Ross, 1994). A very large number of se-
quential extraction schemes have been used. The principal
schemes of sequential chemical extractions are presented
in Tab. 3.

It is clear from the table, that there are some differ-
ences in opinions concerning appropriate use of extrac-
tants. There is some agreement only about the kinds of
extractants needed for each fraction. For example, soluble
and easily exchangable fractions are often extracted using
dilute salt solutions replacing cations, while organically
bound fractions are released using oxidising agents. Re-
ducing agents are used to release metals bound in Fe and
Mn oxides. Strong acids are used to assess residual or
occluded metals in soils.

Up to now a range of problems and limitations were
associated with sequential extraction. The major prob-
lem results from the fact that extractants are not as se-
lective as it is stated. Another problem is related to a
large number of different extracting techniques which
make difficult to compare results from different studies.

Apart from those problems Salomons and Forstner
(1984) pointed to three another serious problems that
must be considered when using selective sequential ex-
traction procedures:
a) labile metal phases could be transformed during sam-

ple preparation,
b) readsorption or precipitation processes could occur

during extraction,
c) the duration of extraction and the soil/solution ratios

play important roles as far as the quantity of extracted
metals.
Metal fractionation using sequential extraction tech-

niques (Community Bureau of Reference, 1987) has been
used in our study to identify the metals fate in contami-
nated alluvial soils of the Hron river basin. Results pre-
sented in Tab. 4 emphasise the possibility to predict the
groundwater contamination through the soils (Curlik et
al., 2000). In the cited work soil characteristics are de-
scribed in more details. Based on this study, only simple
postulates are made here.

Mainly the soil organic matter and secondary Fe and
Mn oxides are responsible for the soil metal retention.
These soil components are unevenly distributed down the

Table 3: Five principal sequential extraction schemes for assessing metal fraction in soils/sediments. Numbers refer to stages in the
extraction scheme

Fraction Tessier et al.
(1979)

Miller et al.
(1986)

Sposito et al.
(1982)

McLaren and
Crawford (1973)

♦BCR
(1987)

Soluble
1

H20

Exchangeable
1

1 M MgCl2
2

0.5 M Ca(N03)2
1

0.5 M KNO3
1

0.05 M CaCl2
1

0.11 M Acetate
acid

Acid Soluble
4

HOAc
0.1 MCa(N03)2

Adsorbed
3

Pb(NO,)2
2

H,0
2

2.5% HOAc

Organic
4

0.02 M HN03
30 % H202

3.2MNH4OAc

5
O.lMICPjO,

3
0.5 M NaOH

3
1M K4P207

3
8.8 M H202

1 M NH4OAc

Fe Mn oxide
3

0.04 M
NH2OH.HCl

in 25 % HOAc

■

2
0.1 M Hydroxylamine +

hydrochloric

Mn oxide
6

0.01 M
NH2OH.HCl +
0.1 MHNO3

2
0.1 M Hydroxylamine +

hydrochloric

Fe oxide
7

Ammonium
Oxalate Acid
in UV light

4
Ammonium
Oxalate Acid

2
0.1 M Hydroxylamine +

hydrochloric

Carbonate
2

1 M NaOAc
4

0.05 M
Na2 - EDTA

1
0.11 M Acetate

acid

Residual
5

2 x 70 % HN03
40 % HF/72 %

HCI04

8
HN03 + HF

5
4MHN03

5
Cone. HF

4
HNO3+HF+HCIO4

* BCR - Community Bureau of Reference (1987)
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Table 4: Results of heavy metals concentrations (mg.kg"') in different soil fractions obtained by sequential extraction ana-
lyses: i-exchangeabte (carbonate) fraction (0.11 M Acetic acid), ii-fraction held in Fe-Mn oxide (0.1 M Hydroxylamine +
hydrochloric), iii-organically bound (sulphidic) fraction (8.8 M H202 + 1 MNHfiac), iv-residual fraction (soil samples
decomposition with inorganic acid mixture HN03+HF+HClOj).

Elements Extraction
method

Samples
LV-1 LV-2 LV-3
A hor. C hor. A hor. Chor. A hor. Chor.

i 0.2 <0.1 0.1 <0.1 0.1 <0.1
As ii 17.1 8.3 5.8 2.2 11.9 3.6

iii 1.2 1.0 1.1 0.7 1.7 1.1
iv 32.3 20.1 11.8 11.4 30.9 22.1
i 1.28 0.18 0.38 0.14 0.42 0.15

Cd ii 0.36 0.18 0.22 0.13 0.22 0.16
iii 0.06 <0.01 0.03 0.02 0.04 0.02
iv <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
i < 1 < 1 < 1 <1 < 1 <1

Cr ii 2 4 4 2 2 2
iii 3 2 4 3 4 3
iv 55 60 49 57 61 44
i 14 3 3 <1 12 1

Cu ii 54 18 19 7 57 13
iii 34 5 10 2 32 5
iv 37 14 33 18 52 26
i < 0.001 0.002 0.003 0.001 < 0.001 0.001

Hg ii 0.001 < 0.001 < 0.001 0.001 0.002 < 0.001
iii 0.933 0.174 0.357 0.007 0.877 0.120
iv 0.486 0.144 0.260 0.131 0.281 0.129
i 3 2 2 2 2 1

Ni ii 3 6 2 4 4 5
iii 2 <1 1 < 1 2 1
iv 9 9 10 9 11 8
i <2 <2 <2 <2 <2 <2

Pb ii 58 58 47 10 55 13
iii 7 7 8 4 10 4
iv 14 14 13 11 15 9
i 0.4 <0.I 0.1 0.3 0.2 <0.1

Sb ii 1.0 0.3 0.2 0.1 0.6 0.2
iii 0.6 0.1 0.2 0.1 0.3 0.2
iv 34.2 11.5 11.2 4.3 25.8 8.4
i 82 9 16 3 13 4

Zn ii 121 23 28 12 27 17
iii 31 10 14 17 17 10
iv 63 47 61 46 78 49
i 0.3 <0.1 0.4 0.1 0.2 0.1

As ii 13.1 12.9 14.1 8.5 0.9 1.6
iii 1.0 1.2 1.0 0.6 1.0 0.4
iv 22.7 28.2 13.6 9.7 20.2 22.6
i 1.62 1.69 0.15 0.12 0.09 0.08

Cd ii 0.73 1.35 0.26 0.11 0.17 0.06
iii 0.05 0.08 0.03 0.03 0.03 0.01
iv <0.05 < 0.05 <0.05 <0.05 <0.05 <0.05
i <1 <1 <1 <1 <1 <1

Cr ii 2 4 2 2 1 1
iii 3 2 5 3 3 1
iv 40 38 48 49 46 37
i 7 10 <1 < 1 <1 <1

Cu ii 35 55 10 7 2 2
iii 18 16 5 2 2 2
iv 23 23 19 15 19 8



J. Curlik and P. Sefcik: Soils and sediments testing

Table 4 (continued)

131

Elements Extraction
method

Samples
LV-1 k. LV-2 LV-3
A hor. C hor. A hor. Chor. A hor. C hor.

i < 0.001 0.006 0.003 < 0.001 0.002 < 0.001
Hg ii 0.002 0.003 < 0.001 0.001 0.001 < 0.001

iii 0.592 0.617 0.035 0.009 0.104 0.021
iv 0.146 0.174 0.092 0.130 0.093 0.079
i 2 1 1 1 1 <1

Ni ii 4 5 7 5 6 4
iii 3 <1 3 2 < 1 < 1
iv 9 10 10 10 11 7
i 2 <2 <2 <2 <2 <2

Pb ii 75 102 23 11 14 6
iii 7 7 4 3 5 4
iv 16 17 10 8 11 8
i 0.5 0.3 0.1 0.2 0.1 0.5

Sb ii 0.5 0.7 0.2 0.1 <0.1 0.1
iii 0.2 0.1 <0.1 <0.1 0.1 <0.1
iv 18.1 20.0 10.5 5.8 4.5 4.7
i 71 63 3 3 2 <1

Zn ii 130 152 23 15 12 7
iii 27 32 10 9 6 7
iv 66 73 58 49 51 39 |

LV-1 - Kozarovce (Gleyic Fluvisol, pH/KCl - 6.72), LV-2 - Hronsky Benadik (Fluvisol, pH/KCl - 6.41), LV-3 - Stary
Tekov (Fluvisol, pH/KCl - 5.4), LV-5 - Tekovsky Hradok (Fluvisol, pH/KCl - 7.31), LV-6 - Mytne Ludany (Phaeozem,
pH/KCl - 6.93), LV-8 - Hronske Klacany (Phaeozem, pH/KCl - 7.04).

soil profiles depending on the soil processes. But metal affi-
nities to different soil fractions may play an important role
for the proportion of metals held in so called „mobile„
forms.

As it was stated above, arsenic is mostly present in the
residual fraction. Second place belongs to the fraction held
in Fe and Mn oxides. Hence, the distribution of As in soil
profiles partly corresponds to the formation (cumulating) of
secondary oxyhydroxides within the depth.

Cadmium shows marked tendency to concentrate in
the most mobile (exchangable) fraction and partly in the
reducible fraction (in Fe, Mn-oxides).

Chromium is mostly present in the residual fraction
which points to the low mobility of his element in the soil
(mostly Cr3*).

Copper, which is able to form chemical compounds of
different solubility, can be present in different soil frac-
tions, as it is apparent from the sequential extraction.
Highly mobile (soluble) forms of copper are usually pres-
ent in small amounts in the soil solution. Copper is also
fixed to secondary sesquioxides.

Mercury is strongly held in organic matter. There-
fore in all contaminated soils the highest concentration
of mercury has been revealed in the organically bound
fraction. Fortunately, this is the reason for the low po-
tential toxicity of mercury in soils (except of methylated
forms).

Nickel can be partly mobile in soils. Small portion of
nickel in exchangeable fraction points to a possibility that
this metal can be transfered from sources of contamina-
tion to the groundwater or from soils to plants.

Lead is concentrated mostly in secondary sesquioxes
(Fe, Mn, Al), humus and clay. It is postulated that poten-
tial of lead toxicity related to the soil is low. The results
point to the high portion of Pb concentrated in secondary
oxides.

Antimony is usually dispersed in soil. In contaminated
soils of the Hron river basin Sb is distributed to a long
distance from known contamination sources (Nizke Tatry
Mts., Stiavnicke vrchy Mts. and Kremnicke vrchy Mts.).
Antimony is a weak migrant when oxidised. But its con-
centration in plants, and small concentration in the very
mobile fraction (exchangeable), far from primary con-
tamination sources, point to a possible water transport of
Sb similarly to As, to which it is geochemically linked
(Alloway, 1990; Fergusson, 1990).

Zinc is present in soil in several fractions (Alloway,
1990): water-soluble, exchangeable, fixed to organic
matter, clay and nonsoluble metal oxides. From the se-
quential extraction it is clear that higher proportion of Zn
is bound to secondary oxides (Fe, Al?, oxides).

Various sequential extraction schemes have been de-
veloped, including the one of the European Commission
(formerly BCR) which was used in our study. This
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scheme can be improved only in the presented way to be
predictable for a plant uptake of metals or for an adverse
effect on human health or eco-toxicity, but such results
are still missing (McLaughlin et al., 2000).

Metal concentration in pore (soil) solution

Apart from the occurrence of elements in the solid
phase of soil/sediment little is known about their concen-
tration and speciation in a pore (soil) solution. The
knowledge about pore solution concentration and the
solubility of elements is of a great importance in studies
of their biogeochemical cycles and their availability to
plants. Plants essentially take up heavy metals from soil
via solution. On the other hand, heavy metals from the

solution may be transferred (leached) to the groundwater
and cause its contamination.

The pore solution is the most important constituent
influencing chemical and biological activities in soils/
sediments. Soil organisms without water die or become
dormant. Mineral transformation becomes slow and
chemical weathering is limited.

In spite of the overall acceptance of these general
statements there is no meaningful definition of the pore
solution. From the viewpoint of soil chemistry the pore
(soil) solution is defined as „the aqueous liquid phase
in whose the composition is influenced by flows of mat-
ter and energy between it and its surroundings and by
the gravitational field of the Earth (Sposito, 1989).

Table 5: Major inorganic components in pore (soil) solution (Sumner, 2000).

Category Major component
(10"4to 10"2mol.r')

Minor components
(10'6tol0-4mol.r')

Others

Cations Ca2+, Mg2+, Na+, K+ Fe2+, Mn2+, Zn2+,Cu2+,
NET, Al3+

Cr3*, Ni2", Cd2+, Pb2T

Anions HC03\ cr, S042" H2P04- F, HS" Cr042\ HMo04+
Neutral Si(OH)4° B(OH)3°

Table 6: Major organic components found in pore (soil) solution (Sumner, 2000).

Source Major components
(10"5to 10"3mol.r')

Minor components
(<10'5mol.F')

Natural carboxylic acids, amino acids,
simple sugars

carbohydrates, phenols, proteins,
alcohols, sulfhydryls

Anthropogenic herbicides, fungicides, insecticides,
PCBs, PAHs, petroleum, hydro-
carbons, surfactants, solvents

By this definition the pore solution is an open system
that exchanges matter and energy with other subsystems
(air, water, biota). Also, because the solution is defined as
a phase it implies that the pore solution has uniform prop-
erties and can be isolated from soils (sediments). These
requirements of uniformity (stable composition, tem-
perature) can be met only on small time-space area be-
cause of the variable nature of the pore solution. The pore
solution is not a distinct entity but rather it is a continuum
of phases, ranging from that held in colloids, through the
immobile water in micropores, to free water percolating
through macropores.

As the pore solution is highly variable its composition
can be discussed only in general terms. The concentration
of inorganic constituents in the pore solution is controlled
by pH, Eh and solid phase composition.

Commonly found inorganic components in pore solu-
tion are given in Tab. 5. Trends in composition are simi-
lar but natural and anthropogenic factors can have big
influences on this composition. The composition of solu-
ble organic components in the pore solution reflects the
composition of organic matter in the solid phase. Major
organic components found in pore (soil) solution are pre-
sent in Tab. 6. All studies of metals in pore solution suffer
from two major problems:

• finding suitable techniques for detecting extremely
low concentrations,

• differentiation between free metal ions in solution
and soluble organo/metalic complexes.
Other problems are associated with obtaining of an

unaltered solution. The moisture of field soils and fresh
sediments can range from air dried to saturated over short
period of time. Most techniques for obtaining samples of
solutions function poorly when water content is below the
saturation.

Methods for obtaining the pore solution can be broadly
categorised in three groups: aqueous extracts, column dis-
placements and pressure extraction. An alternative method
is to use saturated soil paste (USDA, 1954).

Obtaining aqueous extract includes adding water to
samples, to the point of saturation or beyond, equilibrat-
ing and removing solution.

Column displacement consists of forcing a fraction of
pore solution to move from the soil (sediment) by leach-
ing by an aqueous solution or with nonsoluble organic
solvent. This procedure can be modified to include pres-
sure from the top or vacuum applied to the bottom of the
column.

Neither the variation in the total electrolyte concen-
tration nor the activity ratios of specific ion components
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of the pore solution can be adequately resolved when
water to sample ratios vary from field moisture contents
to ratio >1. This is the main limitation to the use of water
extracts as models for pore solution (Sumner, 2000).

Pressure enaction is defined as the use positive pres-
sure or vacuum, eventually centrifugation, to remove the
pore solution.

Field methods include several types of lysimetric
studies.

From above stated it is obvious that at least:
• the definition of pore solution is idealised and more

functional definition is needed before the concentra-
tion/activities of free metal ions in pore solution will
be used for the assessment of critical limits;

• the adjustment of design, execution and interpretation
of pore solution study methods is strongly recom-
mended;

• the derivation of the total dissolved metal concentra-
tion from the total pore concentration should be based
on clear understanding of the pore solution. The parti-
tion of metals concentration between solid phase and
solution should be clearly related to transfer functions.
The solubility of heavy metals under field conditions

is strongly linked to soil parameters such as pH, SOM and
DOC (Romkens and Salomons, 1998).

The studied soils have acidic to neutral character (pH
5.51 - 7.14) with CEC ranging from 13.75 - 35.65
cmol.kg"' (Tab. 1). As it was stated in methodological
part of this paper, in this study the soil solution was ex-
tracted by 0.002 M CaCl2.

It should be noted that the obtained results (Tab. 7)
have very high concentrations of Ca2+ and CI'. It is clear
that the results are influenced by the background solution.
This conclusion is supported also by the relatively low
HC03" concentration which should be related to Ca2+
content in these soils.

The content of S042' is relatively high and points to
the fact that some elements in solution were leached due
to acid sulphate weathering of sulphides (and hence, sul-
phatic complexation of metals may play some role in met-
als transfer).

The nutrient element concentrations in soil solution
(K, Mg, Na) show some relation to the parent rocks or to
the application of fertilisers (agricultural soils).

The Al and Fe concentration in soil solution does not
give clear evidence to soil properties. Higher Fe concen-
tration occurs in soils with some gleyic features.

The potential toxic elements (As, Cd, Cr, Cu, Hg, Ni,
Pb and Zn) show relatively high concentrations in soil
solution. The limit value for As in the groundwater
(5 ng.1'1) is exceeded in more than half of the samples.
Arsenic, which occurs as oxoanions in soils, may show an
increase in concentration in soil solution with rising pH.
This might be the case of soils with gleyic carbonatic
processes.

The total content of Cd in studied soils ranges from
0.3 to 20.5 mg.kg"'. Cd solution concentrations range
from < 2 (detection limit) to 138 ng.l"1, which is ex-
tremely high. The critical limit proposed for Cd concen-

tration in soil solution (precautionary principle) is 10 ug.l'
1 (Curlik et al. 2000) and it is exceeded in several soils
contaminated by Zn-Pb (ICSK 11-16). As it was stated by
Romkens and Salomons (1998) no single relation appears
to exist between the total Cd content and the solution
concentration. In the forest soils frequently higher Cd
content in soil solutions is due to lower pH values and
higher soluble organic fraction content.

The concentration of Cr in soil solution is relatively
low and point to known aspects of low solubility/mobility
of Cr3+ compounds.

The Cu solution concentrations range from 31 to 269
u.g.1"'. These concentrations are high and may have an
adverse effect to plants (de Vries and Romkens, 2000; In
Curlik et al. 2000). Higher Cu concentrations in pore so-
lutions may be controlled by DOC (dissolved organic
carbon), as pointed by Romkens and Salomons (1998),
and in alkaline soils (Fotovat and Naidu, 1998). Cu solu-
tion concentration in studied contaminated soil is above
the limit for groundwater quality standard (20 jig. 1"').

Suggested critical limit for mercury concentration in
soil solutions is 0.1 ug.l"1 (Curlik et al., 2000). In spite of
the fact that studied soils are not Hg - contaminated (see
Tab. 2 - total content) its solution concentrations are
mostly above the limit.

In several soils the solution concentrations for nickel
are above the current groundwater quality standards (20 \x
g.l"1). This may lead to leaching of Ni to groundwater.

The proposed critical limit for lead in soil solution is
50 to 80 ug.l"1 (Curlik et al, 2000). The results show that
lead is a bad migrant and its concentrations in soil solu-
tions are not high.

Current Dutch groundwater quality standard for Zn is
65 ug.l"1 (Romkens and Salomons, 1998). The solution
concentrations of Zn in soils are much above the standard.

The solubility of potentially toxic elements under field
conditions is thought to be linked to soil parameters
(Romkens and Salomons, 1998). To obtain more reliable
estimates more results related to metal solubility and
leaching still need to be obtained.

Conclusions

Recent advance in soil and sediment testing for po-
tentially toxic elements is due to the improvement of
analytical methods, especially the detection of low ele-
ment concentrations, but also due to better understanding
of the behaviour of metals related to soil (sediment) prop-
erties.

Recent developments of the testing methods continue
in three directions: single extraction with soft extractant,
sequential extraction with multi-solution extraction and
soil (pore) solution testing, which is thought to be the best
predictor of plant available metals. For all the mentioned
methods, which are widely used, no meaningful measures
exist for metal bioavailability till now. An improvement
of these methods needs first of all an increase of the in-
formation level on the mobility (toxicity) of extracted
species of elements.
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The results presented in this work show that contami-
nated soils may possess some danger for plants in topsoils
and for the enhanced leaching towards to the groundwater
in subsoils. Mobile fraction concentrations of different
contaminated Slovakian soils, obtained by single extrac-
tant, are high for heavy metals (Cd, As, Cu, Zn) but no
calibration data exists as far as the real toxicity to plants.
The mobile Cd fraction concentration is clearly not re-
lated to soil properties (pH) but more closely to the total
Cd content or to the form of Cd occurrence in soils
(anthropogenic).

The results of sequential extraction analyses of con-
taminated alluvial soils of the river Hron basin show that
some potentially toxic elements (Cd, Cu, Zn and possibly
As, Sb) are present in most mobile fractions. These ele-
ments are brought from different remote sources (mining
areas). This gives some evidence about a possible adverse
effect for plants and groundwater (groundwater - soil in-
teraction).

Soil (pore) solution testing results based on the soil
solution extraction method show that As, Cd, Cu, and
partly Zn and Hg exceeded current groundwater quality
standards or critical limits (for Cd, Hg) proposed during
the Bratislava meeting (Curlik - Sefcik and Viechova,
2000). High concentrations of potencially toxic elements
in soil (pore) solutions can be harmful for plants and the
groundwater. The acidification of diffusely contaminated
soils may speed up the mobility (leaching) of these ele-
ments and their transfer to plants (or groundwater).
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