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The heavy metal (Cu, Fe, Co, Ni, Cd, Cr, Pb, Zn, and Mn) concentrations in soils and in
vegetable samples, i.e. lettuce (Lactuca sativa L.), parsley (Petroselinum crispum), dill (Anethum
graveolens), and onion (Allium cepa L.), taken from three urban vegetable gardens in Kayseri,
Turkey, were determined by FAAS. The modified three-step sequential extraction procedure
proposed by the European Bureau of References (BCR), now the Standards, Measurements and
Testing Programme, was used in order to evaluate trace elements mobility in soil samples, and
heavy-metal uptake by vegetables. Three operationally defined fractions were isolated using the
BCR procedure: acid extractable (i.e. bound to carbonates), reducible (bound to Fe/Mn oxides),
and oxidizable (bound to organic matter and sulphides). The vegetable samples were prepared
to analysis using the wet-ashing procedure. To estimate the accuracy of the method used in
analysis of the vegetable samples, the standard reference material (NIST SRM 1573a, Tomato
leaves) was used. The results of recovery for all the elements were relatively satisfactory
(87.7–108%). For the soil samples, the recovery values were calculated by proportioning the
sum of the steps of the BCR procedure to those of the pseudototal digestion (i.e. aqua regia).
In soils, the mobility of heavy metals followed the order Mn>Cd>Cu>Pb>Zn>Cr>
Ni>Co>Fe. The relationship between the vegetable–metal and soil–extractable metal
concentrations was examined in order to evaluate the bioavailability of metals, and the
positive correlation, especially for the first (i.e. water, acid-soluble and exchangeable fraction)
and for the third (i.e. oxidizable fraction) extraction steps, was obtained.

Keywords: Modified BCR sequential extraction; Lettuce; Parsley; Dill; Onion; Bioavailability

1. Introduction

Agricultural soils are contaminated by heavy metals that mainly originate from mining
activities, industrial and traffic emissions, or the application of sewage sludge. Elevated
heavy-metal concentrations in the soil can lead to enhanced crop uptake and also
negatively affect crop growth. At higher concentrations, they interfere with metabolic
processes and inhibit growth, sometimes leading to plant death. Excessive metals in
human nutrition can be toxic and can cause acute and chronic diseases [1, 2].
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Soil is an important sink for heavy metals due to soils’ high metal retention
capacities. It is an environmental, biochemical reaction system with three
important phases: solid (i.e. mineral particles, organic debris, plant roots), solution
(i.e. groundwater, rain water, biological excreta, products of biochemical reactions),
and gas (i.e. atmospheric, products of biochemical reactions) which move towards
equilibrium with one another [3, 4]. Heavy metals may be in many forms in soil solution
(ionic, organic complexes, inorganic complexes) on soil cation exchange sites, more
tightly bound to soil adsorption sites, occluded into soil oxide materials, incorporated
into soil micro-organisms and/or soil animals or in the lattice structure of primary and
secondary soil minerals. Soil solution is thought to play an important role in plant
nutrient and pollutant uptake from soils and soil-to-plant cycling processes [3, 5].

It is well known that the different fractions of soils vary considerably chemical reac-
tivity and bioavailability of metals. Therefore, single extraction of metals in soil using
a selective chemical extractant, such as strong chelating agents or neutral salt, and
recently chemical fractionation procedures have been used to indicate the bioavailabil-
ity or mobility of heavy metals and to identify the relationship between the bioavailable
fraction of a metal in soil and its content in plants [6–11]. Sequential approach provides
knowledge about metal affinity to the soil components and the strength with which they
are bound to the matrix. Unlike the single extraction technique, sequential extraction
gives information about mobile and stabile fractions of metals in soil, which evaluates
the actual and potential mobility of metals [12]. The development and use of these types
of extraction schemes started in the early 1980s and aimed to evaluate the metal frac-
tions available to plants (for estimating the related phytotoxic effects and/or nutritional
properties of elements) and the environmentally accessible trace metals (evaluation
of the mobility of metals). Most of the sequential extraction schemes mimic the five-
stage procedure initially developed for sediments by Tessier et al., who applied it for
the fractionation of metals into the following fractions: (i) exchangeable fraction, repre-
senting the most easily available metals, (ii) carbonate fraction, (iii) Fe, Mn, and Al
oxide fraction, (iv) organic matter fraction, and (v) residual fraction, which is tightly
bound to the silicate matrix of the sample. The BCR method, proposed by a
European working group coordinated and supported by the Community Bureau of
Reference, is faster and simpler than the methods which mimic Tessier et al.’s sequential
extraction procedure [13], because it consists of three stages. The BCR method has been
widely applied to fractionation studies on soils and sediments [14–18]. The original
BCR protocol involves successive treatment of sample with 0.11M acetic acid,
0.10M hydroxylammonium chloride at pH 2, and hydrogen peroxide followed by
1.0M ammonium acetate at pH 2. The only difference of the modified BCR from
the original one is at the second step. At this step, it was recommended that the concen-
tration of hydroxylammonium chloride be increased to 0.5M and the pH of the extract-
ant decreased to pH 1.5. This step of the modified extraction procedure provides better
attack on the iron-based components of the reducible matrix for a wide range of soils
and sediments [19, 20]. Mossop and Davidson compared the results of the original
and the modified BCR sequential extraction procedures for fractionation of copper,
iron, lead, manganese, and zinc in soils and sediments [21]. Sahuquillo et al. applied
the modified BCR procedure to the sediments to assess potential remobilization of
As [22]. Van Hullebusch et al. discussed in detail the results of the fractionation of key
metals important for anaerobic metabolism (Co, Ni, Cu, Mn, and Fe) within two
different anaerobic granular sludges [23]. Up to now, the various acid and/or acid
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mixtures have been used to dissolve vegetable samples. For example, Mohamed et al.
used a mixture of concentrated HNO3/HClO4/HF acids for wet ashing of
vegetables [7]. Helgesen and Larsen wet-ashed carrot samples using nitric acid
in a Teflon-lined pressure steel bomb at 160�C for 4 h [9]. Lee et al. used 1mL of
concentrated HNO3 and 1mL of 14% HNO3 to dissolve vegetable samples on a hot
plate at 80�C [24]. Although heavy-metal uptake by plants in contaminated soils has
been extensively studied using various extraction methods, to our knowledge, there
are very few papers in the literature on the application of the BCR sequential extraction
procedure for evaluating plant availability of heavy metals in soils [25, 26].

In the present study, single correlation analysis was used to estimate the relationship
between vegetable metal concentration and metal fractions extracted from correspond-
ing soils using the modified BCR sequential extraction protocol. The main objectives of
the study were (1) to take metals into the solution from the specific soil phases, (2) to
find out about bioavailability, mobility and toxicity of metals, and (3) to evaluate the
relationship between the uptake of metals by vegetable samples and different forms
of metals in soil.

2. Experimental

2.1 Apparatus and reagents

A Perkin Elmer Model 3110 flame atomic absorption spectrometer (FAAS) equipped
with a hollow cathode lamp was used for the metal determinations. The measurements
of the elements Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn were performed according to
the operating conditions suggested in the manufacturer’s manual. A centrifuge (Hettich
Rotofix 32, Germany) for complete separation of the extracts from the residues,
a Clifton shaker with end-over-end shaking, a Jenco 672 model pH meter, and an
electrical heater were used throughout all the experiments.

All reagents were of analytical reagent grade (Merck, Darmstadt, Germany).
Throughout the analytical work, distilled water was used. Standard solutions prepared
(1000 mgmL�1) for all the studied elements were stored in polyethylene containers.
Glassware and polyethylene bags used for sampling were treated with diluted nitric
acid (1 : 1) for 24 h before use and then rinsed with tap and distilled water, respectively.
In the digestion and extraction procedures, concentrated nitric acid (65%), hydro-
chloric acid (37%), acetic acid (99.7%), hydrogen peroxide (35%), hydroxylammonium
chloride (i.e. hydroxylamine hydrochloride) and ammonium acetate were used.

2.2 Sampling and preparation of soil and vegetable samples

A total of 33 soil samples and corresponding vegetable samples were collected from the
three urban vegetable gardens (hereafter referred to simply as Sahabiye garden (GA),
Çevreyol garden (GB), and Alt|noluk garden (GC)) in areas of heavy traffic in
Kayseri, Turkey. All soil samples were taken from the surface layer (0–15 cm). Four dif-
ferent species and three samples of each vegetable, i.e. lettuce (L1, L2 and L3), parsley
(P1, P2 and P3), dill (D1, D2 and D3) and onion samples (O1, O2 and O3, except for
garden C), were collected from each garden (12 samples from Sahabiye garden (GA),
12 from Çevreyol garden (GB), and nine from Alt|noluk garden (GC)). Air-dried,
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ground and powdered soil samples were passed through a sieve with 200 mesh sizes

(<74 mm). Soil pH was measured using a soil/water ratio of 1 : 5 (w/v; weight/volume)

[27]. The vegetable samples were washed thoroughly with tap water followed by

distilled water, dried at 110�C, and ground to pass a 200 mesh sieve. Both vegetable

and soil samples were stored in clean polyethylene bags in a desiccator until analysis.

2.3 Wet ashing of vegetables

One gram of dried and ground vegetable sample was digested with a mixture of 4mL

of HNO3 (65%) and 2mL of H2O2 (35%). This mixture was heated almost to dryness.

After evaporation, 4mL of concentrated HNO3 and 2mL of concentrated H2O2 were

added to the residue and heated until a clear digest was obtained (digestion time was

about 3 h at 130�C). The digest was made up to 5mL with 1M HNO3.

2.4 Modified BCR three-stage sequential extraction procedure for soils

One gram of the air-dried soil sample was put into a 50mL polypropylene centrifuge

tube for fractionation analysis with the modified BCR sequential extraction procedure

[19]. As defined in table 1, the procedure was employed to extract heavy metals from

three operationally defined target phases of soil, F1: water-soluble, exchangeable and

bound to carbonates; F2: bound to Fe–Mn oxides (reducible); and F3: bound to organic

matter and sulphides (oxidizable). Residual fraction (R) contains mainly primary and

secondary minerals which occlude the trace metals within their crystal structures.

The analysis of the residue was performed using aqua regia. For this purpose, a 10mL

aliquot of aqua regia solution was added twice sequentially to the remaining residue.

After each addition of aqua regia solution, the mixture was evaporated almost to dryness

on a heater. The residue was taken into the solution with 1M HNO3 and then filtered

through a filter paper using the same acid solution in small amounts.
All the extractions and blank analyses were made in triplicate. After each extraction,

the mixtures were centrifuged and the supernatant solutions separated by decantation.

The residues were washed with distilled water and the washings discarded. The extracts

acquired after each extraction stage were evaporated almost to dryness, and the final

volumes were made up to 5mL with 1M HNO3.

Table 1. Modified BCR sequential extraction scheme used for metal speciation.

Step Soil phases Extractant Shaking time and temperature

F1 Water- and acid-soluble,
and exchangeable

40mL of 0.11M CH3COOH 16h at room temperature

F2 Reducible 40mL of 0.5M HONH2 �HCl (pH 1.5) 16 h at room temperature
F3 Oxidizable 10mL of 8.8M H2O2 (pH 2) 1 h at room temperature

and 1 h at 85�C
Then 10mL of 8.8M H2O2 (pH 2) 1 h at 85�C
Cool, add 50mL of 1M NH4OAc (pH 2) 16 h at room temperature

R Residuala 10mL of aqua regia, twice Heating on hot plate to dryness

aDigestion of the residual material is not a step of the BCR protocol.
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3. Results and discussion

3.1 Pseudototal metal concentrations in soils

The pseudototal metal concentrations obtained with aqua regia digestion for three soil
samples taken from Alt|noluk garden (GC), whose corresponding vegetable samples
were lettuce (L2), parsley (P2), and dill (D2), were compared with the sum of results
obtained by the modified BCR procedure. In order to estimate the effect of soil/extract-
ant ratio on the determination of pseudototal metal concentrations of the soil samples,
different amounts of soil samples, i.e. 0.20, 0.50 and 1.00 g, were treated by the same
procedure used in the residual fraction analysis. The results are given in table 2.
When the sum of the metal concentrations obtained from the sequential extraction of
1.00 g of soil sample was compared with their pseudototal metal contents found
using 0.20, 0.50 and 1.00 g specimens of the soil sample, a very good agreement was
achieved for all the elements. The recoveries obtained between 91 and 114% show
that the aqua regia procedure used to dissolve the residual fraction (ca. 0.2 g) can
also be used to obtain pseudototal metal concentrations of soil samples with 0.50
and 1.00 g.

3.2 Accuracy of the wet-digestion method

Validation of the wet-digestion method for the vegetable sample analysis was checked
by the determination of metals in the reference plant material NIST SRM 1573a
(tomato leaves). The results are listed in table 3. A good agreement was found between
the data obtained by the present method and the certified values for the reference plant
material, except for Zn having a recovery of 88%. The t-test was used to compare
if the observed difference between experimental mean and true value for all the
elements is higher than that computed at 95% confidence level. Only for Fe and Zn
the differences were found to be greater than their critical values.

3.3 Detection limits

The detection limits based on three times the standard deviation of the blank (n¼ 10)
were found in the range of 0.03–0.43, 0.02–0.56, 0.02–0.40, and 0.04–0.56 mgmL�1

for the steps F1, F2, and F3 of the modified BCR sequential extraction method, and
the residual phase (R), respectively. In the same way, the detection limits of the wet
digestion method for the vegetables were found between 0.03 and 0.35 mgmL�1 for
the metals investigated.

3.4 Heavy metals in soils

Soil pH plays a major role in the sorption of heavy metals as it directly controls the
solubilities of metal hydroxides, as well as metal carbonates and phosphates, and
also affects metal hydrolysis, ion-pair formation, organic matter solubility, as well as
surface charge of iron, manganese, and aluminium oxides, organic matter, and clay
edges [1, 4]. The pH values measured for three garden soils were found in the range
of 6.9–8.1 for Sahabiye garden (GA), 7.1–7.7 for Çevreyol garden (GB) and 7.0–7.6
for Alt|noluk garden (GC).
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The fractionation results of heavy metals in the soil samples from the three vegetable
gardens, obtained by the modified BCR sequential extraction procedure, are given in
table 4. When the first three fractions were taken into consideration, except residual,
the highest concentrations (exchangeable and bound to carbonates) at the first stage
(F1) were observed for Co and Cd in three garden soils, and also for Fe in the
garden A soils. According to the results in table 4, the highest metal concentrations
in reducible fractions (F2) of the soil were found for Cu and Mn at Sahabiye garden
(GA), for Cu, Ni, and Mn at Çevreyol garden (GB), and for Pb, Ni and Mn at
Alt|noluk garden (GC). Correspondingly, the Pb, Ni, Cr and Zn concentrations in
soil at Sahabiye garden (GA), the Pb, Cr, Fe and Zn concentrations at Çevreyol
garden (GB), and the Cu, Cr, Fe, and Zn concentrations at Alt|noluk garden (GC)
were found to be at the highest levels in the oxidizable fraction (F3) of the soil samples.
The mean total Pb concentrations of 67.2, 61.9 and 108 mg g�1 and the mean total
Cd concentrations of 1.48, 1.76 and 2.11 mg g�1 in soils of the same sequence at the
Sahabiye garden (GA), Çevreyol garden (GB), and Alt|noluk garden (GC) were
higher than the upper limits of their typical soil concentrations of 20 and 0.3 mg g�1,
respectively [28]. Both the Pb and Cd have toxic effects on living organisms because
it is well known that they are not required as nutrient elements [29].

The fractionation patterns of the metals based on the sum of F1, F2 and F3 fractions
of the sequential extraction procedure for all the soil samples are represented in figure 1.
The comparative mobility (%) order of the heavy metals based on the sum of the
first three fractions, except for the residual phase, is Mn>Cd>Cu>Pb>Zn>
Cr>Ni>Co>Fe. It seems that the most mobile elements are Mn (�86%),
Cd (�81%), Cu (�75%), Pb (�70%) and Zn (�66%) followed by Cr (�44%),
Ni (�34%) and Co (�30%), while the most non-mobile element is Fe (�6.0%). In
addition, the order of comparative trace-metal affinities in each site for the first three
fractions was as follows: Mn>Cd>Cu>Zn>Pb>Cr>Ni>Co>Fe for Sahabiye
garden (GA), Mn>Cd>Cu>Pb>Zn>Cr>Ni>Co>Fe for Çevreyol garden (GB),
and Mn>Cd>Pb>Cu>Zn>Cr>Ni>Co>Fe for Alt|noluk garden (GC).

The mobility of Mn, Cd, Cu, Pb, and Zn indicates that the metals originated from
anthropogenic sources remained in relatively weakly bound forms [12]. High fractions
were found in the residual phase for Cr (�56%), Ni (�66%), Co (�70%), and Fe
(�94%), which are possibly related to the solid residual phases of soils. The high con-
tents in the residual fraction expecially for Fe showed that this metal is strongly bound
to minerals and resistant components. When the first three fractions of the sequential

Table 3. Determination of heavy metals in the reference material NIST SRM 1573 a (tomato leaves), mg g�1.

Element This methoda Certified value Recovery (%)

Cu 4.92� 0.14 4.70� 0.14 105
Ni 1.54� 0.20 1.59� 0.07 96.9
Cd 1.48� 0.05 1.52� 0.04 97.4
Cr 2.15� 0.36 1.99� 0.06 108
Co 0.56� 0.11 0.57� 0.02 98.2
Fe 390� 6 368� 7 106
Mn 243� 3 246� 8 98.8
Zn 27.1� 0.5 30.9� 0.7 87.7
Pb 7.39� 0.75 –b –

aMean and standard deviation from four determinations. bNo certified.
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extraction procedure were taken into consideration, the highest proportions for Co and
Cd were found in the first extraction stage (exchangeable and acid soluble), about
14 and 37.4%, respectively. It is known that the carbonates in soil contain significant
trace-metal concentrations, which are sensitive to changes in pH. The Cd in this frac-
tion is the most labile; hence, it may be available for uptake by the total biota [30].
The second stage which involves the reducible forms of the target phase (bound to
Fe/Mn oxides) has the highest percent mobility for Mn, Cu, and Ni with proportions
of 51.2, 41.8 and 13.4%, respectively. Pueyo et al. [31] reported that Mn was mainly
associated with reducible fractions in the slightly contaminated soils, such as Mn
oxides. The adsorption by Fe-Mn oxides controls the Cu and Ni levels in soils. The
high surface area and adsorbing capacity of Fe/Mn oxides coupled with the ability of
Cu to replace Fe2þ in some Fe oxides may be responsible for such adsorption [32]. Pb
in the soil samples was partitioned almost equally in both the reducible phase (27.5%)
and oxidizable phase (27.3%). The adsorption of Pb cations on the hydrous (amorphic)
oxides of Fe/Mn is considered a reasonably universal fixation mechanism, and the
ability of lead to form organic complexes is known [32]. The highest extractable frac-
tions for Zn and Cr elements were found to be 35.2 and 26.6%, respectively, at the
third extraction stage. This result indicates that in soils these two metals probably
occurred in the forms of metal sulphides and/or bound to organic substances.

3.5 Heavy metals in vegetables

The results of metal analyses in the lettuce, parsley, dill and onion samples are
illustrated in figure 2a, b, c and d, respectively. However, the chromium concentrations
are not presented in figure 2d because they were under the detection limit in the onions.
As can be seen from figure 2, when compared with the soil types, significant
differences were observed on the basis of vegetable samples for Mn, Fe and Zn.
For example, the mean Mn concentrations in the lettuce, parsley and dill were 94, 66
and 94 mg g�1, respectively, while the Mn concentrations in the onion samples were
only about 10 mg g�1. The mean Fe concentrations were between approximately 70 and
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Figure 1. Fractionation patterns of the elements in the soil samples using the modified BCR sequential
extraction (n¼ 33).
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80 mg g�1 in the lettuce and parsley but between 20 and 30 mg g�1 in the dill and onion
samples. The mean Zn concentrations in the lettuce, parsley, dill and onion were
approximately 28, 20, 11 and 11 mg g�1, respectively. This indicates that different
plants can take up and/or accumulate metals in various amounts. From the results
obtained, no important difference was observed between the metal uptake by the
same kind of vegetable sample taken from the same and/or different garden soil,
although soils contained different amounts of the metals [1–3, 17].

The metal concentrations in the vegetable samples were compared with their typical
plant values [28]. The results show that all the vegetable samples except onion were
polluted by Cr, Pb, Cd and Co, probably originating from human activities such as
traffic, atmospheric deposition, or fertilizer.

3.6 Correlation between heavy-metal concentrations in different
fractions of soils and vegetable samples

One of the most important applications of chemical speciation and/or fractionation
of metals in soils is to estimate their bioavailabilities to plants. Different forms of
labile metals in soils extracted by chemical reagents were usually assessed for their
availabilities to plants based on the correlation between metal concentrations in the
plant tissue and different labile forms of the metal in the soils. If the accumulation
of any element by a plant correlates significantly with the extractable fraction of soil,
it can be assumed that the extractable fraction of the metal is readily available to
plants [25, 33]. Therefore, in this work, a single correlation analysis was performed
to investigate the relationships between concentrations of metals in different soil frac-
tions and vegetables. For all the binary correlations, significant r values (>|�0.334|,
n¼ 33) at the 95% confidence level [34] are shown in bold in table 5. According to
table 5, the significant correlations from the viewpoint of bioavailability between the
metal concentrations determined in the vegetable samples and in different extraction
steps of the modified BCR sequential extraction procedure for the soils were acquired.
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Figure 2. Results of metal analyses (a) in the lettuce (Lactuca sativa L.), (b) in parsley (Petroselinum
crispum), (c) in dill (Anethum graveolens), and (d) in onion (Allium cepa L.).
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The highest correlation coefficients between vegetable and soil samples were obtained
from first and third extraction steps of the BCR sequential extraction procedure.
There were meaningful positive relationships between Niv–Ni1 (0.624), Cov–Co1
(0.405), Crv–Cr1 (0.564), Fev–Fe1 (0.471), Cuv–Cu2 (0.450), Crv–Cr2 (0.362),
Mnv–Mn2 (0.462), Fev–Fe2 (0.448), Znv–Zn2 (0.424), Crv–Cr3 (0.605), Fev–Fe3
(0.683), Znv–Zn3 (0.841), Cov–CoR (0.492), Cuv–Cut (0.371), Cov–Cot (0.537),
Crv–Crt (0.523) and Znv–Znt (0.534). A similar relationship for Ni was also found
in our another study [25]. The high negative correlations were observed between
Cd1–Cdv (–0.442), Cu3–Cuv (�0.784) and NiR–Niv (�0.408) due to the antagonistic
effect in plants [2]. Where 1, 2, 3 and R denote the metals determined in different frac-
tions of the BCR procedure and residual, respectively, v denotes vegetable content, and
t denotes metal content based on the sum of fractions of the BCR procedure including
the residual phase. The high correlation coefficients obtained from the first and third
extraction steps of the modified BCR procedure are in good agreement with the litera-
ture [25, 26]. The extracted metal species from the soils, exchangeable and bound to
carbonates, with acetic acid at the first step, are generally considered as the most
mobile and immediately bioavailable forms to plants, and metals bound to organic
matter are also found to be available to plants. Acetic acid extractant used is found
in the nature of organic acids secreted by plant root, and therefore, the metal forms
extracted by acetic acid may be considerably similar to those of metals that are avail-
able to the plant [25, 26]. Also, the correlation analysis results indicated that residual
contents of the heavy metals in soils and the sum of metal contents extracted with
the sequential extraction procedure were poor indicators of heavy-metal uptake by
the plant.

The correlation coefficient between metal concentrations of each type vegetable
sample and their corresponding in soil fractions are shown in table 6. For all the
binary correlations, significant r values at the 95% confidence level are shown in bold-
face. The highest positive correlations were obtained between Cdt–Cdlettuce (0.935),
CdR–Cdlettuce (0.935), Zn3–Znlettuce (0.910), PbR–Pbparsley (0.847), Pb3–Pbparsley
(0.902), Pb2–Pbparsley (0.899), Cd2–Cddill (0.965), Ni2–Nidill (0.938), Cot–Codill (0.938),
CoR–Codill (0.938), Znt–Znonion (0.972), ZnR–Znonion (0.975), Zn3–Znonion (0.966),
Zn2–Znonion (0.940), Zn1–Znonion (0.946), Pb1–Pbonion (0.932), Mn1–Mnonion (0.918),
Fet–Feonion (0.914), and FeR–Feonion (0.914). An interesting consequence observed in

Table 5. Correlation coefficients (r) between the metal contents in different soil fractions (i.e. F1, F2, F3,
Residual (R), Total) and their corresponding values in the vegetables (n¼ 33).

Element

Fraction

F1 F2 F3 R Total

Cuv �0.177 0.450 �0.784 0.193 0.371

Pbv 0.063 0.081 0.179 0.057 0.110
Niv 0.624

a 0.161 �0.050 �0.408 �0.274
Cov

b 0.405 0.254 0.293 0.492 0.537

Cdv �0.442 �0.129 0.159 �0.144 �0.209
Crv 0.564 0.362 0.605 0.222 0.523

Mnv �0.146 0.462 0.064 �0.086 0.147
Fev 0.471 0.448 0.683 �0.133 �0.040
Znv �0.113 0.424 0.841 0.145 0.534

aSignificant at 95% confidence level (rcritical¼ 0.334, n¼ 33). bCov: cobalt concentrations in vegetables, etc.
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relation to the uptake of Zn by onion samples was the highly meaningful correlations
existing between Zn contents of the vegetable and each of the soil fractions.

4. Conclusion

In this study, the distribution of heavy metals in the different soil fractions obtained by
the modified BCR procedure for the three garden soils and metal uptake of correspond-
ing vegetable samples were examined using a correlation analysis. Soil is a complicated
system, and interactions between biota and soil are intricate. Therefore, more detailed
information is needed to evaluate soil heavy-metal availability to plants. However, the
highest correlation coefficients between vegetable and soil samples were obtained from
first and third extraction steps of the BCR sequential extraction procedure, i.e. Niv–Ni1
(0.624), Cov–Co1 (0.405), Crv–Cr1 (0.564), Crv–Cr3 (0.605), Fev–Fe3 (0.683), and
Znv–Zn3 (0.841). Moreover, the metals having the highest concentrations on average
in the vegetable samples were Mn (from 10 to 94 mg g�1), Fe (from 20 to 80 mg g�1)
and Zn (from 11 to 28 mg g�1), while the other metals investigated had concentrations
lower than 10 mg g�1. The results of vegetable analyses show that no important differ-
ence was observed between the metal uptake by the same kind of vegetable sample
taken from the same and/or different garden soil, although soils contained different
amounts of the metals. The heavy-metal mobility order (%) based on the sum of the
first three fractions of the BCR procedure for the soils studied was found to be
Mn>Cd>Cu>Pb>Zn> Cr>Ni>Co>Fe. The recovery values of metals for the
methods used in analyses of both soil and vegetable samples were relatively satisfactory.
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