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Abstract

The aim of our study was to estimate the influence of mineral fertilization on the contents of various

lead, cadmium, and chromium forms in the soil. It was based on a field experiment of ten plots. In average

soil samples taken in 2002-04, the pseudo-total lead, cadmium, and chromium content was determined.

Chemical forms of these metals, by modified BCR method, were also determined.

The lead content in particular fractions can be arranged quantitatively (average values) in order as fol-
lows: F2 (26%)>F3 (16%)>F1 (2%), in the case of cadmium: F2 (27%)>F1 (17%)>F3 (5%), and in the case
of chromium: F3 (5%)>F2 (3%)>F1 (0.2%). The accumulation of lead, cadmium, and chromium in the soil

during the experiment was observed. After the third year of experiment the most mobile cadmium and chromi-

um forms (soluble + exchangeable fraction) increased, while in the case of lead they generally decreased.

Keywords: cadmium, nickel, chromium, organic fertilizers, metal fractions, soil

Introduction

Heavy metal contamination of arable land is mainly
related to atmospheric deposition of industrial dust [1, 2], as
well as the application of biosolids and mineral fertilizers
(especially containing phosphorus) [3-5]. Fertilization can
lead to heavy metal accumulation and fractional composi-
tion changes in the soil. The influence of fertilization with
mixed fertilizers on fractional composition of heavy metals
in the soil, including lead, cadmium, and chromium, is
examinated to a small degree.

Lead and cadmium belong to a group of toxic elements
for plants. Chromium was never recognized as an essential
element for plant growth, but some of its stimulative effects
were reported [6]. In the case of Cr only Cr(VI) compounds
are toxic [7]. The plant uptake of these elements is usually
directly proportional to the concentration in the soil.
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Excess Pb causes a number of toxicity symptoms in
plants, e.g. stunted growth, chlorosis, and blackening of
root systems. Lead inhibits photosynthesis, upsets mineral
nutrition and water balance, changes hormonal status, and
affects membrane structure and permeability [8]. The accu-
mulation of lead in plants, as compared to other heavy met-
als, occurs slowly.

Cadmium can alter the synthesis of RNA (inhibit ribonu-
clease activity), and reduce the absorption of nitrate and its
transport from roots to shoots by inhibiting the nitrate reduc-
tase acitivity in the shoots. It interacts with water balance and
damages photosynthetic apparathus. Cd inhibits oxidative
mitochondrial phosphorylation, reduces activity of plasma
membrane ATPase and strongly affects the activity of several
enzymes (e.g. isocitrate dehydrogenase and Rubisco) [9].

Chromium toxicity in plants is observed at multiple lev-
els, from reduced yield, through effects on leaf and root
growth, to inhibition on enzymatic activities and mutagen-
esis [10].
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The aim of our study was to evaluate changes (after
application of mineral fertilization) in lead, cadmium, and
chromium contents in fractions in the soil during the three
years of the experiment.

Experimental Procedures

Study was based on a field experiment at the
Agricultural Technical High School in Bialystok. It was set
in 2001 on typical brown soil (clay content 26%) developed
on the light loam, low phosphorus (43.5 mg P-kg"'), and
potassium (102.3 mg K-kg") content and pH=7.51 (in 1
mol-dm” KCI). The experiment consisted of 10 objects (in
split-plot system):

1. control

2. urea (65 kg-ha') + 64 kgha' P,O; (binary fertilizer

Agrecol) + 94 kg-ha' K,O (Agrecol)

Polifoska 6 (500 kg-ha')

Polifoska 8 (375 kg-ha)

Polifoska B (375 kg-ha™)

Polimag 305 (600 kg-ha)

Polimag 405 (600 kg-ha™)

calcium sulfate tetraurea (112 kg-ha') + 64 kg-ha' P,O;

(Agrecol) + 94 kg-ha' K,O (Agrecol)

9. fertilizer made from sewage sludge, further as granu-
late (430 kg-ha) + 84 kg-ha' K,O (chloride potassium
salt)

10. phosphogypsum (3,500 kg-ha') + 30 kg-ha' N (Salmag)
+ 96 kg-ha' K,O (chloride potassium salt) + 40 kg-ha™
P,0; (triple superphosphate)

The urea, Polifoska 6, Polifoska 8, Polifoska B,
Polimag 305, Polimag 405, chloride potassium salt, triple
superphosphate, and phosphogypsum came from ZCh
Police S.A. chemical plant. The Salmag came from
Nitrogen Works Kedzierzyn (Zaklady Azotowe Kedzierzyn
S.A.) and Agrecol from AGRECOL Sp. z o. o. in
Wieruszow. The granulate was produced by the Institute for
Chemical Processing of Coal (Instytut Chemicznej
Przerobki Wegla) in Zabrze. It consisted of about 70%
sewage sludge and about 30% potassium nitrate (KNO;).
The calcium sulphate tetraurea was produced by Fertilizers
Research Institute (Instytut Nawozow Sztucznych) in
Putawy. It was prepared by grinding a stoichiometric mix-
ture of urea and calcium sulfate.

The above-presented fertilization was applied once
before sowing at the end of August 2001. The following
additional fertilization was applied to all experimental
objects: 2002) after sowing under rapeseed — 100 kg N-ha'!
(57.5 kg N'ha! in a form of urea and 42.5 kg N-ha' in the
form of ammonium nitrate); 2003) before sowing under
cereal mixture (1/3 of spring wheat, 1/3 of barley, 1/3 of
oats) — 72 kg N-ha' (8 kg N-ha' as Polimag 305 and 64 kg
N-ha'! in the form of urea) and after sowing 1.5 kg N-ha' (as
leaf fertilizer Ekolist Standard); 2004) before winter triticale
sowing — 11.1 kg N-ha' in a form of Lubofos 10, and after
crop 38.2 kg N-ha' in a form of urea. Phosphorus and potas-
sium were applied in a dose of polimag and lubofos.

S A A ol

Every object had three replications and the area of a sin-
gle plot was 40 m’. Table 1 lists the contents of general nutri-
ents and some heavy metals in mineral fertilizers applied.

Soil samples were taken from the ploughing layer (1-20
cm) in 2002-04 after plant harvest. Pseudo-total lead, cad-
mium and chromium content was determined in mean sam-
ples (after previous digestion at 30% H,O, with 1:1 HCI
addition). Modified BCR method [11] was used to describe
fractional composition of the studied metals in each sample.
Extraction included three stages: 1 g of the soil was
weighed and placed in a centrifuging tube, then subjected to
sequential extraction according to the scheme:

F1 —soluble + exchangeable fractions using 0.11 mol-dm™

CH,;COOH in a ratio of 1:40 (m/V)

F2 — metals bonded to iron and manganese oxides using 0.5

mol-dm® NH,OH-HCI at a ratio of 1:40 (m/V), pH 2
F3 — metals bonded to organic matter applying 8.8 mol-dm™

H,0, at a ratio of 1:10 (m/V), and then (after evapora-

tion) using 1 mol-dm™® CH;COONH, at a ratio of 1:50

(m/V), pH 2

The mixture was centrifuged after every stage and
extracts were stored until analysis at 4°C. All determina-
tions in fractions were made by means of GFAAS tech-
nique using Varian AA100 apparatus. The pseudo-total
metal content was determined by means of FAAS. Certified
Reference Material (CRM023-050, Sandy Loam) from the
Resource Technology Corporation was used for the valida-
tion of pseudo-total metal content. The content in residual
fraction was calculated (pseudo-total minus sum of
extractable fractions).

Lead, cadmium, and chromium contents in fractions were
statistically processed, applying three-factor variance analy-
sis, and differences were evaluated by Tukey’s test. Sorption
capacity was evaluated by means of Kappen’s method, pH in
1 mol-dm” KCI — potentiometrically and organic carbon con-
tent — using ThermoEuroglas TOC 1200 apparatus.

Table 1 lists the contents of general nutrients and some
heavy metals in mineral fertilizers applied.

Results and Discussion

In all objects, pseudo-total lead, cadmium, and chromi-
um contents (Table 2) were within the range for agricultur-
al soils [12]. In the soil of all objects the accumulation (con-
tent increase in 2003 and 2004 as compared to 2002) of
above-mentioned metals was observed.

The content of lead in the soil samples from the first
year was higher from 0.4 (object with calcium sulfate
tetraurea) to 1.9 mg-kg"' (object with Polifoska 8), as com-
pared to the control. In the second year, in all objects the
increase (3.3 mg-kg' on average) of pseudo-total Pb content
occurred in comparison with the first year. Significant dif-
ferences between the objects with fertilizers was not
observed. In the last year the pool of lead slightly decreased
(in fertilized objects slightly higher, as compared to the con-
trol object and the highest decrease was in the soil of
objects from 5 to 8).
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Table 1. Chemical composition of mineral fertilizers used in experiment.

N P K Mg Zn Cu Pb Ni Cd Cr
Fertilizer
gkg' mgkg'

Urea 460 - - - - - - - - -

Ammonium nitrate 340 - - - 0.2 10.0 0.17 7.5 0.03 23
Agrecol - 96 266 - - - - - - -

Polifoska 6 60 87 250 - 31.2 1.7 1.19 38.0 3.12 24.0
Polifoska 8 80 105 200 - 159.3 39 2.45 35.1 16.17 19.6
Polifoska B 80 48 200 - 87.2 2.8 2.11 33.0 11.40 32.9
Polimag 305 50 70 200 48 28.5 2.8 1.50 97.0 1.61 31.2
Polimag 405 50 44 166 36 364 1.3 1.59 295.1 1.22 25.1
Calcium sulfate tetraurea 280 2 - - 33 1.9 3.81 1.5 2.19 0.9
Granulate 61 21 108 6 560.0 217.0 89.97 26.0 1.13 9.8
Chloride potassium salt - - 498 - 436.0 9.3 1.17 04 0.01 -

Phosphogypsum - 6 - - 9.2 5.5 11.03 43 6.10 3.7
Salmag - 275 - 24 153.4 25 0.07 0.6 0.09 18.1
Triple superphosphate - 201 - - 16.1 21.6 0.04 6.5 4.82 123
* Lubofos 10 50 100 150 25 80.0 12.0 <1.60 <1.0 <0.70 <1.0
* Ekolist Standard 100 - 50 16 3.0 5.0 <1.00 <1.0 <1.00 <1.0

*contents according to the manufacturer

Table 2. Pseudo-total Pb, Cd, and Cr content (mg-kg' DM) in soil.

' pseudo-total Pb pseudo-total Cd pseudo-total Cr
Object 2002 2003 2004 xB 2002 2003 2004 xB 2002 2003 2004 xB
1 5.1 9.3 8.0 7.5 0.65 0.91 0.85 0.80 19.3 272 29.8 254
2 6.8 9.4 8.7 83 0.68 1.24 0.88 0.93 18.6 20.1 20.3 19.7
3 6.5 9.3 8.6 8.1 0.66 1.15 0.90 0.90 223 294 259 25.9
4 7.0 9.2 8.5 8.2 0.66 0.99 0.88 0.84 18.1 29.9 21.5 232
5 6.2 9.6 9.2 8.3 0.66 1.03 0.79 0.83 247 29.7 31.6 28.7
6 6.3 9.6 9.7 8.5 0.65 1.12 0.90 0.89 235 27.1 29.7 26.8
7 54 9.1 9.0 7.8 0.67 1.00 0.79 0.82 194 26.5 220 22.6
8 5.5 9.8 9.2 8.2 0.65 1.26 0.87 0.93 22.1 31.1 234 25.5
9 6.2 9.6 8.6 8.1 0.67 1.15 0.91 0.91 234 30.0 28.3 27.2
10 5.7 94 8.8 8.0 0.65 1.09 0.86 0.87 20.2 27.6 27.7 252

xA 6.1 9.4 8.8 0.66 1.09 0.86 212 27.9 26.0

1 — control, 2 — urea (65 kg-ha')+64 kg-ha' P,05 (Agrecol)+94 kg-ha' K,O (Agrecol ), 3 — Polifoska 6 (500 kg-ha'), 4 — Polifoska 8
(375 kgrha') 5 — Polifoska B (375 kg-ha'), 6 — Polimag 305 (600 kg-ha'), 7 — Polimag 405 (600 kg-ha™'), 8 — calcium sulfate tetraurea
(112 kg-ha')+64 kg-ha' P,Os (Agrecol)+ 94 kg-ha'! K,O (Agrecol), 9 — granulate (430 kg-ha')+84 kg-ha' K,O (potassium salt), 10 —
phosphogypsum (3,500 kg-ha')+ 30 kg-ha' N (Salmag) + 96 kg-ha' K,O (potassium salt) + 40 kg-ha' P,Os (triple superphosphate)

LSD — o =0.05 a *=0.01 LSD — a=0.05 o *=0.01 LSD — a=0.05 o *=0.01
A — years 0.51 A — years 0.07 A — years 1.92
B — fertilization not significant B — fertilization not significant B — fertilization =~ 4.92
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Table 3. The amount of Pb, Cd, and Cr (g-ha') introduced into soil with applied fertilizers in particular years.

Object Pb Cd Cr

2001 | 2002 | 2003 | 2004 | total | 2001 | 2002 | 2003 | 2004 | total | 2001 | 2002 | 2003 | 2004 | total
1 - - - - - - - - - - - - - - -
2 - 0.02 | 026 | 036 | 0.64 - 0.004 | 0.280 | 0.160 | 0.444 - 029 | 501 | 022 | 5.52
3 0.60 | 0.02 | 026 | 036 | 1.24 | 1.560 | 0.004 | 0.280 | 0.160 | 2.004 | 12.00 | 0.29 | 5.01 | 022 | 17.52
4 092 | 0.02 | 026 | 036 | 1.56 | 6.060 | 0.004 | 0.280 | 0.160 | 6.504 | 7.35 | 0.29 | 5.01 | 022 | 12.87
5 079 | 0.02 | 026 | 036 | 1.43 | 4280 | 0.004 | 0.280 | 0.160 | 4.724 | 12.34 | 029 | 5.01 | 022 | 17.86
6 090 | 0.02 | 026 | 036 | 1.54 | 0.970 | 0.004 | 0.280 | 0.160 | 1.414 | 18.72 | 0.29 | 5.01 | 022 | 24.24
7 095 | 0.02 | 026 | 036 | 1.59 | 0.730 | 0.004 | 0.280 | 0.160 | 1.174 | 15.06 | 0.29 | 5.01 | 0.22 | 20.58
8 043 | 0.02 | 026 | 036 | 1.07 | 0.250 | 0.004 | 0.280 | 0.160 | 0.694 | 0.10 | 0.29 | 5.01 | 022 | 5.62
9 38.85 | 0.02 | 0.26 | 036 | 39.49 | 0.490 | 0.004 | 0.280 | 0.160 | 0.934 | 421 | 029 | 5.01 | 022 | 9.73
10 38.81 | 0.02 | 0.26 | 036 | 39.45 | 21.780 | 0.004 | 0.280 | 0.160 | 22.224 | 15.99 | 0.29 | 5.01 | 0.22 | 21.51

An increase of average pseudo-total lead content in
2003 and 2004 in comparison with 2002 was observed. It
was the effect of ploughing the rapeseed straw and roots.
Plants take up and accumulate 93-96% of lead cations in
roots (they can take from 3 to about 50 times more lead than
leaves) [13].

In the soil samples from 2002, from fertilized objects,
Cd levels were comparable and near to the control. In the
second year, in all objects the increase of pseudo-total Cd
content was higher than in control object as compared to
2002 (0.43 mgkg' on average). Significant differences
between fertilized objects were not observed. In 2004 the
pool of cadmium decreased. In the most fertilized objects it
was slightly higher than in control object.

A significant increase of average Cd content in the 2003
soil, as compared to the previous year, was observed.
Similar to the case of lead, it could be the effect of plough-
ing the rapeseed straw and roots (most Cd in plants is accu-
mulated in roots).

In 2002 accumulation of chromium in the soil of most
objects in comparison with control object was noted. The
content increase was significantly higher only in soil from
objects with Polifoska B, which can be explained by the
high Cr content in this fertilizer (the highest among applied
fertilizers). In the second year in the soil of all objects the
increase of chromium content was found as compared to
the previous year. Generally, the contents were higher than
in the control object. Between fertilized objects significant
differences were not observed. Only the soil from objects
fertilized with urea contained significantly less chromium
as compared to the other fertilized objects and to the con-
trol. In the soil from the year 2004 the chromium content
was significantly differentiated by the applied fertilization.
In the soil from objects with urea, Polifoska 8, and
Polimag 405 the content was significantly lower as com-
pared to the other fertilized objects and to the control
object.

In soil from 2003, average Cr content increased as com-
pared to 2002, and was statistically proven to be significant.
The cause, similar to the above-mentioned elements, was
chromium applied to the soil with ploughed rape straw and
especially its roots, in which this plant accumulates most
chromium [14].

A significant decrease of average Pb, Cd, and Cr pseu-
do-total content, as compared to 2003, was probably
caused by removal by plants uptake or shifting deeper into
the soil.

With applied fertilization during the experiment, mini-
mal amounts of lead, cadmium, and chromium (Table 3)
were introduced into the soil.

pH value during the experiment remained at a constant
level with a slight decreasing tendency (Table 4). The influ-
ence of NPK fertilization on pH decrease (within four
years) was confirmed by study of Kalembasa and
Kuziemska [15].

Organic matter content increased in all objects after the
third year (as compared to that after the first year), and the
highest increase occurred in objects with granulate (8.3%).
It’s a result of high organic matter content in the sewage
sludge, which is the main component of granulate. Mazur
[16], studying crop rotation with increasing NPK mineral
fertilization, also stated organic matter content increase in
the soil, which ranged from 0.18 to 0.61%.

Content decrease in four objects (with Polifoska 6,
Polifoska B, Polimag 305, and Polimag 405) in 2003 (above
10% in comparison to 2002), can be explained by errors on
the sample preparation stage, before organic carbon determi-
nation. The mean sample must be very well homogenized.
This is critical, since sample weight during determination did
not exceed a few milligrams.

In general, sorption capacity of the soil slightly
increased in 2004, in comparison to 2002. The highest
increase (0.9%) was noted in objects with granulate, where
organic matter content increased the most.
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Table 4. pH (in 1 mol-dm™ KCl), organic matter content (%) and CEC (mmol(+)-kg") in soil.
pH Organic matter CEC
Object
2002 2003 2004 2002 2003 2004 2002 2003 2004
1 7.49 7.44 747 248 2.51 2.53 46.6 458 46.8
2 7.48 7.42 7.43 2.96 2.94 3.11 48.8 47.6 49.1
3 7.48 7.43 7.47 3.06 2.85 332 46.8 46.5 46.3
4 7.49 7.44 7.44 3.04 2.94 3.13 46.1 47.6 46.5
5 7.53 7.39 7.45 3.10 2.98 3.24 48.8 47.7 49.0
6 7.49 747 7.42 2.92 2.67 2.93 47.9 47.5 47.9
7 7.60 7.46 7.44 3.02 2.93 3.16 484 47.1 479
8 7.49 7.46 7.37 2.39 2.70 2.58 48.7 48.2 48.9
9 7.48 7.38 7.47 2.19 225 237 48.9 49.8 49.8
10 7.52 7.34 7.37 2.05 2.01 2.16 48.7 46.9 48.8

CEC — cation exchange capacity

Lead

The average content of mobile lead forms was signifi-
cantly differentiated by applied fertilization (Table 5). The
highest amount was found in the 9™ object (16.7%), as a
result of high Pb content in granulate (which was many
times greater compared to the other applied fertilizers). The
lowest Pb amount was observed in objects with Polifoska B
(12.2%). The average percentage of lead in three fractions
increased as compared to the control (which means mobil-
ity increase) in objects with Polifoska 6, Polifoska 8, gran-
ulate, and with phosphogypsum. In the soil of the rest of
objects percentage was lower than in control soil.

Mineral fertilization caused significant differentiation
of lead content in the fractions. The highest Pb content was
observed in Fe/Mn oxide-bound fractions (25.8%), while
the lowest (2.3%) was in the exchangeable fraction, which
is the most available. Such distribution of lead between
fractions in the soil is confirmed by studies of Banat et al.
[17]. The average lead content (in 39 samples of agricultur-
al soil from different locations in Jordan) in the oxide frac-
tions constituted 26% of total content, while in the
exchangeable fraction authors have determined 13.6% Pb
on average. Residual fraction, similar to studies discussed
in this paper (Table 6), contained the highest amount of lead
(28.7% of total content).

The significant differences of lead content in soil sam-
ples in the particular years were stated. The highest amount
of discussed elements were found in fraction F2, where its
gradual content increase was observed. In 2004 it occurred
due to the partial redistribution of Pb from residual fraction.
The content of lead in exchangeable fraction during the
experiment remained at the same level. Other results pre-
sent Tu et al. [18] on the basis of a three-year study on red
soil. Mineral fertilization with nitrogen and phosphorus
caused significant decreases of Pb content in exchangeable
fraction. The increase of lead content in this fraction

occurred as a result of potassium fertilization. Significant
influence of mineral fertilization on Pb content in fractions
bound with organic matter, similar to our investigations,
was not stated. On the basis of the above-mentioned study
and our investigations, it can be stated that fertilizers do not
only provide plants with nutrients, but may also act to
change the chemical forms of heavy metals in the soil and
thus their bioavailability.

Average lead content in three fractions, during the first
two years of experiment, remained on the same level. Its
increase occurred in 2004 as a result of Pb content decrease
in the residual fraction. Soil microorganism activity was
probably the cause of that part of the metal being released
from residual fraction, since a radical change of environ-
mental conditions (especially pH decrease) in this year was
not observed.

The soil in particular years was significantly differenti-
ated by the average percentage of mobile lead fractions.
The soil samples from 2002 and 2003 contained similar
amounts of lead. In 2004 a significant Pb content increase
in the soil occurred due to the redistribution of this element
from the residual fraction (Table 6). The cause was
described above.

Cadmium

The average content of mobile cadmium forms in the
soil was not significantly differentiated by applied fertiliza-
tion (Table 7). The highest amount was found in control
object (16.9%) and the lowest in objects with calcium sul-
fate tetraurea (15.1%). The increase of cadmium mobility
(increase of the average percentage in three fractions as
compared to the control) was not stated.

The content of cadmium in fractions was significantly
differentiated. The highest amount of this element
(26.6%), a three-year average, was bound with Fe/Mn
oxides. These oxides have sites on their surface that pro-
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Table 5. Lead fractions (% of pseudo-total Pb) in studied soil by BCR method.

2002 2003 2004 xB-C B
Object xC
F1 F2 F3 F1 F2 F3 F1 F2 F3 F1 F2 F3
1 2.4 26.1 17.2 2.0 24.0 16.3 2.5 252 17.8 23 25.1 17.1 14.8
2 2.5 19.3 12.7 2.6 25.1 14.1 1.7 339 17.0 23 26.1 14.6 14.3
3 3.1 19.3 15.8 1.7 26.3 16.8 2.7 36.7 14.2 2.5 274 15.6 152
4 32 21.8 15.6 2.0 219 15.8 2.8 37.8 153 2.7 27.2 15.6 15.1
5 2.4 16.6 142 1.6 18.5 12.5 2.1 28.0 13.9 2.0 21.0 13.5 122
6 2.5 20.1 16.4 1.3 18.0 154 1.8 33.0 154 1.9 23.7 15.7 13.8
7 1.7 254 17.0 1.4 21.7 18.0 23 32.8 124 1.8 26.6 15.8 14.7
8 2.4 20.0 154 1.3 18.9 13.3 24 314 14.3 2.0 234 14.3 133
9 4.1 22.8 133 2.6 26.2 17.3 32 424 18.1 33 30.5 16.2 16.7
10 1.7 18.0 17.3 1.6 21.7 16.8 2.6 40.3 16.6 2.0 26.7 16.9 152
AB 2.6 20.9 15.5 1.8 222 15.6 24 342 15.5
xA113.0 xA2132 xA3174
xB123 xB225.8 xB3 155

1 — control, 2 — urea (65 kg-ha')+64 kg-ha' P,O5 (Agrecol)+94 kg-ha' K,O (Agrecol ), 3 — polifoska 6 (500 kg-ha'), 4 — polifoska 8
(375 kgrha') 5 — polifoska B (375 kg-ha'), 6 — polimag 305 (600 kg-ha™), 7 — polimag 405 (600 kg-ha'), 8 — calcium sulfate tetraurea
(112 kgrha')+64 kg-ha' P,Os (Agrecol)+ 94 kg-ha'! K,O (Agrecol), 9 — granulate (430 kg-ha')+84 kg-ha' K,O (potassium salt), 10 —
phosphogypsum (3,500 kg-ha')+ 30 kg-ha' N (salmag) + 96 kg-ha' K,O (potassium salt) + 40 kg-ha' P,Ojs (triple superphosphate)

LSD — a=0.05 0*=0.01

A — years 1.44 A'B
B — fractions 1.44 A-C
C — fertilization ~ 3.63* B-C

mote specific adsorption of divalent cations, which is one
of the reasons behinds its extraordinary cadmium adsorp-
tion ability [19].

The significant differences of cadmium content in soil
samples in the particular years were stated. Most cadmium
(49.7% on an average) was found in fraction F2 in 2002.
This fraction during the experiment has accumulated the
highest amounts of cadmium. The average Cd content in
this fraction, in 2004, decreased by 68% as compared to
2002. During the experiment an average amount of Cd in
fraction F3 dropped by 47.6%. In the following years a
gradual increase of cadmium content in fraction F1, most
mobile, was stated. In 2002 it was caused by redistribution
from fraction F2 and to a lesser degree from fraction F3,
while in 2004 the increase was connected with redistribu-
tion from residual soil fraction. Significant changes of Cd
content in an easily soluble and exchangeable fraction,
bound with Fe/Mn oxides and organic matter in the four-
year experiment, were not observed by Gondek [14]. His
pot experiment was conducted on brown soil. In objects
with mineral fertilization he used salt solutions such as
NH,NO;, Ca(H,PO,),'H,0, and KCI. Like the author says,
the highest amounts of cadmium were found in easily solu-
ble fractions (according to Zeien and Briimmer) extracted
with NH,NO; solution.

3.37
not significant
not significant

The soil in particular years was significantly differenti-
ated by the average percentage of mobile Cd fractions due
to its content changes in residual fraction (Table 8) and
pseudo-total content. The most amount of mobile cadmi-
um (19.7% on an average) in soil samples from 2002 was
determined, while the less amount (10.7%) in soil from
2003.

Chromium

Applied fertilization significantly differentiated average
percentage of mobile chromium in the soil samples (Table
9). The most Cr was found in objects fertilized with
Polimag 405 (3.08% on an average), while the least in
objects with Polimag 305 (2.10% on an average). The
increase of chromium mobility in all objects (except objects
with Polifoska B and Polimag 305) was observed.

The content of chromium in fractions was also signifi-
cantly differentiated. The highest amounts of this element
were found, during the experiment, in fraction F3 (4.56%
on an average). The least chromium was noted in fraction
F1 (0.15% on an average). Filipek-Mazur and Gondek [7]
obtained similar results in the two-year experiment. They
were using three doses of Cr (5, 15, 45 mg'kg' of soil DM)
in the form of K,Cr,0; and KCr(SO,),"12H,0 against a
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Table 6. Percentage of mobile lead fractions and residual fractions in pseudo-total content by BCR method.
2002 2003 2004 - -
Objects : : : F1+lf2+F3 resi)(ciual
F1+F2+F3 residual FI1+F2+F3 residual F1+F2+F3 residual
1 457 543 423 57.7 45.5 54.5 445 55.5
2 345 65.5 41.8 58.2 52.6 474 43.0 57.0
3 382 61.8 44.8 552 53.6 46.4 45.5 54.5
4 40.6 59.4 39.7 60.3 559 44.1 454 54.6
5 332 66.8 32.6 67.4 44.0 56.0 36.6 63.4
6 39.0 61.0 34.7 65.3 50.2 49.8 413 58.7
7 44.1 559 41.1 58.9 475 525 442 55.8
8 37.8 62.2 335 66.5 48.1 51.9 39.8 60.2
9 40.2 59.8 46.1 53.9 63.7 363 50.0 50.0
10 37.0 63.0 40.1 59.9 59.5 40.5 455 54.5
x 39.0 61.0 39.7 60.3 52.1 47.9
Table 7. Cadmium fractions (% of pseudo-total Cd) in studied soil by BCR method.
2002 2003 2004 xB-C _
Object xC
F1 F2 F3 F1 F2 F3 Fl1 F2 F3 F1 F2 F3
1 3.5 47.7 5.9 16.2 18.5 4.1 329 19.0 3.9 17.5 284 4.6 16.9
2 29 50.2 6.5 11.5 114 3.8 322 16.6 4.1 15.5 26.1 4.8 15.5
3 32 53.5 6.2 13.1 13.6 3.9 34.7 134 29 17.0 26.8 43 16.1
4 2.8 453 6.8 14.0 15.5 47 32.6 18.6 2.6 16.5 26.5 4.7 15.9
5 2.8 50.3 5.2 13.9 15.2 53 36.8 13.0 3.1 17.8 26.2 45 16.2
6 3.1 52.5 7.2 133 134 4.6 32.0 16.9 3.1 16.1 27.6 5.0 16.2
7 3.1 51.1 5.8 13.9 14.7 53 35.7 13.1 4.8 17.6 26.3 53 16.4
8 2.8 448 6.5 12.1 12.0 3.5 322 19.4 29 15.7 254 43 15.1
9 29 522 7.2 13.4 13.9 4.4 284 133 2.6 14.9 26.5 4.7 154
10 3.7 49.7 5.9 13.6 13.2 5.0 30.2 15.9 3.1 15.8 26.3 47 15.6
xAB 3.1 49.7 6.3 13.5 14.1 45 32.8 15.9 33
xA119.7 xA210.7 XA3173
xB116.5 xB226.6 xB34.7

1 — control, 2 — urea (65 kg-ha')+64 kg-ha' P,05 (Agrecol)+94 kg-ha' K,O (Agrecol ), 3 — Polifoska 6 (500 kg-ha'), 4 — Polifoska 8
(375 kgrha') 5 — Polifoska B (375 kg-ha'), 6 — Polimag 305 (600 kg-ha'), 7 — Polimag 405 (600 kg-ha™), 8 — calcium sulfate tetraurea
(112 kgrha')+64 kg-ha' P,Os (Agrecol)+ 94 kg-ha'! K,O (Agrecol), 9 — granulate (430 kg-ha')+84 kg-ha' K,O (potassium salt), 10 —
phosphogypsum (3,500 kg-ha')+ 30 kg-ha' N (salmag) + 96 kg-ha' K,O (potassium salt) + 40 kg-ha' P,Os (triple superphosphate)

LSD — a=0.05 a*=0.01

A — years 1.21 A'B 2.82
B — fractions 1.21 A-C not significant
C — fertilization ~ not significant B-C not significant
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Table 8. Percentage of mobile cadmium fractions and residual fractions in pseudo-total content by BCR method.

2002 2003 2004 - -
Objects : : : F 1+1§2+F3 resi)(ciual
F1+F2+F3 residual F1+F2+F3 residual F1+F2+F3 residual
1 57.1 429 38.8 612 55.8 442 50.6 494
2 59.6 404 26.7 733 529 47.1 46.4 53.6
3 62.9 37.1 30.6 69.4 51.0 49.0 482 51.8
4 549 45.1 34.2 65.8 53.8 46.2 47.6 524
5 58.3 41.7 344 65.6 529 47.1 48.5 51.5
6 62.8 372 313 68.7 52.0 48.0 48.7 513
7 60.0 40.0 339 66.1 53.6 46.4 492 50.8
8 54.1 459 27.6 724 54.5 45.5 454 54.6
9 62.3 37.7 31.7 63.3 443 55.7 46.1 53.9
10 59.3 40.7 31.8 682 49.2 50.8 46.8 532
X 59.1 40.9 32.1 67.9 52.0 48.0
Table 9. Chromium fractions (% of pseudo-total Cr) in studied soil by BCR method.
2002 2003 2004 xB-C B
Object xC
F1 F2 F3 F1 F2 F3 F1 F2 F3 F1 F2 F3
1 0.14 1.80 1.73 0.14 1.88 1.44 0.17 4.18 9.83 0.15 2.62 4.33 2.37
2 0.13 1.68 1.82 0.17 249 1.94 0.21 5.69 12.79 0.17 3.29 5.52 2.99
3 0.10 2.33 1.55 0.10 1.78 1.28 0.17 5.71 9.11 0.12 3.27 3.98 2.46
4 0.11 2.71 2.03 0.11 1.81 1.42 0.23 6.31 11.88 0.15 3.61 5.11 2.96
5 0.08 1.39 1.22 0.09 1.64 1.43 0.18 5.62 8.63 0.12 2.88 3.76 2.25
6 0.08 1.48 1.30 0.11 1.69 1.28 0.19 3.66 9.07 0.13 2.28 3.88 2.10
7 0.11 245 249 0.10 1.75 2.03 0.22 5.86 12.67 0.14 335 5.73 3.08
8 0.12 1.59 1.64 0.12 1.94 1.53 0.25 4.69 11.06 0.16 2.74 4.74 2.55
9 0.12 2.00 2.07 0.10 1.52 1.26 0.24 5.64 9.00 0.15 3.05 4.11 244
10 0.14 2.68 241 0.12 1.83 1.23 0.21 4.15 9.67 0.16 2.89 4.44 2.49
xAB | 011 2.01 1.83 0.12 1.83 1.48 0.21 5.15 10.37
xAl 1.32 xA2 1.14 xA3 524
xB1 0.15 xB2 3.00 xB3 4.56

1 — control, 2 — urea (65 kg-ha')+64 kg-ha' P,O5 (Agrecol)+94 kg-ha' K,O (Agrecol ), 3 — Polifoska 6 (500 kg-ha'), 4 — Polifoska 8
(375 kgrha') 5 — Polifoska B (375 kg-ha'), 6 — Polimag 305 (600 kg-ha'), 7 — Polimag 405 (600 kg-ha'), 8 — calcium sulfate tetraurea
(112 kg-ha')+64 kg-ha' P,O5 (Agrecol)+ 94 kg-ha' K,O (Agrecol), 9 — granulate (430 kg-ha')+84 kg-ha' K,O (potassium salt), 10 —
phosphogypsum (3,500 kg-ha')+ 30 kg-ha' N (salmag) + 96 kg-ha' K,O (potassium salt) + 40 kg-ha" P,Oj5 (triple superphosphate)

LSD — 0 =0.05 a*=0.01

A — years 0.33 A'B 0.78
B — fractions 0.33 A-C not significant
C — fertilization ~ 0.84 B-C not significant
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Table 10. Percentage of mobile chromium fractions and residual fractions in pseudo-total content by BCR method.
. 2002 2003 2004 < <

Objects ;
FI+F2+F3 | residual | FI+F2+4F3 | residual | FI+F2+F3 | residual | FIPF2#F3 | residual

1 3.7 96.3 35 96.5 14.2 85.8 7.1 929
2 3.6 96.4 4.6 95.4 18.7 81.3 9.0 91.0
3 4.0 96.0 32 96.8 15.0 85.0 7.4 92.6
4 4.9 95.2 33 96.7 18.4 81.6 8.9 91.1
5 2.7 97.3 32 96.8 14.4 85.6 6.8 932
6 29 97.1 3.1 96.9 12.9 87.1 6.3 93.7
7 5.1 95.0 39 96.1 18.8 81.3 9.2 90.8
8 34 96.7 3.6 96.4 16.0 84.0 7.6 924
9 4.2 95.8 29 97.1 14.9 85.1 7.3 92.7
10 52 94.8 32 96.8 14.0 86.0 7.5 92.5
x 4.0 96.1 34 96.6 15.7 84.3

background of constant NPK fertilization. Chromium was Conclusions

accumulated mainly in residual fractions of studied soil and
fractions bounded with Fe oxides. In the two most mobile
fractions (according to Tessier) the amount of Cr was very
low.

The content of discussed elements in fractions from
particular years was significantly differentiated. Fractions
bound with Fe/Mn oxides contained the most chromium
(from about 2 to above 5% on average). Only in 2004 did
more Cr contain fractions bounded with soil organic mat-
ter (due to redistribution from residual fraction). The con-
tent of chromium in this fraction, in 2004, was higher as
compared to 2002 and 2003. In the case of exchangeable
fractions, slight Cr content increase was also observed.
This was the result of redistribution from F3 fraction in
2004. The average chromium content in fractions F2 and
F3in 2003 decreased, as compared to the year 2002. It was
caused by pseudo-total Cr content increase in this year, as
well as by redistribution from fractions F1, F2, and F3 to
residual fractions of soil (Table 10). Such redistribution in
a one-year study on sandy agricultural soil was observed
by Han et al. [20]. Chromium in the form of nitrate applied
into the soil was shifting as the time went by from soluble
and exchangeable fractions into more stable fractions
(bound with carbonates, Fe/Mn oxides, organic matter, and
residual fraction). Chromium redistribution between par-
ticular fractions in the mineral fertilized soil was not stat-
ed by Zhao et al. [21].

Significant differences of chromium content in soil
samples from particular years were observed. Its highest
amount (5.24%) was found in soil samples from 2004. It
was caused by redistribution of chromium from residual
fraction (Table 10) into all three mobile fractions (especial-
ly into F3 fraction). The reason for such shifting is
described above.

1. The accumulation of lead, cadmium, and chromium in
soil was observed.

2. Mineral fertilization significantly influenced the con-
tent of lead and chromium mobile forms in the soil.

3. The lead content (mean values) in particular fractions
can be arranged quantitatively in a sequence: F2
(26%)>F3 (16%)>F1 (2%), in the case of cadmium: F2
(27%)>F1 (17%)>F3 (5%), and in the case of chromi-
um: F3 (4.6%)>F2 (3.0%)>F1 (0.2%)).

4. The amount of most mobile cadmium and chromium
forms (soluble + exchangeable fraction) increased dur-
ing the experiment.
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