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1 INTRODUCTION

In recent years, increasing agricultural, industrial
and urban activities have led to a significant release of
toxic elements (TEs) including cadmium (Cd), cop�
per (Cu), nickel (Ni), lead (Pb), and zinc (Zn) into
environment. These TEs can contaminate soils and
can be transferred into the food chain [21]. Soil, with
its potential to filter and transform TEs, is concerned
as a key factor for environmental health [16]. The TEs
occur naturally in soils and some of them are essential
micronutrients for plants. At elevated levels, TEs,
however, may become potentially toxic. Because of the
growing awareness of these problems, TEs in soils have
received widespread scientific and legislative attention
during the last years [18].

Knowledge about total concentrations of TEs in
soils is essential for many geochemical applications;
however, total TEs concentration alone is definitely
not sufficient for an adequate assessment of the envi�
ronmental impacts of metal contaminants. The toxic�
ity and mobilization of TEs in soils depend on their
specific chemical form, their binding state, the metal

1 The article is published in the original.

properties, and soil properties [10, 27, 37, 44]. There�
fore, the chemical fractionation of TEs should be
taken into account in pollution studies since total con�
centrations in soils provide limited information on the
mobilization of these elements [27, 37, 44]. Thus,
assessment of the mobilization of TEs in soils using
sequential extraction techniques is a key issue in many
environmental studies [37, 44].

The distribution of TEs among specific fractions
varies widely based on the element’s chemical proper�
ties and soil characteristics such as pH, particle size
distribution, total carbonates, Fe�Mn oxides, organic
matter (OM), and mineralogical composition. Thus,
TEs distribute in soils in various geochemical frac�
tions, i.e. water�soluble, exchangeable, carbonate
associated, Fe�Mn oxide�associated, organic�associ�
ated and residual forms. Water�soluble and exchange�
able fractions are considered to be mobile; oxide�, car�
bonate� and organic matter� bound fractions may be
potentially mobile; while the mineral fraction is
mainly not available to either plants or microorgan�
isms [20, 27, 37, 44, 20]. For environmental purposes,
a subject of prime interest tends to be the amount of
mobile fraction of TEs in the soils, since this fraction
greatly influences plant growth and element uptake,
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the quality of ground waters, and the pollution status
of waterways [29]. Therefore, it is important to evalu�
ate the mobilization of TEs to establish environmental
guidelines for potential toxic hazards and to under�
stand chemical behavior and fate of TEs contaminants
in soils.

Floodplain soils are formed by the periodical depo�
sition of suspended sediments from river water during
flood events [11, 34]. Because of their generally high
fertility, some floodplain soils have also been intensively
used for agriculture for a long time. Today, an additional
considerable risk is associated with the often very high
levels of TEs in floodplain soils [7, 9, 17, 31, 33, 38, 45].

Soils are dynamic systems and their formation is
depended on the climate and the position in the land�
scape which determines the hydrological regime, soil
biota, parent material and time. A number of studies
have shown correlations between soil formation and
properties [9]. The progress of soil formation may
therefore influence the distribution of TEs in soils.
During soil formation, the soil properties can change
dramatically, impacting the fractions and mobilization
of TEs. The agricultural floodplain soils of Egypt,
Germany and Greece differ widely in their origin,
development and properties and therefore it is
expected TEs content and its distribution among the
different geochemical fractions to differ significantly.

Previous studies have detected Mollic Fluvisols
and Eutric Gleysols as the most contaminated soil
types in floodplains along the Elbe River and have
determined the geochemical fractions of TEs in these
soils (e.g., [33, 37, 44]. In addition, Shaheen et al. [43]
presented the geochemical fractions of Co, Ni, Se, V
in floodplain soils at the lower course of the Nile
Delta. However, considerable knowledge gaps exist
about the fractionation of TEs in the floodplains at the
Pinios River. Moreover, according to our knowledge
the comparison between the geochemical fraction and
mobilization of TEs in three representative floodplain
soils originates from different regions under large vari�
ation of the soil forming factors and process is still lim�
ited. Therefore, the objective of this study was to quan�
tify and compare the total concentrations of cadmium
(Cd), copper (Cu), nickel (Ni), lead (Pb), and zinc
(Zn) as well as their geochemical fractions in three
selected floodplain soils representing the fluvial sedi�
ments of the rivers Nile (Egypt), Elbe (Germany), and
Pinios (Greece) in relation to basic soil properties.

MATERIALS AND METHODS

Sampling Sites

Three surface soil samples were collected from
floodplains close to the Rivers Nile, Elbe and Pinios
representing the fluvial soils in Egypt, Germany and
Greece, respectively (Fig. 1).

The German study area is located in floodplains at
the Central Elbe River in Germany. It has been served

as model region for common floodplains in Europe
[17]. The sampling location is situated on stream kilo�
meter 284, (51°54′51″ N, 11°58′33″ E) (Fig. 1). The
long�term annual precipitation ranges from 470 to
570 mm and the mean annual air temperature is
approximately 8.0°C [34]. The sampling location was
selected after large�scale conventional soil mapping
and several years of comprehensive field pedological
research in the floodplains of the Elbe River [34, 35,
53]. The site is used as extensive grassland, pasture or
fallow. the study site is periodically flooded mainly
depending on snow melt (winter and spring) and
heavy rainfalls (spring and summer).

The study site of the Egyptian soil is located in the
Kafr El�Sheikh governorate at the north of the Egyp�
tian Nile Delta. The Nile delta is located along the
southern coast of the Mediterranean Sea (30°00′–
31°40′ N and 30°00′–32°30′ E) (Fig. 1), which is
under an arid climate with an annual precipitation of
<100 mm [5]. More details about this soil are pub�
lished in Shaheen et al. [45]. The site is used as agricul�
tural soil for different field crops such as corn and veg�
etables in summer and wheat and/or beans in winter.

The Greek soil was a typical alluvial soil located in
a place near to Pinios River very close to the city of
Larissa. These soils are developed by the continuous
deposition of soil materials carried by the Pinios
River’s waters which goes through a catchment area
consisting mainly of calcareous rocks. The climate in
the area is characterized by the low annual rainfall
ranging from 400 to 500 mm, and high air temperature
happened during the summer time (mean annual air
temperature 15.5–16.5°C, mean maximum air tem�
perature 43–46°C and mean annual minimum air
temperature –0.2°C). Very often these soils flooded by
the Pinios River’s waters. They are productive soils
cultivated mainly with corn, cotton, and alfalfa [13].

Soil Collection and Characterization

The collected samples were air�dried, ground to
pass through a 2�mm sieve and analyzed for their basic
physical and chemical properties according to the pro�
cedures referred by Sparks et al. [49]. Dithionite
extractable iron (Fed) was extracted with 3M sodium
citrate + 1 M sodium bicarbonate + 1 g sodium
dithionite in a water bath heated at 85°С [28]. Associ�
ated Al and Mn measured in the same extracts.
Oxalate extractable iron (Feo), aluminum (Alo), and
manganese (Mno) oxides content were extracted with
0.175 M ammonium oxalate + 0.1 M oxalic acid
adjusted to pH 3.0. Alkaline soils were pre�treated with
1 M ammonium acetate (pH 5.5) to remove carbon�
ates according to Loeppert and Inskeep [26]. The val�
ues of Fe, Al and Mn in the extractants were deter�
mined by atomic absorption spectrometry (Varian,
SpectrAA�400 Plus, Australia). Particle size analysis
was performed according to Gee et al. [15] and Schli�
chting et al. [40].
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Fractionation of Cd, Cu, Ni, Pb, and Zn

We have selected Cd, Cu, Ni, Pb, and Zn because
they reveal relatively high concentrations as compared
to other elements in the studied soils and their high
ecotoxicological impact on the agro�ecosystem [37,
42, 44].

Fractionation of Cd, Cu, Ni, Pb, and Zn
in the Nile and Pinios Soils

The chemical fractions of Cd, Cu, Ni, Pb, and Zn
were determined by a sequential extraction method or
five�step chemical fractionation based on the work of
Tessier et al. [50] and proposed by Elliot et al. [12],
Garcia�Delgado et al. [14], and Sánchez�Martín et al.
[39] to characterize the partitioning of Cd, Cu, Ni, Pb,

and Zn in studied soils. The method used discrimi�
nates the elements into soluble plus exchangeable (F1:
1 M NH4OAc (pH 7.0), easily mobilizable or carbon�
ate bound (F2: 1 M NH4OAc adjusted to pH 5 with
HOAc), Fe�Mn oxide bound (F3: 0.175 M (NH4)2C2O4
and 0.1 M H2C2O4), organically bound (F4: 0.1 M
Na4P2O7), and residual fraction (F5: HNO3 + HCL +
H2O2). Separation between steps was by decantation
of the supernatant after centrifugation at 5000 rpm for
20 min. In order to determine the total metal concen�
trations 1 g soil was solubilized by acid digestion using
HNO3 + HCL + H2O2 [52]. Additionally, available
form was extracted using DTPA [25]. The element
concentrations were determined using an atomic
absorption spectrometry (Varian, SpectrAA�400 Plus,
Australia).

N

Fig. 1. Map of the sampling locations.
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Fractionation of Cd, Cu, Ni, Pb, and Zn in the Elbe soil

The soil was sequentially extracted to obtain the
seven fractions of Cd, Cu, Ni, Pb and Zn according to
Zeien and Brummer [56] and proposed by Rinklebe
and Shaheen [37] and Shaheen and Rinklebe [44].
Briefly, 2 g of air dried soil (<2 mm) and 50 mL extract�
ing agent were shaken (overhead 20 rotations min–1) at
20°C. The soil was centrifuged for 10 min at 3000 g and
filtered (592, Schleicher and Schuell, Dassel, Ger�
many). The extracting agents and common interpreta�
tion of fractions were as follows: F1: 1 M NH4NO3 (Sol�
uble plus exchangeable fraction), F2: 1 M NH4�acetate
(easily mobilizable fraction), F3: 0.1 M [NH3 (OH)]Cl
+ 1 M NH4—acetat (bound to Mn (hydr)oxides), F4:
0.025 M NH4—EDTA (bound to soil organic matter
(SOM)), F5: 0.2 M NH4—oxalate buffer (bound by
low crystalline Fe (hydr)oxides), F6: 0.2 M NH4—
oxalate buffer + ascorbic acid (bound by crystalline Fe
(hydr) oxides), F7: Aqua Regia (residual fraction). The
entire pool of Fe�Mn oxide fraction in the tabled data
calculated from the summation of F3, F5 and F6 and
presented as F3. Pseuod (total) concentrations of Cd,
Cu, Ni, Pb, and Zn in separate soil samples were
quantified after digestion using aqua regia (37% HCl
65% HNO3, 3 : 1) (DIN ISO 11466, 1997).

Chemical Analysis and Quality Control

The total concentrations of Cu, Ni, Pb, and Zn in
the digested soil samples and the concentrations of
different element fractions after extractions of the soil
were measured by inductively�coupled plasma with
optical emission spectrometry (ICP�OES) and Cd by
graphite furnace atomic absorption spectrometry
(GF�AAS). Blanks, triplicate measurements of the
elements in the extracts, and analysis of multi�element
standards (Merck) were routinely included for quality
control. Maximum allowable relative standard devia�
tion between replicates was set to 10%. Origin Pro 7.5G
(OriginLab Corporation, Northampton, USA) was
used for creating the figures.

RESULTS AND DISCUSSION

Characterization of the Studied Soils

Classification of the studied soils and their basic
properties are presented in (Table 1). The three soils
are classified as Entisols [48]. The Nile soil is a Typic
Ustifluvent, the Pinios soil a Typic Xerofluvent, and
the Elbe soil is classified as Vertic Fluvaquent. The
soils exhibited different particle size distribution and

 
Table 1. Classification and selected properties of the studied floodplain soils

Tested characteristics
Nile Soil Pinios Soil Elbe Soil

Typic Ustifluvent Typic Xerofluvent Vertic Fluvaquent
Particle size distribution, %

Sand (0.063–2 mm) 12 75 5
Silt (63–2 μm) 41 16 48
Clay (<2 μm) 47 9 47

Tested Basic characteristics
pH (1 watetr : 1 soil) 7.87 7.75 4.05
EC, (dS/m) 0.782 0.184 1.03
OM, % 1.86 1.31 9.92
CEC, cmolc kg–1 72.1 13.6 16.35
CaCO3, % 1.5 10.45 Íå îáí.
Olsen�P, mg kg–1 18.8 7.81

Total oxides, g kg–1

Fe 57.8 22.7 28.6
Mn 1.06 0.61 0.21
Al 52.8 37.8 –

CBD�extracted oxides, g kg–1

Fed 10.8 2.96 6.90
Mnd 0.92 0.25 0.01
Ald 0.89 0.23 –

Oxalate�extracted oxides, g kg–1

Feox 2.54 1.12 6.30
Mnox 0.78 0.19 0.02
Alox 1.86 0.80 –

 Active oxide ratio, OX/CBD
Feo/Fed 0.235 0.378 0.913
Mno/Mnd 0.848 0.760 2.000
Alo/Ald 2.089 3.478 –

pH (1 : 1 H2O); EC; Electric conductivity; OM: Organic matter; CEC: Cation Exchange Capacity (cmolc kg–1); TCE: Total CaCO3
equivalent; Fed, Ald, Mnd : Citrate�bicarbonate�dithionate (CBD) extractable� Fe, Al, Mn ; Feo, Alo, Mno: Ammonium oxalate�oxalic
acid extractable� Fe, Al, Mn;  nd: not detected; (–): not measured.
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chemical properties. The diverse geological nature of
these deposits is reflected in the wide variation of clay
content, carbonates content, and the forms of Fe, Al
and Mn oxides. The Pinios soil is characterized by a
sandy texture while the Nile and the Elbe soils are
dominated by silt and clay. The Nile and Pinios soils
were alkaline with pH values ranging from 7.8 to 7.9,
while the Elbe soil was acidic with pH value 4.1. The
Nile soil showed the highest cation exchange capacity
(72.1 cmol c kg–1) followed by the Elbe (16.4) and the
Pinios soils (13.6). The Nile and Pinios soils were poor
in OM content compared to the Elbe soil. Enrichment
of the Elbe soil by OM could be explained by the pro�
longed sedimentation of OM�rich colloids and parti�
cles at restricted aerobic decomposition during the
flooding conditions [36]. The Pinios soil had the high�
est total calcium carbonate content (0.5%) followed by
the Nile soil, while no carbonates were detected in the
acidic Elbe soil. Total Fe, Al, and Mn concentrations
differed largely between the soil (Table 1). The Nile
soil showed the highest total concentrations of Fe, Al
and Mn compared to the two other soils. In the Nile
and Pinios soils, the Feo and Mno concentrations were
low compared to Fed and Mnd suggesting that the
majority of Fe and Mn existed in crystalline forms. On
the other hand, Alo values were higher than those of
Ald suggesting that Al oxides mainly existed in amor�
phous form. However, in the Elbe soil, the amorphous
iron (Feo) was very close to Fed, while Mno values were
higher than those of Mnd suggesting that Mn oxides
mainly existed in amorphous form. Thus, the active
ratios (Feo/Fed and Mno/Mnd) of these oxides differed
between the studied soils, where the Elbe soil showed
the highest active Fe and Mn ratios followed by Pinios
and Nile soils (Table 1). A number of studies have
shown correlations between soil development and soil
properties such as pH, carbonate content, clay miner�
alogy, soil organic matter composition or extractable
Fe�, Mn� and Al�oxides [9]. The progress of soil for�
mation may therefore significantly influence TEs dis�
tribution in soils. Consequently, the large differences
in these properties were expected to affect TEs mobi�
lization and distribution by fractions.

Total Concentrations and Fractions of Cd, Cu, Ni, Pb, 
and Zn Total Concentrations

The Elbe soil showed the highest total concentra�
tion of the studied elements (except Ni), in which the
Pinios soil had the greatest amount of this element
(Table 2). Such high total TEs concentrations in sam�
ples from soils closer to the Elbe River were described
previously [7, 37, 44]. Furthermore, the total TEs
concentrations in the Elbe soil were in the range of
those documented for other floodplain soils along the
river Elbe and its catchment [7, 37, 44]. Concentra�
tions of the studied TEs (except Pb) were lower than
the mean concentrations of topsoils reported for the
Elbe soil [22]. However, according to the critical con�

centrations in soils as referred by Kabata�Pendias [21],
the total concentrations of Cu, Pb, and Zn in the Elbe
soil were found to be within the critical range concen�
trations. The Pinios soil showed total Ni higher than
the critical concentration. The three soils had total Cd
lower than the critical concentrations.

High total TEs concentration in the Elbe soil com�
pared to the Nile and Pinios soils are considered to be
due to the discharge of contaminated waters into the
Elbe River by these elements mainly caused by anthro�
pogenic activities. In this respect, it was reported that,
during the last century large amounts of TEs from
anthropogenic and geogenic sources have been accu�
mulated in floodplain soils of the Elbe River ecosystem
[33, 37, 44]. These TEs were carried along with the river
water and sediments, and originate from various sources
in the catchment area such as industrial or mining
activities, agricultural non�point sources, mining, or
natural, geogenic processes [31, 34]. Large portions of
these contaminants are sorbed to suspended particulate
matter and can sediment in the riverbed [11]. On the
other hand the high total concentrations of Ni in the
Pinios and Nile soils as compared to the Elbe soil might
be explained by the increase of Ni�bearing clay minerals
in the Pinios and Nile soils. We did not determine clay
mineralogy of the soils under consideration, but previ�
ous studies showed that similar fluvial soils from Egypt
and Greece contain appreciable amounts of serpentine,
vermiculite, smectite, and different ferromagnesian
minerals [1, 41].

Fractions of Cd, Cu, Ni, Pb, and Zn

The sequential extraction used in this study is use�
ful to indirectly assess the potential mobility and
mobilization of the studied elements in the soils. The
chemical fractions are operationally defined by an
extraction sequence that follows the order of decreas�
ing solubility [2]. Assuming that the potential mobility
is related to solubility, then element mobilization
decreases in the order: water soluble > exchangeable >
carbonate > Fe�Mn oxide > organic > residual [27, 37,
44]. This order offers qualitative information about
element bioavailability. Based on the above informa�
tion, we can further assume that elements in the non�
residual fractions are potential mobile than elements
associated with the residual fraction. The non�residual
fraction is the summation of the extracted fractions
except the residual fraction [37, 44]. The non�residual
fraction is often considered as the potential hazardous
fraction to organisms because this fractions bond much
less strongly with soil phases than residual fraction [57].
Additionally, the mobilization of TEs in soils will be
assessed using the mobile fraction (MF = F1 + F2)
[37, 44]. The high MF values have been interpreted as
symptoms of relatively high lability and biological
availability of TEs in soils [27, 37, 44]. The concentra�
tions of element content in each fraction are expressed
as mg kg–1 and as an extraction percentage, reflecting
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individual fraction removal relative to the total concen�
tration which represents 100% (Table 2, Figs. 2 and 3).

Cadmium

The studied soils showed high variation in the dis�
tribution of Cd among the different geochemical frac�

tions (Fig. 2). In the Nile and Pinios soils, Cd was
mostly concentrated in the residual fraction, while in
the Elbe soil it was concentrated in the non�residual
fractions. The percentages of total Cd in the residual
fraction were 6.3, 61.3 and 84.3% in the Elbe, Pinios
and Nile soils, respectively. These data demonstrate
that, in the Elbe soil the percentage of Cd in the non�

Table 2. Chemical fractions of Cd, Cu, Ni, Pb, and Zn in the studied floodplain soils

Fractions
Nile Soil Pinios Soil Elbe Soil

mg kg–1 % of ΣF1–F5 mg kg–1 % of ΣF1–F5 mg kg–1 % of ΣF1–F5

Cd
F1 0.08 4.65 0.02 1.33 0.75 52.45
F2 0.12 6.98 0.35 23.33 0.24 16.78
F3 0.07 4.07 0.21 14.00 0.25 17.49
F4 – 0.00 – 0.00 0.10 6.99
F5 1.45 84.30 0.92 61.34 0.09 6.29
ΣF1–F5 1.72 100.0 1.50 100.0 1.43 100.0
Total 1.81 1.68 1.85
% Recovery 95.0 89.3 77.3

Cu
F1 0.14 0.21 0.11 0.37 1.91 1.70
F2 0.17 0.26 0.23 0.77 2.44 2.17
F3 18.46 28.14 9.27 31.22 33.76 30.08
F4 3.25 4.96 1.32 4.45 43.02 38.32
F5 43.71 66.63 18.88 63.59 31.13 27.73
ΣF1–F5 65.60 100.0 29.70 100.0 112.26 100.0
Total 67.46 31.92 119.70
% Recovery 97.24 93.04 93.78

Ni
F1 0.27 0.37 0.15 0.06 4.82 13.94
F2 0.43 0.60 1.27 0.55 0.31 0.90
F3 6.58 9.18 14.06 6.06 11.24 32.50
F4 0.58 0.81 4.43 1.91 2.75 7.95
F5 63.75 89.04 212.34 91.45 15.46 44.71
ΣF1–F5 71.60 100.0 232.2 100.0 34.58 100.0
Total 74.27 236.41 29.05
% Recovery 96.41 98.22 119.04

Pb
F1 1.06 3.84 0.38 1.79 14.48 8.28
F2 0.48 1.75 2.05 9.53 24.29 13.89
F3 1.20 4.36 1.12 5.21 72.69 41.58
F4 0.00 0.00 0.72 3.35 46.92 26.83
F5 24.76 90.05 17.23 80.13 16.47 9.42
ΣF1–F5 27.50 100.0 21.50 100.0 174.85 100.0
Total 30.56 22.78 188.55
% Recovery 89.99 94.38 92.73

Zn
F1 0.14 0.15 0.07 0.17 21.78 18.20
F2 0.28 0.31 0.27 0.62 2.47 2.06
F3 6.51 7.16 2.83 6.59 39.63 33.12
F4 1.58 1.73 0.56 1.30 3.43 2.87
F5 82.45 90.65 39.27 91.32 52.35 43.75
ΣF1–F5 90.95 100.0 43.00 100.0 119.66 100.0
Total 92.49 45.64 110.00
% Recovery 98.33 94.22 108.78
F1: Soluble + Exchangeable fraction; F2: Carbonate fraction; F3: Fe/Mn Oxide fraction; F4: Organic fraction; F5: Residual fraction;
bdl: Below Detection Limit.
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residual fractions (93.7%) was much greater than that
of the residual fractions (Fig. 3). Among the non�
residual fractions, the soluble plus exchangeable frac�
tion contained the largest amount of Cd in Elbe River
soil compared to the Nile and Pinios soils, in which
the carbonate fractions have the highest amount of Cd
(Fig. 2, Table 2). Increasing the soluble plus exchange�
able fraction of Cd in the Elbe soil may be explained by

its high acidity, while increasing of the carbonate Cd
fraction in the Pinios and Nile soils could be explained
by their high alkalinity and carbonate content. Fur�
thermore, our data showed that about 4–17% of the
total Cd was distributed in oxide fraction in the soils
and only 7% of Cd in the Elbe soil was in the organic
fraction, while the same fraction was not detected in
the Nile and Pinios soils.
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Data in Fig. 3 showed that the MF of Cd was the
dominant non�residual fraction in the soils especially
in the Elbe soil. This suggests that Cd in the studied
soils especially in the Elbe soil was potentially mobile

because the metals present in the MF are usually
thought to be readily available for plant uptake [37, 44,
45]. In this respect, Lair et al. [23] studied the distribu�
tion of Cd among geochemical fractions in floodplain
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soils from Egypt, Germany and Greece.



EURASIAN SOIL SCIENCE  Vol. 48  No. 12  2015

FRACTIONATION AND MOBILIZATION OF TOXIC ELEMENTS IN FLOODPLAIN SOILS 1325

soils and reported that Cd remained in weakly bound
fractions in both original and spiked soils. Addition�
ally, [54] it was reported that Cd has the highest mobi�
lization of the elements studied since it presented the
highest content in the first fraction (mobile) followed
by Mn, Zn, Pb Cu, and Fe, respectively. This indicated
that Cd formed weak complexes and was easily
removed at the initial stages of the extraction. Those
results indicate that the potential release of Cd may be
harmful for the ecosystem particularly with view to the
transfer of Cd in the food chain via plants and/or
groundwater.

Copper

The data of Table 2 show that most of the Cu in the
Nile and Pinios soils was present in the residual frac�
tion (63–67%), while only 28% of the total Cu was
distributed in the residual fraction in the Elbe soil
(Fig. 3). Although Cu was found in the non�residual
fractions in the three soils, a small percentage of Cu
(0.47–3.8%) was associated with the MF. These
results confirm that, Cu is specifically adsorbed or
fixed in soils, making it one of the TEs which move the
least [47]. The Fe�Mn oxide Cu was the dominant non
residual fraction in the Nile and Pinios soils (28–31%)
followed by the organic fraction (<5%). On the other
hand, the organic fraction was dominant (38%) in the
Elbe soil followed by Fe�Mn oxide Cu (30%) as shown
in Fig. 2. These results concluded that, Cu distribution
in various chemical fractions depended on the total Cu
content of the studied soils. As the total Cu concentra�
tion in the Elbe soil is higher compared to the two
other soils, the percent of total Cu in the soluble +
exchangeable, carbonate, and organic fractions
increased. Increasing the organic fraction of Cu in the
Elbe soil may be explained by its high content of total
organic carbon. The major association of Cu with the
organic fraction in the Elbe soil may be due to high
formation constants of organic�Cu complexes. Our
results were consistent with those of Ma and Rao [27]
who found significant amount of Cu in soils associated
with the organic fraction and forms specific complexes
with soil organic matter. The association of a signifi�
cant amount of Cu with organic fractions was also
observed by others who found that the MF accounted
for less than 0.5% of the total soil Cu [2, 44].

Lead

In the Nile and Pinios soils, Pb was mostly concen�
trated in the residual fraction, while in the Elbe soil it
was concentrated in the non�residual fractions
(Table 2). The percentages of total Pb in the non�
residual fraction were about 90, 20 and 10% in Elbe,
Pinios and Nile soil, respectively (Fig. 3). Among the
non�residual fractions, Fe�Mn oxide fraction con�
tained the largest amount of Pb in the Elbe (42%) and
Nile soils (4.4%) followed by the organic fraction

(27%) in the Elbe and soluble + exchangeable fraction
in the Nile soil. While in the Pinios soil, carbonate
fraction had the greatest amount of Pb (Fig. 2). The
increase of the oxide fraction in the Elbe and Nile soils
might be explained by the higher active iron rations in
these soils than the Pinios soil. In addition, the
increase of the carbonate fraction in the Pinios soil
might be due to its high content of total calcium car�
bonates as compared to the Elbe and Nile soils
(Table 1). Similar findings have been reported in the
study of Li et al. [24] in which a low percentage of sol�
uble and exchangeable fractions of Pb (1.8%) were
observed [24]. This is consistent with results obtained
by several authors who found that Fe and Mn hydrous
oxides are important scavengers of Pb [2]. In this
respect, Nogueira et al. [30] reported that Pb was the
element found associated to more stable amorphous
and crystalline fractions and not to the exchangeable
fraction. Lead usually shows high affinity to the oxide
and residual fractions [47], where it is strongly bound
and thus decreases its mobilization and soil availability
to plants [46].

The MF of Pb in the Elbe soil was high compared
to the Nile and Pinios soils. The percentages of total
Pb in the mobile fraction were 22.2, 11.3, and 5.6% in
the Elbe, Pinios, and Nile soils, respectively (Fig. 3).

Nickel

The Elbe soil showed �unlike the other tested ele�
ments� lower concentration of total Ni than the Nile
and Pinios soil (Table 2). However, like, Cd and Cu
most of the total Ni in the Nile and Pinios soils was
present in the residual fraction (>89%), while only
45% of the total Ni was fractionated in the residual
fraction in the Elbe soil (Fig. 3). These results are con�
sistent with the observations of Ma and Rao [27] who
suggested that a majority of the Ni in soils and sedi�
ments was detrital in nature. Also, our results were in
agreement with Doelsch et al. [8] who demonstrated
that the residual fraction was the dominating binding
form of Ni which can be regarded as hard�reactive
concerning metal dynamics. In this respect Xaio et al.
[55] studied the fractionation of Ni in cropland soils
from reclaimed tidal wetlands in Pearl River estuary,
South China and found that the total proportion of
exchangeable and carbonate bound Ni contributed
less than 6.6% of the total Ni, while similar to Cr, the
residual form was predominant, having a proportion of
>68% in all the soils sampled.

The Fe�Mn oxide fraction was the dominant non
residual fraction in the three studied soils by a percent
around 32, 9 and 6% of total Ni in the Elbe, Nile and
Pinios soils, respectively followed by the organic frac�
tion in the Nile and Pinios soils and the soluble +
exchangeable fraction in the Elbe soil (Fig. 2).
According to Kabata�Pendias [21], Ni is geochemi�
cally siderophilic and will join metallic Fe wherever
such a phase occurs. During weathering process, Ni is
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easily mobilized and then is co�precipitated mainly
with Fe oxides. The high affinity of Ni to react and be
bound to Fe oxides were reported by others [32, 58].

The Elbe soil showed the highest MF of Ni com�
pared to the Nile and Pinios soils. The percentages of
total Ni in the MF were 14.8, 0.61 and 0.97% in the
Elbe, Pinios and Nile soils respectively (Fig. 3).
Increasing the mobile fraction of Ni in the Elbe soil
may be explained by its low pH value. These results
confirm the immobilization of Ni making it one of the
TEs which show low availability. Hseu [19] found that
low Ni concentrations were associated with the
exchangeable plus carbonate fraction that are con�
sidered as readily bio�available. Antic�Mladenovic
et al. [4] speculate that an amount of Ni can poten�
tially be mobilized either by reducing dissolution of
oxides or oxidative degradation of soil organic matter.

Zinc

Like the other elements, in the Nile and Pinios
soils, Zn was mostly concentrated in the residual frac�
tion, while in the Elbe soil it was concentrated in the
non�residual fractions. The percent of total Zn in the
non�residual fraction were around 57, 10, and 9% in
the Elbe, Nile and Pinios soils, respectively (Table 2).
The higher percentage of Zn in the residual fraction in
the Nile and Pinios soils probably reflects the greater
tendency for Zn to become unavailable once it was in
soils. Similar Zn results were reported by [6, 29].

Among the non�residual fractions, the Fe�Mn
oxide contained the highest amount of Zn in the stud�
ied soils containing about 33% in the Elbe soil fol�
lowed by the soluble plus exchangeable fraction, and
7% in the Nile and Pinios soils followed by the organic
fraction (Table 2, Fig. 2). This may be partially due to
the high stability constants of Zn oxides. Several other
scientists have also found that Zn is associated with
Fe�Mn oxides [29, 44].

The MF of Zn in the Elbe soil was high compared
to the Nile and Pinios soils. Xian [54] found that the
sum of the exchangeable and the carbonate�bound
forms were strongly correlated with Zn uptake by cab�
bage plants (Brussicu oleruceu). The MF of Zn was
20.2, 0.8, and 0.5% in the Elbe, Pinios and Nile soil,
respectively (Fig. 3), which indicates that the Zn in the
Elbe soil may be highly available for plants compared
to the Nile and Pinios soils.

CONCLUSIONS

The influence of soil formation, and properties as
well as the linked flooding regime on the geochemical
fractions and mobilization of selected trace elements
is documented based on properties of soils from three
river floodplain ecosystems (Nile/Egypt, Elbe/Ger�
many and Pinios/Greece). In the Nile and Pinios
soils, the Cd, Cu, Ni, Pb, and Zn distributed mostly in
the residual fraction indicating that the greater con�

centrations of these metals are immobile. A significant
percentage of total Cu and Cd were associated with the
non�residual fractions and therefore, they should be
evaluated when studying the pollution levels of trace
metals in those soils. In the Elbe soil, the non�residual
fraction was the most dominant particularly for Cd,
Pb, and Cu suggesting high potential mobility com�
pared to the Nile soil and the Pinios soil. The soil ori�
gin, progress of soil formation, and soil properties
seem to be significant factors influence the TEs distri�
bution in the soils studied. The results presented in the
paper might contribute to regional geochemical
research and provide important information on the
reactivity of the mentioned trace elements in flood�
plain soils. Further studies on the vertical distribution
of different geochemical fractions of the studied ele�
ments and others in complete soil profiles from the
studied soils along the Rivers Elbe, Nile, and Pinios
are needed for a comprehensive understanding of the
geochemical processes determining pollutant distri�
butions and potential mobility in floodplain soils orig�
inating from different regions.
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