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Abstract

Accumulation, bioavailability and potential ecological risk of seven heavy metals — chromium (Cr), nickel (Ni), copper (Cu),
zinc (Zn), arsenic (As), cadmium (Cd) and lead (Pb) — have been analyzed in agricultural soil aggregates with particle size
of > 1 mm, 0.25-1 mm, 0.05-0.25 mm, and < 0.05 mm from the Fenhe River Basin (FRB). Accumulation factor (AF) analysis
demonstrated that heavy metals tend to be enriched in < 0.05 mm soil aggregate. The bioavailability to plants of Cu, Zn, and
Cd was higher than that of other metals and increased with the decrease in soil aggregate particle sizes. Risk assessment
code (RAC) of Ni, Cu, Zn and Cd were 13.84%-21.08%, 7.13%—13.74%, 32.08%-51.82% and 29.38%—43.82%, indicating
that Cu, Zn, Cd and Ni had a low to very high risk to other ecosystems, and the smaller the particle size (0.05-0.25 mm

and <0.05 mm), the greater ecological risk.
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With the rapid development of industrialization and urbani-
zation in China, heavy metal pollution in agricultural soil
has become an important problem (Niu et al. 2013). Once
they enter ecosystems, heavy metals cannot be degraded by
microorganisms, and can only migrate, transform, disperse,
and enrich in different environmental media with different
forms (Alloway 2013). During rainfall, heavy metals in agri-
cultural soil can migrate to groundwater and surface water
(Xu et al. 2007). Due to the characteristics of high toxic-
ity and easy accumulation, heavy metals in agricultural soil
cannot only reduce the buffering capacity of the soil but
also affect human health through the food chain (Upadhyay
et al. 2019). Heavy metals interact strongly with proteins
and some enzymes in organisms, making them inactive and
harmful to organisms (Kabatapendias 2000; Lee et al. 2018;
Tang et al. 2013).
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Total concentrations cannot reflect the bioavailability and
migration ability of heavy metals. Previous studies found
that the bioavailability and migration ability of heavy metals
depend on heavy metal speciation. The Tessier sequential
extraction method (Tessier et al. 1979) and BCR sequen-
tial extraction method (Rauret et al. 2000) are the two com-
mon methods for extract different heavy metal speciation in
soils (Bastami et al. 2018; Thinh et al. 2018), sediment (Gu
et al. 2015; Kang et al. 2017; Yong and Gao 2015) and dusts
(Yildirim and Tokalioglu 2016). Heavy metal speciation
extracted by Tessier sequential extraction method includes:
exchangeable fraction, acid soluble (carbonates) fraction,
reducible (Fe—Mn oxide bound) fraction, oxidizable (organi-
cally bound + sulfide bound) fraction and residual fraction.
Exchangeable fraction and acid soluble fraction were related
to the migration ability of heavy metals, and the bioavail-
ability of heavy metal was the sum of exchangeable frac-
tion, acid soluble fraction, reducible (Fe—Mn oxide bound)
fraction and oxidizable (organically bound + sulfide bound)
fraction (Ma et al. 2016).

Aggregates are the basic structural units of soil. Due to
the differences in physical and chemical properties, soil
aggregates with different particle sizes have different adsorp-
tion capacities for heavy metals. Many studies have proved
that heavy metal concentrations increased with the decrease
of soil aggregate particle sizes (Li et al. 2017; Parra et al.
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2014). Aggregates with different particle sizes, to a great
degree, determine the toxicity, migration ability and con-
centrations of heavy metals (Acosta et al. 2011; Zhao et al.
2010). The soil erosion process is a selective process which
will take away the finer soil particles order of priority, and
the migration distance of fine soil particles in soil runoff is
also longer (Quinton and Catt 2007; Uusitalo et al. 2001).
It is very important to understand the distribution of heavy
metals speciation in the soil aggregates with different parti-
cle sizes for providing strategies to repair and control heavy
metal pollution, and the transformation of heavy metals.
The Fenhe River is the second largest tributary of the
Yellow River, which is approximately 713 km long with a
watershed area of approximately 7.9 x 10* km?. FRB is a
highly intensive agricultural production area, accounting for
64% of the agricultural output of Shanxi province. In recent
years, agricultural non-point pollution and soil erosion in
this area are serious, threatening the crop yield and soil qual-
ity of the FRB (Ding et al. 2015; Liu et al. 2008). Once soil
erosion occurs, pollutants in the soil migrate with surface
runoff, affecting the downstream environmental security
and the ecological security of the downstream environ-
ment. Previous studies concentrated only on the total heavy
metal levels in bulk soils, and the heavy metal speciation and
soil aggregates with different particle sizes were neglected.
Therefore, the objectives of the paper are to: (1) determine
the distribution of heavy metal concentrations in soil aggre-
gates with different particle sizes; (2) analyze the migration

and bioavailability of heavy metals in soil aggregates with
different particle sizes by examining the chemical speciation
of heavy metal; (3) assess the ecological risk of heavy met-
als using risk assessment code. The results of this study can
provide some information on the evaluation of heavy metal
pollution in developed areas of agriculture and industry.

Materials and Methods

Fifty agricultural soil samples (0—20 cm sampling depth)
from the FRB were collected in July 2017 during the crop-
growing season (Fig. 1). Each sample was bulked from five
subsamples, which were randomly taken approximately
20 m apart. All the soil samples were packed into self-styled
bags for return to the laboratory. Soil samples were air-dried
and sieved through a 2-mm sieve prior to further analysis.

Mechanical stable soil aggregates were separated by the
dry-sieve method (Institute of Soil Science 1978). Each soil
sample (200 g) treated above was sieved through an elec-
tric plastic nylon sieve (TTF-100) with pore diameter of 1,
0.25, and 0.05 mm for 10 min. Then, soil aggregates with
different particle sizes (> 1 mm, 0.25-1 mm, 0.05-0.25 mm
and < 0.05 mm) were obtained. After separation, all the par-
ticle sizes were weighted.

For heavy metal analysis, a soil sample (0.15 g) was
weighted and transferred into a Teflon beaker, then 5 mL
HNO3;, 2 mL HF and 2 mL. HCL were added. The Teflon
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beaker was digested in a Microwave Digestion System
(Milestone ETHOS ONE). After digestion, the Teflon beaker
was uncapped and placed on a hot plate (140 °C) until the
sample solution was vaporized nearly to dryness. Afterward,
the resulting solution was transferred to a 50 mL volumetric
flask and deionized water was added to bring the solution to
50 mL. Inductively coupled plasma source mass spectrom-
eter (Thermo X SERIES2, Massachusetts, USA) was used
to determine the heavy metal (Cr, Ni, Cu, Zn, As, Cd and
Pb) concentrations in the digested final solution. Each sam-
ple replicates 3 times. Quality assurance and quality control
(QA/QC) procedures were conducted throughout the whole
digestion-measurement process. One standard reference soil
(GBWO07404, provided by the Chinese Academy of Meas-
urement Science) and one blank with each batch sample
(20 soil samples) were digested and measured. Heavy metal
recoveries in the standard reference soil were 87% to 115%,
which met the needs of the experiment.

The Tessier sequential extraction method was used to
extract the heavy metal speciation. A soil sample (1 g)
was weighted and transferred to a 100 mL centrifuge tube,
extractant was added and shaking on oscillator under cer-
tain conditions was performed. After the shock, the sample
was centrifuged at 4 000 rpm for 5 min and the supernatant
was collected. Residues were washed with 50 mL deion-
ized water, shaken for 15 min and centrifuged at 4 000 rpm
for 5 min, then the supernatant was discarded and the next
heavy metal speciation was extracted. Each sample repli-
cates 3 times. The extraction scheme of Tessier is shown
in Table 1.

Accumulation factor (AF) was used to represent the accu-
mulation of heavy metal in soil aggregates with different
particle sizes. The AF can be calculated using Eq. (1):

C

aggregates

AF = (1)

Cbulk

where Cqq/00a5 18 the total heavy metal concentration in soil
aggregates with different particle size (mg kg™') and Cour 18
the total heavy metal concentration in bulk soil (mg kg™").
The ecological toxicity of heavy metals was mainly
dependent on their chemical speciation. Therefore, the

risk assessment code (RAC), which was based on the acid

Table 1 The sequential extraction scheme of Tessier et al. (1979)

soluble (carbonates) fraction, was introduced to assess the
ecological risk and migration of heavy metal (Ke et al.
2017). The RAC assessed heavy metal ecological risk by
calculating the percentage for the acid-soluble fraction of
heavy metal. Classification of RAC was: RAC < 1%, no risk;
1% <RAC<10%, low risk; 11% <RAC <30%, medium risk;
31% <RAC <£50%, high risk; 51% <RAC <75%, very high
risk.

One-way anova was used to examine the effect of par-
ticle size on heavy metal concentration. Least significant
difference (LSD) multiple comparison method was used to
compare the differences of heavy metals in aggregates with
different particle sizes. Before one-way anova, a logarithmic
transformation was carried out to ensure that the datacon-
formed to the normal distribution. SPSS software v.23.0 was
performed for the one-way anova.

Results and Discussion

On average, the proportion of >1 mm, 0.25-1 mm,
0.05-0.25 mm and <0.05 mm soil aggregates were
(23.59+9.92)%, (32.19+9.44)%, (39.21 +16.99)% and
(4.89 +2.43)%, respectively. Concentrations of heavy met-
als in bulk soil and soil aggregates with different particle
sizes are presented in Fig. 2. Overall, concentrations of
heavy metals increased with the decrease of particle sizes.
The results of one-way anova showed that the particle size
of soil aggregates had a significant effect on the contents of
heavy metals except Cr and Cu (p =0.060 for Cr, p=0.008
for Ni, p=0.052 for Cu, p=0.042 for Zn, p=0.037 for As,
p=0.043 for Cd and p=0.001 for Pb). The results of the
LSD are shown in Fig. 2. All results are presented in the
form of mean =+ standard deviation, *p <0.05. This is con-
sistent with previous studies’ finding that heavy metals tend
to accumulate in fine particles of soil (Li et al. 2018, 2017).
This was mainly due to the increase of soil specific surface
area and organic matter content with the decrease of soil par-
ticle size. Although the proportion of < 0.05 mm soil aggre-
gate is the lowest, the concentrations for all heavy metals
in <0.05 mm soil aggregate were the highest. For all heavy
metals, concentrations in < 0.05 mm and 0.05-0.25 mm soil
aggregates were higher than the concentrations in bulk soil.

Form Extractant Extraction condition

exchangeable (F1) 1 M MgCl, 1:8 of soil to solution. 1 h shaking, room temperature

Acid soluble (F2) 1 M CH;COONa 1:8 of soil to solution. pH=35; 5 h continuous agitation, room temperature
Reducible (F3) 0.04 M NH,0OH.HCI 1:20 of soil to solution. 6 h occasional agitation, (96 +3) °C

Oxidizable (F4) 0.02 M HNO;3, 30% H,0, Final volume: 100 mL. pH=2. 3 h occasional agitation, (85+2) °C

Residual (F5) Total heavy metal — F1-F2-F3-F4
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It is worth noting that the concentrations of Cr, Ni and Cu
in bulk soil were lower than their corresponding background
values, but concentrations of Cr, Ni and Cu in < 0.05 mm
soil aggregate were higher than their corresponding back-
ground values. It is necessary to assess the contribution of
soil aggregates with different particle sizes to the risk of
heavy metals.

Concentrations varied greatly among heavy metals,
comparison of concentration cannot reflect the enrichment
degree of different metals. As a standard parameter, AFs
can clearly illustrate the accumulation of heavy metals in
soil aggregates with different particle sizes (Acosta et al.
2009; Gong et al. 2014; Zhang et al. 2013). The AFs of
heavy metals in soil aggregates with different particle sizes
is shown in Fig. 3. The lowest AF value appeared in > 1 mm
and 0.25-1 mm soil aggregates, and the lowest AF values
were 0.51 for Pb, 0.58 for Cd, 0.73 for Zn, 0.75 for As, 0.84
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for Ni, 0.85 for Cu and 0.86 for Cr. The highest AF values
were 2.11, 1.60, 1.52, 1.38, 1.28, 1.18, 1.05 for Cd, As, Pb,
Zn, Ni, Cu, and Cr, respectively, observed in <0.05 mm
aggregates. Our data are in line with previous studies in
soils of Beijing and Bangladesh (Li et al. 2017; Li et al.
2014; Islam et al. 2014). Accumulation factor values for Zn,
As, Cd, Pb had a significant change in soil aggregates with
different particle sizes (p <0.05); AF values of Cr, Ni and
Cu were relatively stable. According to the results of AFs,
heavy metals in < 0.05 mm aggregate from agricultural soil
of the FRB were polluted more seriously than other particle
size soil aggregates.

Bioavailability of heavy metal was the sum of the
exchangeable fraction, acid soluble fraction, reducible
(Fe—Mn oxide bound) fraction and oxidizable (organically
bound + sulfide bound) fraction. As shown in Fig. 4, the
percentages of bioavailability of Cr, Ni, Cu, Zn, As, Cd
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Fig.3 Accumulation of heavy metals in soil aggregates with different particle sizes
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Fig.4 Chemical speciation of heavy metals in soil aggregates with different particle sizes

and Pb were from 18.71% to 29.84%, 38.01% to 64.17%,
53.82% to 64.17%, 76.03% to 85.92%, 19.81% to 35.11%,
70.42% to 82.51% and 43.05% to 69.48%, respectively. The
bioavailability of Ni, Cu, As, Zn and Pb increased from the
particle of 0.25-1 mm to < 0.05 mm, suggesting that the
smaller the aggregate size of soil, the higher the bioavail-
ability to plants of these heavy metals. It is worth noting
that bioavailability of Cd decreased with the decrease of soil
aggregate particle size, and the proportion of bioavailability
of Cd in < 0.05 mm soil aggregates was as high as 70.42%.

Risk assessment code (RAC) was proved to be associ-
ated with the ecological risk and migration of the heavy
metals (Chen et al. 2016; Ma et al. 2016; Perin et al. 1985;
Singh et al. 2005). According to the classification of RAC,
Lead, Cr and As were no potential ecological risk to envi-
ronment, with their RAC from 0% to 0.98%. The RACs for
Ni, Cu, Zn and Cd were 13.84%-21.08%, 7.13%—13.74%,
32.08%-51.82% and 29.38%—43.82%, respectively, in soil
aggregates with different particle sizes decreasing from > 1
to < 0.05 mm, suggesting these metals would pose a low
to very high risk of migrating to other ecosystems (Fig. 4).
In addition, RACs for Cu, Zn and Cd increased with the
decrease of soil aggregate particle size, and the RAC for Ni
increased from a particle size of 0.25—-1 mm to < 0.05 mm.
For these four metals, the smaller particle size, the higher
the ecological risk, and the easier to migrate to other
ecosystems.

Heavy metal concentrations increased with the decrease
of particle size of soil aggregate, and heavy metals
in < 0.05 mm soil aggregate created more polluted in the
agricultural soil from the FRB according to the AF values.
The accumulation order for heavy metals in <0.05 mm soil
aggregate was Cd > As>Pb>Zn > Ni> Cu> Cr. Copper,
Zn, and Cd had higher bioavailability to plants: the smaller
the particle of the soil aggregate, the higher the bioavailabil-
ity (except Cd). Copper, Zn, Ni, Cd a low to very high risk of

@ Springer

migrating to other ecosystems, and the smaller the particle
size, the greater ecological risk. Our study demonstrates that
assessment of soil heavy metal enrichment and risk must be
based on soil aggregates. The study can give some informa-
tion on prevention and control of heavy metal pollution in
soil in intensive agricultural production area.
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