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Considering the eastern part of Hunan Province as the research area, 34 sampling sites
were set up, 198 samples were collected from representative paddy soil, the distribution
characteristics of antimony (Sb) were studied. The results showed that: (1) The content
of Sb on the surface of paddy soil ranging from 0.07 to 11.00 mg/kg and the geometric
mean was 1.56 mg/kg. (2) The distribution of contents of Sb in paddy soil in different
areas was shown as Yueyang > Changsha > Zhuzhou > Xiangtan. (3) Sb showed a
strong migration in paddy soil in the research area and its content increased initially and
then decreased or gradually decreased with the increase of profile depth. (4) The content
of Sb in the substratum was significantly affected by parent materials.

Keywords: eastern Hunan Province, paddy soil, antimony, distribution characteristics, parent material

INTRODUCTION

The heavy metal elements in soils have shown the characteristics of low degradability, intensive
perniciousness, high crypticity, and complicated ecological effects, which brought adverse effects to
ecological environment and human health. The Bulletin of National Soil Pollution Survey (Ministry
of Ecology Environment of the People’s Republic of China, 2014) reported that the soil sites
exceeding the rate of farmland in China were as high as 19.4%, with mainly inorganic pollutants.
Agricultural soils form the basis of all agricultural production activities. As a consequence, these
research studies on the distribution characteristics of heavy metals and potential ecological hazards
in agricultural soils are of great importance to ensure normal agricultural production activities. As
a toxic and harmful heavy metal element, antimony (Sb) has been classified as a priority pollutant
by the US Environmental Protection Agency (Callahan, 1980). It has been reported that a long-
distance migration of Sb can be met by atmospheric circulation and river transport (Reimann et al.,
2010). In addition, the content of Sb in the Arctic Circle has increased significantly in recent years
(Krachler et al., 2005), which confirmed the possibility of transboundary pollution. The content of
Sb in soil crept up gradually owing to the mining and mineral utilization in recent years, which
threatened human health and the safety of the ecological system, and thus gradually drawing
our attention.

Being the hometown of non-ferrous metals, there were many kinds of non-ferrous metals
with large reserves in Hunan Province. Compared with the other heavy metals, Sb reserves were
at the forefront of the world. As one of the advantage mineral resources in Hunan Province,
it occupied an important position in China and the world (Tang and Tang, 2010). At present,
there were 117 Sb ores in Hunan Province (Ding et al, 2013), among them, the tin mine
in Lengshuijiang enjoyed the title of “Antimony capital of the world” because of its highest
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Sb reserves in the world. However, its mining and utilization
may not only lead to severe pollution to surrounding soil, but
also increase the content of Sb in soils far away from mining
areas by a long-distance migration. As a major Sb-producing
province, the background value of Sb in soils in Hunan Province
was 1.87 mg/kg, which was higher than the national average
(Qi and Cao, 1991). In recent years, most research reports of
Hunan Province about soil Sb focused on the mining areas
(Wang et al,, 2010; Li et al., 2017), while only a few reports
on the content of Sb in soils far away from mining areas.
According to the distribution of mineral resources in Hunan
Province, the spatial distribution of Sb in an agricultural soil
of eastern Hunan Province, which localized east to a line of
Tongdao County-Huaihua City-Yuanling County-Yingfengqiao
Town in Yiyang City-Chenglingji in Yueyang City, showed
strong heterogeneity (Jia et al., 2013). According to the report
by Xiang et al. (2011), paddy soil showed the highest content
of Sb among the different land-use types. And the intake of Sb
in rice accounted for one-third of the total intake of the human
body (Wu et al,, 2011). Considering that the area of paddy soil in
eastern Hunan Province was the largest among the total area of
paddy soil in Hunan Province (Yang, 1987) and rice was the main
foodstuft product in Hunan Province, eastern Hunan Province
was elected. So, the research on the distribution characteristics
and migration of Sb in paddy soil of eastern Hunan Province is
of great importance, it can offer basic information about the safe
utilization of paddy soil and food security.

MATERIALS AND METHODS

General Situation of the Research Area

The research area is localized to eastern Hunan Province with
longitude and latitude coordinates of 111°53'—114°15'E and
26°03'—29°51'N. This area is high in the southeast and low
in the northwest, with various types of landforms. The climate
in this research area belongs to a middle subtropical monsoon
climate, which is hot and rainy in summer and warm and rainy
in winter. In this research, the annual mean temperature is
18.2°C and the annual average precipitation is 1,510.15 mm. This
research area includes Changsha City, Zhuzhou City, Xiangtan
City, and Yueyang City, which is one of the most suitable areas
for agricultural development.

Sample Collection

All sampling sites were determined by using an integrated
geographical unit. The administrative map, the present land-use
map, and the soil map of Hunan Province were overlapped, and
the results were corrected by the second general survey of Hunan
Province. Firstly, the most representative parent materials in the
area were found, and then sampling was carried out in the place
where the paddy field was most concentrated. These sampling
sites were determined by using a simple random distribution
method as shown in Figure 1, and 34 sampling sites were set
up and 198 samples were collected. The sampling procedure
followed the requirement of “Field soil description and sampling
manual.” The depth of a profile was 140 cm with stratified
sampling. Each soil sample was composed of at least five sites by
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FIGURE 1 | Schematic diagram of the spatial distribution of sampling points.

using an S-shaped sampling method. About 1kg of soil sample
was prepared by a quarter method and then labeled with serial
numbers and global positioning system (GPS) coordinates.

Sample Treatment and Determination

After removing plant roots and gravel, soil samples were dried
in the lab and then grounded for further analysis (10, 60,
and 100 mesh). The total content of Sb was determined by
“Solid and sediment—Determination of aqua regia extracts of 12
metal elements—Inductively coupled plasma mass spectrometry”
(HJ 803-2016). The quality of samples passed the standards
for the National reference material soil sample, GBW07404
(GSS-4), GBW07405 (GSS-5), and GBW07407 (GSS-7). The
determination of physiochemical properties of soils followed
“The analysis method of soil agricultural chemistry” (Lu, 2000).

Research Method

Water washing coeflicient (WWC) (Nan and Li, 2000) is used
to present a vertical migration of heavy metal, as described in
Formula (1):

M1y
ij

WWC; = 1)
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TABLE 1 | Concentrations of antimony (Sb) on the surface layer of paddy soil.

Max Min Arithmetic Geometric CcvV Coefficient Coefficient pH K-S test
mean mean of skewness of kurtosis
mg.kg™!
11.00 0.07 3.10 1.66 1.138 1.294 0.109 4.70-8.10 logarithmic normal
distribution
164 S 3 100 - 5 ;
frequency distribution after frequency distribution
141 logarithmic transformation of raw data
80
12
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FIGURE 2 | Frequency distribution of antimony (Sb) on the surface layer of paddy soil.
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FIGURE 3 | The content of Sb on the surface layer of paddy soil of different
cities.

Formula (1): M;.1); is the mean content of heavy metal j in layer
(i - 1), Mjj is the mean content of heavy metal j in layer i. A higher
WWC ratio means a stronger vertical migration of heavy metal.

RESULTS AND ANALYSIS

The Horizontal Distribution Characteristics
of Sb

The statistics summary of the content of Sb in the topsoil
of paddy soil in eastern Hunan Province was analyzed by
using SPSS22 and listed in Table 1. An approximate logarithmic
normal distribution was observed for the data of the surface
layer, and the frequency distribution was shown in Figure 2.
The coefficient of variation was 1.13, this high value shall be
caused by multiple sampling sites with high contents of Sb. If
the mean content of Sb is presented as arithmetic mean, the
content of Sb of paddy soil in the research area will be artificially
increased. Since the content of Sb followed a normal distribution
after a logarithmic transformation, it would be more reasonable
to use the geometric mean value to express the average content
of Sb on the surface of paddy soil (Chen et al, 1991). From
Table 1, it was observed that the content of Sb of the surface of
paddy soil in eastern Hunan Province fell in a region of 0.07-
11.00 mg/kg, and the geometric mean was 1.56 mg/kg, which
was close to the background value of the content of Sb in soils
in Hunan Province (1.87 mg/kg). This result suggested that the
mean content of Sb on the surface of paddy soil in eastern
Hunan Province stayed in a clean condition, and the impact of
human activities was small. The pH value fell in a region of
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FIGURE 4 | Clustering tree of the sampling point.

4.70-8.10 with a mean value of 5.67, the soil environment was
slightly acidic.

The content of Sb in different cities were showed in Figure 3.
The contents of Sb on the surface of paddy soil in Changsha
City, Zhuzhou City, Xiangtan City, and Yueyang City were 0.67-
9.32, 0.07-6.93, 0.14-1.60, 0.91-11.00 mg/kg, respectively. The
contents of Sb in some sampling sites were higher than the
background value of the content of Sb in soils in China (0.38-
2.98 mg/kg) (Qi and Cao, 1991). The distribution of the contents
of Sb followed an order of Yueyang City > Changsha City >
Zhuzhou Sity > Xiangtan City. The highest value was found in
the southeast of Xiangyin County in Yueyang City, and the lowest
value was found in the middle and western of You County in
Zhuzhou City, the difference of the content of Sb between them
was 10.93 mg/kg. According to the Nielsen grading standard, the
content of Sb on the surface of paddy soil in the research area was
classified as a medium to strong variation. In Zhuzhou City, the

variation coeflicient of the content of Sb on the surface of paddy
soil showed the highest value of 1.12. Such a high coefficient of
variation indicated that some sample sites have shown higher
contents of Sb on the surface of paddy soil in this area, which
shall have a high possibility of correlation with human activities,
this observation is consistent with the feature that Zhuzhou City
is the biggest industrial city in Hunan Province. The variation
coeflicient of the content of Sb on the surface of paddy soil in
Yueyang City showed the lowest value of 0.44. However, the
average content of Sb was much higher than the background
value in Hunan Province, indicating a high cumulativeness of
the content of Sb on the surface of paddy soil in this area. This
result shall be attributed to the terrain reason of “low in north and
high in south” in eastern Hunan Province, which made a long-
distance migration of Sb easy to deposit. To find out if there was a
significant difference between the content of Sb of various areas,
the contents of Sb of the surface layer of paddy soil in different
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FIGURE 5 | Contents of Sb in different sampling sites.

areas were analyzed by using the ANOVA method. According to
the inspection results, there was no significant difference between
the contents of Sb on the surface of paddy soil in Changsha City,
Zhuzhou City, and Xiangtan City, but the content of Sb on the
surface of paddy soil in Yueyang City was obviously higher than
those in other areas (p < 0.05).

After classifying all sampling sites from different areas with
a hierarchical cluster method, those with high correlation shall
be classified together and their content of Sb had similar
characteristics. A clustering method was the link between the
different groups, the hierarchical clustering result was shown
in Figure 4. All sampling sites have been classified into three
groups with an interclass distance of five. The first group included
sampling sites of 2, 8-10, 13-14, 16, 20-22, 25-34, which were
mainly localized in the middle and south of the research area.
Their contents of Sb were nearly the same as the background
value of Sb in Hunan Province. The second group included
sampling sites of 1, 23, and the third group included sampling
sites of 3-7, 18, which were mainly localized in the north of the
research area. The average content of Sb in the second and third
sampling points was 6.59 and 9.80 mg/kg, respectively. Their
contents of Sb were higher than the background value of Sb in
Hunan Province. This result suggested that the content of Sb
in the north of the research area was relatively high, showing a

112.0N 11§°N 114}°N
Z|10 30 60 90km
Sl 1 N
) A
Z
&_
N
Z
o
I
B 0.07-0.48
Zz, | B 0.48 -0.75
£ mm0.75-0.93
0.93-1.19 -
1.19-1.61
1.61-2.26 -
>z 2.26-3.26
S mm326-4382 )
S mm482-724
BN 7.24-11.00 unit:mg/kg
FIGURE 6 | Spatial distribution of the content of Sb on the surface of paddy
soil.

decreasing tendency from north to south. The spatial distribution
of the content of Sb in north Hunan Province was shown in
Figures 5, 6. In the south, sampling sites with a high content of
Sb were located in Liling County and Zhuzhou City, which were
related to the local industrial activities.

The difference in the content of Sb among various areas
can be reflected by comparing the content of Sb in the soils.
The background value of Sb in various areas is different
owing to the influence from soil parent materials, soil-forming
processes, human activities, etc. during the soil formation. If
we only compare the content of Sb in different areas, we will
artificially magnify the impacts of Sb on the environment in high
background value areas and ignore the impacts of Sb on the
environment in low background value areas. As a consequence,
this work used a relative content (measured value: background
value) to compare the content of Sb in soils in various areas.
It was observed from Table 2 that the contents of Sb in soils
in different landforms and different areas were different. The
relative contents of Sb in mine soils and agricultural soils around
the mining areas were much higher than those of other areas,
showing a high accumulation of Sb. As for those soils far away
from the mining areas, the relative content of Sb of paddy soil
in Yueyang City showed the highest value of 4.33, which was

Frontiers in Environmental Science | www.frontiersin.org

April 2021 | Volume 9 | Article 661148


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Wang et al.

Antimony in Paddy Soil

TABLE 2 | Comparison of Sb in topsoil from different regions.

Region Max Min Mean Background Relative content References
(measured value/background value)
mg-kg~!
Measured in Changsha 6.40 0.61 2.16 1.87 1.16 -
this study Zhuzhou 8.19 0.05 1.83 1.87 0.98 -
Xiangtan 1.86 0.67 0.85 1.87 0.45 -
Yueyang 11.19 0.91 8.09 1.87 4.33 -
Honghe Farm, Sanjiang Plain - - 2.89 0.91 3.17 Liu et al., 2019
Farmland in downstream region of 34.4 41.03 12.26 1.87 6.56 Feietal, 2017
Yuxi River
Xikuangshan in Hunan Province 5,045 100 695 1.87 371.66 He, 2007
Guizhou dushan county antimony 98.52 5.02 26.65 2.24 11.90 Xiong et al., 2020
smelter
Dalian 1.79 0.24 1.01 0.84 1.20 MEMSC, 1990
Wenzhou 2.82 0.46 0.74 1.53 0.48
Ningbo 1.48 0.61 0.92 1.53 0.60
Xiamen 0.81 0.22 0.45 0.65 0.69
Shenzhen 2.72 0.21 0.76 0.54 1.41

similar to the relative content of Sb of agricultural soil in Honghe
Farm of Sanjiang Plain. The relative content of Sb of paddy soil in
Xiangtan City showed the lowest value of 0.45. According to the
comparison of the relative content of Sb between different areas,
it was found that the accumulation of Sb in paddy soil in Yueyang
City was relatively high, while that of Changsha City, Zhuzhou
City, and Xiangtan City was relatively low.

The Vertical Distribution Characteristics of
Sb

After a long cultivating history, the distribution characteristics
of content of Sb have changed in profiles, rendering a
comprehensive influence of multiple factors. The distribution
characteristics of Sb under the influence of multiple factors
cannot be clearly explained by simply analyzing the content of
Sb on the surface of paddy soil. The analysis of the vertical
distribution of Sb in a profile was helpful to have a precise
understanding of the distribution characteristics and migration
of Sb. In conclusion, the content of Sb in the research area showed
a complicated correlation with the increase of soil depth, its
content mainly increased firstly and then decreased or gradually
decreased. The detailed distribution characteristics in a profile
were shown in Figure 7.

It was observed from Figure 7 that, as for the first type of
profile, the content of Sb firstly increased and then decreased.
It showed that the migration of Sb in the plow layer and the
accumulation of Sb in the plow pan were greatly affected by
external sources. More specifically, the content of Sb varied
in a wide range of 0-40 cm, which firstly increased and then
decreased, and the maximum value was observed at 20 cm. The
content of Sb below 40 cm varied in a narrow range and showed a
decreasing tendency. The maximum content of Sb in this profile
was obviously higher than that in other profiles. This tendency
was mainly observed from the sampling sites in Liling County
of Zhuzhou City and Yueyang City. Yueyang City is rich in
mineral resources, and Liling County is rich in coal resources.

As a common trace element in metal sulfide ore and coal (Qi
et al., 2008), Sb can be released into soil via various paths,
including mining, smelting, transportation, and utilization, and
then it finally accumulated in the plow pan by leaching migration
during tillage.

As for the second type of profile, the content of Sb gradually
decreased, indicating a decreased migration with an increase of
this profile. This result was consistent with the report by Cai et al.
(2020) on the vertical migration characteristics of Sb in farmland
soil contaminated by dam break of Huashan tailings pond in
Anhui Province. In agricultural activities, the use of pesticides
and chemical fertilizers increased the content of organic matter in
the surface soil, which enhanced the adsorption of organic matter
for Sb, leading to a decreased vertical migration in this profile.
As for the first situation, the content of Sb decreased smoothly,
and as for the second situation, the content of Sb decreased
dramatically in 15-35cm and then smoothly decreased below
35cm. There was a common feature for the second situation,
which was the high content of Sb in the top of soils.

As for the third type of profile, the content of Sb firstly
decreased and then increased. The lowest contents of Sb of some
profiles were observed at 30 cm, while those of other profiles were
observed at 70 cm. The content of Sb of sampling site number two
varied in a wide range, showing an obvious decreasing tendency
in the surface soil and an obvious increasing tendency in the deep
soil. The content of Sb of other sampling sites fell in a narrow
region. The different varying tendencies were related with the
parent materials and physiochemical properties of soils. If the soil
clay content was low in the middle soil and high in the deep soil, a
decreasing tendency would be firstly observed and then followed
by an increasing tendency (Shi et al., 2016). Under the influence
of parent materials, their content may increase gradually with the
depth of a profile (Yang et al., 2020).

As for the fourth type of profile, the content of Sb showed
a fluctuational tendency with increasing depth. It is assumed
that paddy soil is water saturated in the plowing season but
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FIGURE 7 | The profile distribution characteristics of Sb in paddy soil.

water deficient in the non-plowing season, which leads to
a periodic oxidation-reduction reaction of paddy soil. As a
consequence, a vertical migration of Sb occurred in profiles
in the research area. The difference of contents of Sb of all
profiles with the same depth varied in a wide range. The
biggest difference of 4.00 mg/kg showed at 70 cm, while the
smallest difference of 0.09 mg/kg showed at 5cm. Although
there was no obvious correlation between the contents of Sb
of different profiles with increasing depth, a similarity was
observed as the fact that the sampling sites with a high content
of Sb in the surface soil had a high content of Sb in the
bottom soil.

For a clear wunderstanding of leaching migration
characteristics in the vertical profile of Sb, WWC was used.
The formula introduced in the research method was used
for calculation. The WWC values of Sb in the plow layer
and plow pan were calculated as 1.08 and 0.32, respectively,
indicating a stronger migration of Sb in the plow layer than
in the plow pan. Although the WWC value of the plow
pan was relatively low, the downward migration of Sb in
paddy soil of the research area was relatively high in the

whole profiles. This result was consistent with the migration
characteristics of soil Sb near Xikuangshan mining areas
(Yang et al, 2015). Such Sb migration characteristics were
related to the acidic soil in the research area. The low WWC
value of the plow pan was due to the higher content of Sb
in the plow pan, which decreased the relative downward
leaching loss.

Characteristics of the Content of Sb in

Different Soil Parent Materials

The heavy metals in soil parent materials are the original
sources of soil heavy metals. Different soil parent materials
have different heavy metal contents, which are responsible for
the initial difference in heavy metal contents between different
areas (de Souza et al, 2015). By analyzing the difference
of contents of Sb between the paddy soils originated from
various soil parent materials, it is helpful to understand the
reasons for a relatively high heavy metal content in the
research area. The content characteristics of Sb in paddy
soils developed on various soil parent materials were listed in
Table 3.
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TABLE 3 | The content of Sb in paddy soil formed by different parent soils.

Parent materials Granite Plate shale Quaternary red Fluvial Purple sandy The combination of

(numbers of sampling sites) weathering weathering clay sediment shale purple sand weathering
(n=9) n=7) (n=9) (n=3) weathering and Quaternary red clay

(n=25) (n=1)

mg-kg~!

Plow layer Range 0.42-9.99 0.14-9.90 0.07-11.00 0.72-10.05 0.23-3.73 0.82

(n=234) Mean 2.73 4.49 3.31 3.95 1.40 -

Plow pan Range 0.32-10.86 0.73-10.75 0.05-8.27 1.55-11.92 0.69-4.16 0.56

(n=234) Mean 2.94 5.25 2.52 5.29 2.40 -

Substratum Range 0.09-1.87 1.08-3.77 0.40-2.96 1.30-2.83 0.67-3.12 0.10

(n=234) Mean 0.62 2.10 1.32 1.85 1.33 -

It was observed from Table 3 that the highest content of
Sb was observed from the plow pan of paddy soil originated
from a fluviolacustrine sedimentary deposit, while the lowest
content of Sb was observed from the substratum of paddy soil
originated from the combination of purple sand weathering and
quaternary red clay. The contents of Sb s of paddy soil in the plow
layer originated from various parent materials followed an order
from high to low of plate shale weathering > fluviolacustrine
sedimentary deposit > quaternary red clay > granite weathering
> purple sand shale weathering > the combination of purple
sand weathering and quaternary red earth. The content of Sb
of paddy soil originated from quaternary red earth varied in
the widest region, while that from purple sand shale weathering
varied in the narrowest region. The contents of Sb of paddy soil in
the plow pan originated from various parent materials followed
an order from high to low of fluviolacustrine sedimentary
deposit > plate shale weathering > granite weathering >
quaternary red clay > purple sand shale weathering > the
combination of purple sand weathering and quaternary red
earth. The content of Sb of paddy soil originated from granite
weathering varied in the widest region, while that from purple
sand shale weathering varied in the narrowest region. The
contents of Sb of paddy soil in the substratum originated from
various parent materials followed an order from high to low of
plate shale weathering > fluviolacustrine sedimentary deposit
> purple sand shale weathering > quaternary red clay >
granite weathering. The content of Sb of paddy soil originated
from plate shale weathering varied in the widest region, while
that from a fluviolacustrine sedimentary deposit varied in the
narrowest region.

It has been reported (Wu, 2014) that the heavy metal contents
of surface soil were affected by both soil parent materials and
human activities, representing the second environment of soil.
While the deep soil suffered from minor human activities,
representing the features of soil primary layers, so the heavy
metal contents were mainly controlled by soil parent materials.
The variation coeflicients of paddy soils originated from different
parent materials in the plow layer, plow pan, and substratum
were determined as 0.41, 0.58, and 0.61, respectively. The highest
variation coefficients of the substratum suggested that the content

of Sb in this layer was most affected by parent materials. For
a further understanding of the effect of parent materials on the
content of Sb in different soil layers, ANOVA was performed by
using the soil parent material as the only factor. No significant
difference was observed for the content of Sb of paddy soil in
the plow layer and plow pan between the different soil parent
materials. This result suggested that the soil parent materials had
no obvious effects (p > 0.05) on the content of Sb on the surface
of paddy soil. A high content of Sb in a sampling site was caused
by human factors, geographical positions, climate conditions,
and biological effects. There were significant differences between
the content of Sb of paddy soil in the substratum originated
from granite weathering and those from other soil parent
materials (p < 0.05), which meant that soil parent materials
had an obvious effect on the content of Sb of paddy soil in
the substratum.

CONCLUSIONS

(1) The content of Sb on the surface of paddy soil fell in a
region of 0.07-11.00 mg/kg with a geometric mean of 1.56
mg/kg, indicating a clean condition with minor effects from
human activities.

(2) The distribution of contents of Sb in paddy soil of various
areas followed an order of Yueyang City > Changsha City >
Zhuzhou City > Xiangtan City. The highest value was found
in the southeast of Xiangyin County in Yueyang City, and
the lowest value was found in the central and western of You
County in Zhuzhou City.

(3) The content of Sb showed a strong migration with
the increase of profile depth in the research area,
and its content increased firstly and then decreased or
gradually decreased.

(4) ANOVA was performed on the content of Sb of paddy
soil in different soil layers by using soil parent materials
as a factor. It was found that soil parent materials had
obvious effects on the content of Sb of the substratum, but
minor effects on the content of Sb of the plow layer and
plow pan.
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