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Abstract: Through field investigation and experimental analysis, the forms, contents and distribution
of heavy metals (Zn, Pb, Cu, Cd, Ni, Cr) in rhizosphere and non-rhizosphere soils of Miscanthus
floridulus growing everywhere in Tielongwei mine pond (sample plot 1), Caoduikeng tailings pond
(sample plot 2), Donghua tailings pond (sample plot 3) and Small tailings pond (sample plot 4)
in Dabaoshan, Guangdong Province were studied. The results showed that the main forms and
distributions of heavy metals in rhizosphere and non-rhizosphere soils are basically the same, which
shows that the mineral content accounts for most of the total amount of heavy metals, while the
exchange content is low. Compared with non-rhizosphere soil, the proportion of exchangeable and
organic heavy metals in rhizosphere soil increased significantly, in which the proportion of organic-
bound Cu increased by 53.25%, the proportion of organic-bound Cd and Pb increased by more than
17%, and the proportion of Zn increased by 5.67%. At the same time, the contents of carbonate-bound
and iron manganese oxide-bound decreased. Statistical analyses showed that the morphological
distribution of Zn, Pb, Cu, Cd, Ni and Cr in rhizosphere soil was closely related to soil pH value,
organic matter content, plant growth and other factors. The results of this study provided a basis for
the restoration of heavy metal-contaminated sites by Miscanthus.

Keywords: tailings pond; heavy metals; form; rhizosphere; miscanthus floridulus

1. Introduction

The large-scale land destruction caused by mining is a serious and increasingly valued
problem in China and the world [1,2]. Open pit mining directly destroys the surface soil
layer and vegetation, and underground mining leads to surface collapse, resulting in the
destruction of land and vegetation. Wastes in the process of mine development (such as
tailings, waste rocks, etc.) need a large area of stacking site, resulting in a large occupation
of land and the destruction of the original ecosystem of the stacking site, causing changes
in natural conditions and forming environmental factors that restrict plant growth and
development [3,4]. At the same time, the toxic and harmful substances discharged from
beneficiation can also easily cause major ecological and environmental problems, such
as environmental pollution, local soil and water loss and habitat deterioration caused by
vegetation loss. The settlement of vegetation and ecological restoration on the tailing yard
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not only prevents environmental pollution and water and soil loss, but it also beautifies
the environment, and it will not cause secondary pollution. At the same time, it obtains
biomass. This is an ideal method for the development and reuse of mine wasteland [5].
Vegetation restoration and ecological reconstruction of industrial and mining tailings are
also an important field of current ecological research [6].

There have been a large number of reports on the effects of rhizosphere environments
on the morphological changes of heavy metals in soil. Great progress has been made
in the morphological changes of heavy metals in rhizosphere soil solutions and plant
availability, the morphological changes of solid heavy metals in rhizosphere soil, and the
absorption process of heavy metals by hyperaccumulated plants [7,8]. However, as a result
of the joint action of plants and heavy metals, the morphological changes of heavy metals
in the rhizosphere are affected by the differences in plant species and the response of
heavy metals to the rhizosphere environment. The existing studies on the changes of the
rhizosphere environment mostly focus on the changes of heavy metal content in rhizosphere
soil solution and the changes of plants’ effective state of heavy metals. More studies on
the morphological changes of heavy metals in soil solid phase use rhizosphere bags,
rhizosphere boxes, and other artificial rhizosphere environments [9,10]. This simulated
rhizosphere environment is different from the growth environment of natural plants.
Therefore, strengthening the research on the plant rhizosphere environment, especially the
solid-phase morphological changes of heavy metals in the plant rhizosphere environment
under natural conditions, is of great significance to understand the environmental behavior
of heavy metals in the soil plant system and to explore the toxicological effects of soil heavy
metals on plants and phytoremediation of heavy metal contaminated sites.

Dabaoshan Mine is located at the junction of Qujiang District and Qingyuan County,
Shaoguan City, Guangdong Province. It is a large iron polymetallic sulfide-associated
deposit. The area is located in a subtropical monsoon climate that is warm, humid and
rainy, and the surface rock is strongly weathered [11]. The discharge of beneficiation tailings
and waste rocks has formed multiple tailings ponds. The accumulation of a large number
of tailings has a serious impact on the growth of surrounding organisms, residents’ life and
economic development [12–14]. Qin Jianqiao et al. [15] conducted a large number of studies
on vegetation restoration and biological community reconstruction, soil enzyme activity,
and plant growth of the tailings pond, showing that manual participation can guide the
succession direction of the plant community in the tailings pond, which is conducive to
accelerating the ecological restoration process of the tailings wasteland, but the research
on the influence of plants on the form of soil heavy metals has not been reported thus far.
Therefore, from January 2018 to May 2019, this paper investigated several tailings ponds
of the Dabaoshan iron polymetallic mine in northern Guangdong many times. Taking
the rhizosphere and non-rhizosphere soil of Miscanthus floridulus as the research object,
through the sampling and analyses of rhizosphere and non-rhizosphere soil of wild plants
in a natural environment, combined with different growth times under different biomass
conditions, the absorption of heavy metals and the comparative analyses of rhizosphere
and non-rhizosphere soils by Miscanthus pentaphyllus plants were carried out to explore
the form, content, distribution and influencing factors of Zn, Pb, Cu, Cd, Ni and Cr in the
rhizosphere environment of the large iron polymetallic tailings reservoir area, in order to
provide a theoretical basis for better vegetation restoration and pollution control of the
tailings wasteland.

2. Materials and Methods
2.1. Overview of the Study Area

Dabaoshan Mine is located in northern Guangdong, 113◦40′–113◦43′ E, 24◦30′–24◦36′ N,
belonging to the subtropical monsoon climate zone. The surface rocks are weathered
strongly, and the basal soil type is red soil, which gradually becomes mountain yellow
soil with the increase in altitude. Dabaoshan mine is a large iron polymetallic-associated
deposit. The upper part of the main ore body is limonite, the middle part is a copper–sulfur
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ore body, and the lower part is a lead–zinc ore body, accompanied by tungsten, bismuth,
molybdenum, gold and silver and other non-ferrous metals. Since mining in the 1970s,
tailings and waste rock from mineral processing have successively formed four tailings
ponds of different sizes [15–17].

The center of the Tielong tailings pond (sample plot 1) is located at 24◦31′26.5′′ N
and 113◦43′08.6′′ E, with an altitude of 350 m and an area of about 2.0 km2. Since the
1970s, ore dust and ore washing wastewater have been discharged. In the tailings pond
area, there are almost no plants living within 1000 m from the inside of the dam, and
the remaining plants are of single species. The center of the Caoduikeng tailings pond
(sample plot 2) is located at 24◦34′16.5′′ N and 113◦43′34.3′′ E, with an altitude of 580 m
and an area of about 1.5 km2. At the southern end of the reservoir, there is a large marsh
zone formed by ore washing water and mountain streams flowing through this area, and
perennial water accumulation occurs. The northern end is mostly composed of deposits
of mineral soil, which is wet and sparsely vegetated. The center of the Donghua tailings
pond (sample plot 3) is located at 24◦33′56.1” N and 113◦40′55.6” E, with an altitude of
230 m. The reservoir area is about 0.8 km2. There was basically no tailings discharged five
years ago. From the overall topography, the ground humidity gradually increases from the
height to the bottom, and vegetation richness also increases. The center of the small tailings
pond (sample plot 4) is located at 24◦33′17.7′′ N and 113◦43′35.7′′ E, with an altitude of
630 m and an area of 0.3 km2. The tailings are piled up similarly to mountains and were
abandoned 10 years ago. Vegetation has mainly been restored naturally, with abundant
plant species. Geographic location of the four tailings ponds is shown in Figure 1.
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2.2. Sample Collection and Processing

Four tailings reservoir areas with different use conditions were taken as the investiga-
tion objects. Each reservoir area was used as a study sample, and 16 sample areas were set
according to vegetation distribution. In each quadrat, the investigation recorded all plant
species, quantity, plant height, abundance, coverage and aboveground biomass, etc.



Processes 2022, 10, 1217 4 of 15

The test soil samples were collected from four tailings reservoir areas with good
growth of M. floridulus populations. Rhizosphere soil samples were selected, and plants of
similar size (dry weight of plants was about 50 g) were dug out intact. Soil with a thickness
of about 1 mm and attached to the surface of small roots was collected. Six samples were
collected from each sample area, and a total of 24 rhizosphere soil samples were collected.
Non-rhizosphere soil samples were collected from 8~10 cm around the roots of the plants.
Six samples were collected from each sample area, and a total of 24 non-rhizosphere soil
samples were collected. The depth of soil sample was 0~40 cm according to the extended
depth of the awn roots in the sampling area.

In order to study the effect of plant absorption on the exchange state of heavy metals
in rhizosphere soil, a small tailings pond (sample plot 4) with the most uniform growth
of M. floridulus was selected, and plants of different sizes were collected in June when
M. floridulus grows vigorously. They were divided into 4 groups: <25 cm, 25~50 cm,
50~100 cm and >100 cm (the biomass of each group was calculated according to the aver-
age within the group). Ten plants were collected in each group, and the corresponding
rhizosphere soil of each plant was also collected. The rhizosphere soil was also divided
into 4 groups with 10 rhizosphere soil samples in each group, and they were brought back
to the laboratory for analysis.

In order to study the effect of the growth time of M. floridulus on the distribution of
heavy metals in rhizosphere soil, the growth of M. floridulus was regularly observed in
the small tailings pond (sample plot 4) from January 2018. When the M. floridulus grew
5~10 cm above the ground, 10 samples were collected from the M. floridulus plant and its
rhizosphere soil, and samples were taken on 30, 60, 90 and 120 days.

2.3. Analytical Method

Heavy metal content in soil and plants: The roots, stems and leaves of M. floridulus
samples were separated and washed with deionized water, dried at 70 ◦C until constant
weight, and crushed through 80-mesh sieve. The samples were determined by dry ashing
with 1:1 HCl constant volume and atomic absorption spectrophotometer. The contents of
Zn, Pb, Cu, Cd, Ni and Cr were digested by HCl, HF and perchloric acid, and determined
by ICP-OES (Optima5300DV, Perkin-Elmer, Sheldon, CT, USA). The effective state content
of the corresponding heavy metal elements in the soil was extracted by 0.1 mol·L−1 HCl
(liquid:soil = 5:1), and the liquid to be measured was determined by ICP-OES [18]. Soil
reference materials (gbw07388) and parallel samples were inserted during digestion and
analysis of soil samples for quality control of accuracy. The recovery rate of reference
material analysis was 75–110%, indicating that the analysis method was reliable.

Soil agricultural chemical analysis was used for determination of basic soil chemical
properties [19]: soil and water were mixed at 2.5:1, and soil pH was measured with a
pH meter. Organic matter was determined by potassium dichromate volumetric method.
Alkali-hydrolysis N was determined by alkali-hydrolysis diffusion method. After extracting
the soil samples with 0.5 mol·L−1 sodium bicarbonate, the available P was determined by
molybdenum blue colorimetry.

The chemical extraction method proposed by Tessier et al. [20] in 1979 was used to
analyze the morphology of heavy metals. Separating metals into exchangeable, carbonate,
Fe–Mn oxides, organically bound, and residual state specifically refers to the method of
Gomez-Airza et al. [21].

2.4. Data Processing

Statistical analysis of data was performed using a combination of Microsoft Excel 2003
and SPSS 16.0 software, and the significance of differences between means were analyzed
using Duncan’s multiple comparisons (SSR test, p < 0.05).
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3. Results
3.1. Basic Chemical Properties of Rhizosphere Soil of M. floridulus

Compared with non-rhizosphere soil, the chemical composition of the rhizosphere soil
of M. floridulus was significantly changed due to the absorption of the roots of M. floridulus,
the action of the root exudates, and the activities of the soil microorganisms (Table 1). The
nutrient content of the soil increased to varying degrees, and the soil matrix was improved
to some extent [22–24]. The acidic substrate of tailings reservoir soil tends to be pH neutral.
Although the soil organic matter content in the tailings pond area was low, compared
with the non-rhizosphere soil, the soil organic matter content in the rhizosphere soil of
Pentatitudes also increased significantly, with an average increase of 11.2%. Moreover,
studies have shown that plants can significantly improve the content of soil nutrients
during the growth process, and soil nutrients under different vegetation have obvious
surface aggregation effects [15,25]. This result is similar to the relevant research results.
Van Bremen and others believe that soil is the product of ecosystem engineering, because
for the ecological environment where the soil is located, larger animals and plants have an
impact on the physical and chemical properties of the soil [26,27]. Plants can affect many
properties of soil, such as acidity and available nutrients, which are of great significance for
plant survival and growth [28,29].

Table 1. Some physico-chemical properties of soil samples tested.

Sample Plot No Category pH Moisture
Content/(%)

Organic
Matter/(g·kg−1)

Available
P/(mg·kg−1)

Alkali
Hydrolyzed
N/(mg·kg−1)

Dominant Plant
Community

Sample plot 1
I 3.35 ± 0.03 27.50 ± 3.15 2.75 ± 0.65 12.75 ± 2.05 13.50 ± 1.65 Miscanthus floridulus +

Neyraudia reynaudianaII 3.16 ± 0.05 27.85 ± 3.25 2.96 ± 0.78 13.96 ± 2.35 13.96 ± 2.15
p 0 0.01 0.01 0.03 0.05

Sample plot 2
I 3.45 ± 0.04 23.85 ± 3.05 8.85 ± 1.65 16.55 ± 2.65 18.60 ± 1.50 Typha latifolia +

Miscanthus floridulusII 3.34 ± 0.05 23.98 ± 2.65 9.93 ± 1.85 17.25 ± 2.70 19.26 ± 2.05
p 0.02 0.02 0.03 0.04 0.02

Sample plot 3
I 5.20 ± 0.09 21.85 ± 1.65 17.25 ± 2.35 20.75 ± 3.15 43.75 ± 3.65 Miscanthus floridulus +

Typha latifoliaII 5.05 ± 0.10 22.08 ± 2.15 22.33 ± 2.20 23.35 ± 3.23 44.55 ± 4.05
p 0.02 0.01 0.01 0.01 0.03

Sample plot 4
I 6.20 ± 0.11 19.50 ± 1.55 18.95 ± 2.65 28.65 ± 3.45 65.80 ± 4.60 Miscanthus floridulus +

Cynodon dactylonII 6.10 ± 0.13 19.45 ± 1.65 24.25 ± 2.75 35.98 ± 3.75 66.95 ± 5.75
p 0 0 0.01 0.01 0.01

Note: n = 6 (The data in the table are the average values of 6 samples). Sample plot 1: Tielongwei mine pond;
Sample plot 2: Caoweikeng tailings pond; Sample plot 3: Donghua tailings pond; Sample plot 4: small tailings
pond. I: Bulk soil, II: Rhizosphere soi, p: I and II Concomitant probability of t test.

According to the quadrat survey data, there are obvious differences in the composition
and structure of the plant communities in the four different plots [15]. The main community
type of sample plot 1 is M. floridulus + N. reynaudiana, and the important value of the
dominant species M. floridulus is 66.25. There are two different community types in sample
plot 2, namely, the T. latifoli community with the largest community area in the middle of
the reservoir area and the M. floridulus community at the edge of the reservoir area. The
important value of the dominant species M. floridulus in the sample plot is 52.05. The main
community type of sample plot 3 is M. floridulus + T. latifoli, and the important value of
the dominant species M. floridulus is 48.15. The main community type of sample plot 4 is
M. floridulus + C. dactylon, and the important value of the dominant species M. floridulus
is 45.05. This difference indicates that the plant community structure tends to be more
complex from sample plot 1 to sample plot 4. At the same time, it also shows that the
longer succession time can well reflect the succession trend of the vegetation in the tailings
reservoir area from the pioneer population of fewer species to the stable community of
multiple species [30,31].

3.2. Speciation and Distribution of Heavy Metals in Rhizosphere Soil of M. floridulus

Compared with the background values of Chinese soil elements and the national
soil environmental quality standard (2018), the contents of Ni and Cr in the soils of the
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four tailings areas, whether in the rhizosphere or non-rhizosphere soils of Wujiemang
(Table 2), although exceeding the background values of Chinese soil elements [32], are
within the national soil level II standard, resulting in less heavy metal pollution in the soil.
However, the contents of Zn, Pb, Cu and Cd exceed the secondary soil quality standard, and
the pollution is serious, especially in the Tielongwei mine (Sample plot 1) and Chuduikeng
tailings pond (Sample plot 2). The contents of Cu and Cd reach about 6~8 times of the
national secondary soil standard [33].

Table 2. Contents of heavy metals and results (p) of t tests in M. floridulus rhizosphere and non-
rhizosphere soils/mg·kg−1.

Sample Plot No Category Zn Pb Cu Cd Ni Cr

Sample plot 1
I 2395.25 ± 160.4 2212.75 ± 141.1 1878.75 ± 115.3 9.63 ± 1.7 39.33 ± 4.6 53.50 ± 8.1
II 2285.25 ± 140.6 2155.30 ± 130.1 1750.20 ± 103.6 8.90 ± 1.3 34.03 ± 4.2 46.70 ± 7.3
p 0.02 0.04 0.02 0.03 0.03 0.04

Sample plot 2
I 2050.50 ± 145.3 1356.20 ± 105.4 1693.69 ± 108.2 8.85 ± 1.1 31.23 ± 4.1 43.15 ± 5.1
II 1840.40 ± 131.4 1276.15 ± 95.4 1580.60 ± 101.1 8.05 ± 1.0 25.10 ± 3.6 38.88 ± 4.5
p 0.04 0.04 0.02 0.04 0.04 0.03

Sample plot 3
I 780.88 ± 78.3 980.55 ± 75.3 1072.50 ± 95.3 5.88 ± 0.9 23.15 ± 2.2 35.18 ± 4.3
II 690.50 ± 68.6 910.30 ± 61.2 985.50 ± 83.3 5.11 ± 0.7 17.60 ± 1.7 27.10 ± 3.1
p 0.02 0.02 0 0.04 0.03 0.02

Sample plot 4
I 440.25 ± 27.4 750.35 ± 65.8 695.70 ± 65.9 2.20 ± 0.6 13.12 ± 1.8 15.10 ± 2.3
II 410.65 ± 32.8 670.67 ± 55.2 580.60 ± 55.7 1.78 ± 0.51 10.08 ± 1.10 11.12 ± 1.66
p 0.02 0.02 0 0.01 0.02 0.02

Table 2 shows the total amount of heavy metals in rhizospheres and non-rhizospheres
and their accompanying probability of the t test in M. floridulus of four tailings reservoirs.
Compared with the non-rhizosphere environment, the total amount of heavy metals in the
rhizosphere soil of M. floridulus decreased significantly or extremely significantly, which is
related to the absorption of heavy metals by M. floridulus; conversely, it is also due to the
decrease in pH in rhizosphere soil (Table 1), resulting in the increase in available content of
heavy metals, which is relatively easier to be leached by rainwater [34].

The distribution of heavy metals in rhizosphere and non-rhizosphere soil of several
M. floridulus was basically the same, showing that the mineral content of heavy metals
occupied most of the total amount of heavy metals, while the exchange content was low
(see Tables 3–8). However, through the significance test of the speciation contents of heavy
metals in rhizosphere soil and non-rhizosphere soil, it can be found that, compared with the
main speciation contents of heavy metals in non-rhizosphere soil, the speciation of heavy
metals in rhizosphere soil of four M. floridulus has significant changes. Comparing the con-
tents of heavy metals in rhizosphere, non-rhizosphere soil exchange state, carbonate-bound
state, Fe–Mn oxide-bound state and organic-bound state in four sample plots with their
corresponding total heavy metals, it can be found that compared with the non-rhizosphere
environment, the proportion of the contents of heavy metals in the rhizosphere environment
of Wujiemang is significantly higher than that in the non-rhizosphere environment [35,36].

Among them, the change in organic-bound states of heavy metals is the most promi-
nent. The proportion of organic-bound states of Cu in rhizosphere soil to the total amount
of Cu in rhizosphere soil is 23.3% higher than that in non-rhizosphere soil. Compared with
the non-rhizosphere environment, the proportion of organic-bound states of Cd and Pb in
the total amount of heavy metals in rhizosphere soil increased by more than 15.0%, while
Zn increased by 5.5%. Second, the exchangeable content of Cu increased by more than
4.0%, while the proportion of exchangeable content of Cu increased by 13.0%. At the same
time, the proportion of the carbonate-bound state and Fe–Mn oxide-bound state in the total
amount of heavy metals decreased, and the proportion of the carbonate-bound state of
several heavy metals decreased by 5.8% on average, which was higher than the decrease of
4.1% of the Fe–Mn oxide-bound state.
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3.3. Influencing Factors of Heavy Metal Speciation Distribution in Rhizosphere Soil of
M. floridulus
3.3.1. Effects of Plant Uptake on Heavy Metal Exchange in Rhizosphere Soil

Plant growth and root metabolism are a continuous process, under which the rhi-
zosphere environment is also in constant change, and different heavy metal forms in
rhizosphere soil will also have certain dynamic changes under the condition of plant
growth. Exchanged-state contents of heavy metals are related to soil physical and chemical
properties, plant growth and other factors, which will directly affect plant growth, and then
affect a series of transformations of heavy metal forms in rhizosphere soil. In this study,
with the increase in individual biomass, the uptake of heavy metals by M. floridulus also
increased significantly (See Table 9).

Table 3. Zn forms change and results (p) of t tests in M. floridulus rhizosphere and non-rhizosphere
soils/mg·kg−1.

Category Sample Plot No Exchangeable
Content

Carbonate-Bound
Content

Fe–Mn
Oxide-Bound

Content

Organically
Bound Content

I

Sample plot 1 239.27 ± 16.37 288.17 ± 19.26 329.87 ± 25.25 243.25 ± 18.38
Sample plot 2 205.51 ± 14.31 255.11 ± 16.30 299.11 ± 19.80 216.53 ± 17.35
Sample plot 3 78.46 ± 7.36 118.41 ± 9.88 158.45 ± 11.81 88.58 ± 8.66
Sample plot 4 44.25 ± 2.35 67.15 ± 3.85 97.18 ± 8.86 53.26 ± 4.15

II

Sample plot 1 249.15 ± 17.30 279.11 ± 18.34 321.83 ± 23.23 249.28 ± 19.98
Sample plot 2 216.50 ± 15.11 246.51 ± 17.85 285.11 ± 17.85 225.51 ± 19.33
Sample plot 3 78.46 ± 7.36 108.76 ± 8.35 150.41 ± 9.88 95.55 ± 9.61
Sample plot 4 48.28 ± 2.99 61.25 ± 4.17 91.15 ± 7.81 58.75 ± 5.11

p 0.01 0.01 0.02 0.01

Table 4. Pb forms change and results (p) of t tests in M. floridulus rhizosphere and non-rhizosphere
soils/mg·kg−1.

Category Sample Plot No Exchangeable
Content

Carbonate-Bound
Content

Fe–Mn
Oxide-Bound

Content

Organically
Bound Content

I

Sample plot 1 412.75 ± 41.15 112.71 ± 11.18 405.71 ± 31.75 212.34 ± 21.05
Sample plot 2 296.20 ± 25.40 76.20 ± 7.96 286.22 ± 21.45 156.21 ± 15.41
Sample plot 3 270.55 ± 25.35 70.15 ± 5.36 260.85 ± 23.38 140.51 ± 13.33
Sample plot 4 230.35 ± 15.83 55.35 ± 5.03 220.65 ± 11.33 110.45 ± 11.89

II

Sample plot 1 415.30 ± 35.10 107.75 ± 11.15 375.11 ± 27.70 219.38 ± 23.08
Sample plot 2 306.15 ± 31.45 71.25 ± 7.15 276.30 ± 22.41 163.28 ± 16.49
Sample plot 3 290.30 ± 29.20 61.88 ± 5.02 250.15 ± 20.33 148.57 ± 13.88
Sample plot 4 240.67 ± 18.23 51.33 ± 5.05 210.25 ± 10.52 119.96 ± 12.22

p 0.02 0.03 0.01 0.01

Table 5. Cu forms change and results (p) of t tests in M. floridulus rhizosphere and non-rhizosphere
soils/mg·kg−1.

Category Sample Plot No Exchangeable
Content

Carbonate-Bound
Content

Fe–Mn
Oxide-Bound

Content

Organically
Bound Content

I

Sample plot 1 98.75 ± 15.31 158.15 ± 15.31 198.75 ± 15.33 278.71 ± 25.11
Sample plot 2 83.69 ± 9.21 133.19 ± 18.12 183.69 ± 18.22 269.65 ± 18.22
Sample plot 3 52.50 ± 5.35 72.53 ± 9.17 102.50 ± 9.37 152.58 ± 13.35
Sample plot 4 37.70 ± 3.90 54.30 ± 6.25 74.70 ± 6.38 104.70 ± 8.38
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Table 5. Cont.

Category Sample Plot No Exchangeable
Content

Carbonate-Bound
Content

Fe–Mn
Oxide-Bound

Content

Organically
Bound Content

II

Sample plot 1 105.71 ± 16.35 149.25 ± 14.21 178.35 ± 14.35 288.41 ± 26.15
Sample plot 2 89.63 ± 9.42 123.16 ± 13.13 175.61 ± 17.25 275.75 ± 19.29
Sample plot 3 55.50 ± 5.65 63.58 ± 8.15 95.53 ± 8.38 159.98 ± 14.45
Sample plot 4 39.90 ± 4.20 46.80 ± 5.21 68.63 ± 6.11 109.90 ± 9.18

p 0.01 0.01 0.03 0.01

Table 6. Cd forms change and results (p) of t tests in M. floridulus rhizosphere and non-rhizosphere
soils/mg·kg−1.

Category Sample Plot No Exchangeable
Content

Carbonate-Bound
Content

Fe–Mn
Oxide-Bound

Content

Organically
Bound Content

I

Sample plot 1 0.93 ± 0.10 0.95 ± 0.11 1.97 ± 0.21 0.97 ± 0.11
Sample plot 2 0.85 ± 0.08 0.89 ± 0.08 1.68 ± 0.16 0.88 ± 0.08
Sample plot 3 0.58 ± 0.05 0.59 ± 0.05 1.09 ± 0.10 0.59 ± 0.06
Sample plot 4 0.20 ± 0.02 0.23 ± 0.03 0.51 ± 0.05 0.25 ± 0.02

II

Sample plot 1 0.96 ± 0.12 0.90 ± 0.10 1.90 ± 0.20 0.99 ± 0.11
Sample plot 2 0.89 ± 0.10 0.80 ± 0.08 1.60 ± 0.15 0.91 ± 0.10
Sample plot 3 0.62 ± 0.06 0.51 ± 0.04 1.01 ± 0.09 0.66 ± 0.05
Sample plot 4 0.22 ± 0.02 0.20 ± 0.02 0.41 ± 0.04 0.25 ± 0.02

p 0.03 0.02 0.01 0.01

Table 7. Ni forms change and results (p) of t tests in M. floridulus rhizosphere and non-rhizosphere
soils/mg·kg−1.

Category Sample Plot No Exchangeable
Content

Carbonate-Bound
Content

Fe–Mn
Oxide-Bound

Content

Organically
Bound Content

I

Sample plot 1 2.13 ± 0.25 2.15 ± 0.26 3.93 ± 0.45 6.13 ± 0.65
Sample plot 2 1.63 ± 0.12 1.65 ± 0.12 3.23 ± 0.32 3.63 ± 0.32
Sample plot 3 1.15 ± 0.10 1.18 ± 0.11 2.35 ± 0.22 3.15 ± 0.30
Sample plot 4 0.62 ± 0.05 0.68 ± 0.06 1.32 ± 0.15 1.82 ± 0.11

II

Sample plot 1 2.33 ± 0.26 2.05 ± 0.21 3.43 ± 0.30 6.33 ± 0.86
Sample plot 2 1.75 ± 0.13 1.35 ± 0.11 2.50 ± 0.25 3.75 ± 0.33
Sample plot 3 1.28 ± 0.12 1.08 ± 0.10 1.70 ± 0.18 3.68 ± 0.30
Sample plot 4 0.68 ± 0.06 0.58 ± 0.06 1.08 ± 0.10 2.08 ± 0.21

p 0.03 0.03 0.01 0.01

Table 8. Cr forms change and results (p) of t tests in M. floridulus rhizosphere and non-rhizosphere
soils/mg·kg−1.

Category Sample Plot No Exchangeable
Content

Carbonate-Bound
Content

Fe–Mn
Oxide-Bound

Content

Organically
Bound Content

I

Sample plot 1 2.78 ± 0.27 2.80 ± 0.31 5.50 ± 0.51 7.93 ± 0.77
Sample plot 2 2.11 ± 0.21 2.15 ± 0.35 4.35 ± 0.45 6.75 ± 0.65
Sample plot 3 1.80 ± 0.17 1.88 ± 0.18 3.58 ± 0.35 5.38 ± 0.65
Sample plot 4 0.78 ± 0.08 0.80 ± 0.09 1.50 ± 0.15 2.20 ± 0.21
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Table 8. Cont.

Category Sample Plot No Exchangeable
Content

Carbonate-Bound
Content

Fe–Mn
Oxide-Bound

Content

Organically
Bound Content

II

Sample plot 1 2.90 ± 0.28 2.30 ± 0.23 4.70 ± 0.47 8.50 ± 0.87
Sample plot 2 2.38 ± 0.22 1.98 ± 0.18 3.88 ± 0.36 7.88 ± 0.76
Sample plot 3 1.95 ± 0.18 1.35 ± 0.13 2.70 ± 0.25 6.10 ± 0.65
Sample plot 4 0.83 ± 0.08 0.62 ± 0.06 1.22 ± 0.12 2.82 ± 0.28

p 0.02 0.03 0.03 0.01

Table 9. Contents of heavy metals in M. floridulus and exchangeable heavy metals in rhizosphere soil
of different biomass of M. floridulus.

Dry Weigh/g Contents of
Zn/(mg·kg−1)

Contents of
Pb/(mg·kg−1)

Contents of
Cu/(mg·kg−1)

Contents of
Cd/(mg·kg−1)

Contents of
Ni/(mg·kg−1)

Contents of
Cr/(mg·kg−1)

5.15
44.25 ± 2.91 231.61 ± 15.55 32.80 ± 4.05 0.20 ± 0.02 0.62 ± 0.06 0.73 ± 0.07

(30.25 ± 3.28) * (20.30 ± 2.21) (18.55 ± 2.08) (2.13 ± 0.21) (0.35 ± 0.02) (0.33 ± 0.03)

12.65
48.28 ± 2.99 240.67 ± 18.23 39.90 ± 4.20 0.22 ± 0.02 0.68 ± 0.06 0.83 ± 0.08

(55.30 ± 5.56) (28.26 ± 2.77) (25.51 ± 2.18) (2.15 ± 0.22) (0.45 ± 0.03) (0.45 ± 0.04)

20.39
49.77 ± 3.19 233.25 ± 16.56 43.80 ± 4.45 0.20 ± 0.02 0.65 ± 0.05 0.72 ± 0.07

(83.50 ± 8.25) (43.10 ± 4.28) (38.60 ± 3.78) (2.85 ± 0.26) (0.60 ± 0.04) (0.48 ± 0.04)

29.88
49.77 ± 3.19 225.15 ± 14.58 41.50 ± 4.11 0.18 ± 0.02 0.61 ± 0.05 0.68 ± 0.06

(110.60 ± 11.55) (71.25 ± 6.28) (52.35 ± 5.28) (3.52 ± 1.08) (0.85 ± 0.05) (0.63 ± 0.05)

* The numerals in brackets are contents of heavy metals in Miscanthus floridulus.

Heavy metals in plants mainly come from the direct absorption of exchangeable
heavy metals in the soil. Compared with the change of exchangeable heavy metals in the
rhizosphere of M. floridulus, although the absorption of plants increases significantly with
the increase in biomass, the content of exchangeable heavy metals in the rhizosphere soil
does not decrease but increases in the early growth stage of M. floridulus, even if it decreases
later. It is also still higher than that in non-rhizosphere soil (the average exchange state
contents of heavy metals in non-rhizosphere soil are: Zn 44.45 mg·kg−1, Pb 230.26 mg·kg−1,
Cu 37.73 mg·kg−1, Cd 0.31 mg·kg−1). This shows that the absorption of heavy metals by
M. floridulus mainly comes from the transformation of other forms [37,38].

3.3.2. Different Growth Times of M. floridulus Rhizosphere Soil Formation Distribution of
Heavy Metals

By studying the relative change rate of heavy metal forms in rhizosphere soil of
M. floridulus in different growth times relative to non-rhizosphere soil, the dynamic change
trend line of different heavy metal forms is obtained, as shown in Figure 2. The relative
change rate (R) is obtained as follows:

R =


n
∑

i=1

(
Cij
Cit

)
n
∑

i=1

(
Coij
Coit

) − 1

× 100% (1)

where Cij is the content of the j form of heavy metal i in rhizosphere soil, and Cit is the
total amount of heavy metal in rhizosphere soil. Coij is the content of the j form of heavy
metal i in the non-rhizosphere soil, and Coit is the total amount of heavy metal in the
non-rhizosphere soil.
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Figure 2. Relative changes in heavy metal forms in M. floridulus rhizosphere soil ((A) is the Exchange-
able, (B) is the Carbonate, (C) is the Fe-Mn oxide, and (D) is the Organically bound).

The results in Figure 2 show that the growth time had a significant effect on the
speciation of heavy metals in the rhizosphere soil of M. floridulus. In this study, regardless
of the length of growth time, the proportion of organic-bound states in the total amount of
heavy metals increased significantly. Within 30 to 60 days of growth, the organic binding
state increased rapidly, decreased slightly, and then tended to maintain at a certain level.
The contents of heavy metals in an exchange state showed a similar trend with the increase
in growth time, but the increase was slightly smaller than that in the organic-combined
state. At the same time, compared with the non-rhizosphere soil, regardless of the growth
time, the proportion of heavy metals in the carbonate-bound state and Fe–Mn oxide-bound
state in the rhizosphere soil was significantly decreased. During the first 60 days of growth,
the proportion of the two in total heavy metals decreased rapidly. After that, the decline
rate slowed down and tended to remain at a certain level.

3.3.3. Relationship between Forms of Heavy Metals in Soil and Soil Properties

The contents of various forms of soil heavy metals are affected by soil physical and
chemical properties, among which soil pH is closely related to them [39]. Regression
analysis of the percentage of heavy metal forms in the total amount in soil and soil pH
value showed that the exchangeable contents of Zn, Pb, Cu, Cd, Ni and Cr were negatively
correlated with soil pH value; that is, exchangeable contents of each element decreased
with the increase in pH value. This is mainly because under alkaline conditions, Zn, Pb, Cu,
Cd, Ni and Cr form insoluble compounds with carbonate and phosphate, thus reducing
the availability of Zn, Pb, Cu, Cd, Ni and Cr. It has been shown that the solubility of all
zinc minerals can be reduced to 1% of their original solubility with each increase in pH
unit [40].
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The contents of the carbonate-bound state and Fe–Mn oxide-bound state of heavy
metals were positively correlated with pH. This shows that with the increase in pH, the
role of precipitation reaction, and metal hydroxyl complex is increased, so as to increase
the specific adsorption of iron manganese oxide on Cu, Cd, Pb and Zn, and the adsorption
capacity of soil on Cu, Cd, Pb and Zn is increased. Therefore, although the exchangeable
content of heavy metals in the soil of the tailings reservoir area is low at present, attention
should also be paid to prevent carbonate-bound and Fe–Mn oxide-bound heavy metals
in the soil from directly transforming to effective forms with the decrease in soil pH and
soil-aggravating heavy metal pollution [41].

All organically bound heavy metals have a significant or extremely significant positive
correlation with the content of soil organic matter (see Table 10). This is mainly due to the
increase in the content of organic matter in the soil, which provides more active groups,
such as hydroxyl, carboxyl, methoxy and quinone groups. Because these active groups have
hydrophilicity, strong complexation ability and high adsorption performance, they can form
heavy metal humic acid chelates with heavy metals, which increase the adsorption capacity
of soil to pollutants [42], promote the combination of some heavy metal forms, especially
the effective components and organic matter, and form an organic-bound state, resulting
in a significant increase in the content of the organic-bound state of heavy metals in the
rhizosphere environment, but the complex metals of organic matter can be released into
the soil solution with the degradation of organic matter under strong oxidation conditions.
This shows that organically bound heavy metals are the potential source of exchangeable
heavy metals. Therefore, while increasing the application of organic fertilizer to reduce the
harm of soil heavy metals, we should also pay attention to adjusting the redox potential
of soil to avoid the transformation of organically bound heavy metals to exchangeable
heavy metals, resulting in an increase in the harm degree of heavy metals. From the above
analysis, it can be seen that the joint action of soil pH and organic matter has resulted in the
consistent increase in available and organic-bound states of heavy metals in the rhizosphere
environment of M. floridulus [43].

Table 10. Correlation between contents of various forms of heavy metals and soil pH and
organic matter.

Factors Forms Zn Pb Cu Cd Ni Cr

pH

Exchangeable −0.931 ** −0.661 −0.911 ** −0.871 ** −0.902 ** −0.844 *
Carbonate combined 0.568 0.845 * 0.933 ** 0.928 ** 0.903 ** 0.828 *

Fe–Mn oxide combined 0.814 * 0.823 * 0.748 0.461 0.741 0.475
Organically bound −0.851 * −0.842 * −0.994 ** −0.846 * −0.993 ** −0.845 *

organic matter

Exchangeable 0.722 0.675 0.828* 0.171 0.715 0.665
Carbonate combined 0.331 −0.515 −0.319 −0.225 −0.355 −0.270

Fe–Mn oxide combined −0.252 −0.112 −0.204 −0.012 −0.218 −0.015
Organically bound 0.851 * 0.836 * 0.931 ** 0.997 ** 0.905 ** 0.751

* p < 0.05, ** p < 0.01.

3.3.4. Relationship between Speciation of Soil Heavy Metals and Soil Properties

The regression analysis between the content of Zn, Pb, Cu, Cd, Ni and Cr in soil and
the total amount of corresponding heavy metals showed that the relationship between the
content of different heavy metals and their corresponding total amount was not significant,
and there was almost no correlation between the percentage of content of different forms
and their total amount. This shows that the main factor affecting the form and distribution
of heavy metals in soil is not the total content of heavy metals. The reason for this phe-
nomenon may be the content of various forms of heavy metals, including exchange state,
carbonate-bound state, Fe–Mn oxide-bound state and organic-bound state, which are easily
affected by external factors, especially the pH of soil matrix, organic matter content, plant
growth and other factors [44].
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4. Discussion

As a special kind of heavy metal-polluted land, the key to solving the problem of
phytoremediation of heavy metal tailings wasteland lies in the improvement of the matrix
and the selection of species [45]. A considerable part of heavy metal tailings wasteland is
located in relatively low-lying areas such as valleys and river valleys [46], which are not
urgently required to be transformed into cultivated land. At present, what needs to be
solved urgently is to improve its exposed and unstable tailings matrix and to realize vege-
tation coverage, so as to reduce the harm of the wasteland to the surrounding environment.
Therefore, matrix improvement is particularly important here. Through the study of the
rhizosphere environment of wild plants under natural conditions, this study shows that
the growth of plants can improve the soil matrix (Table 1), which is mainly reflected in the
increase in soil nutrients (Table 1) and the decrease in total heavy metals (Table 2). On the
premise that the known species of heavy metal hyperaccumulation plants are too few and
the number is too limited to be widely used, increasing the research on local tolerant plants
and actively improving the tailings matrix are of great value for accelerating the vegetation
coverage process of heavy metal tailings wasteland.

Zhou Qixing et al. [47] studied the changes of different forms of heavy metals in crop
rhizosphere soil in a simulated environment. The results showed that the forms of heavy
metals in rhizosphere soil changed regularly in different periods of crop growth, which
showed that the contents of exchangeable, carbonate-bound and iron manganese oxide-
bound increased first and then decreased. After a certain time, the contents of exchangeable
and carbonate-bound were finally lower than those in non-rhizosphere soil. The change in
organic-bound metals in rhizosphere soil is opposite to that of iron and manganese oxides,
which gradually decrease to the lowest during the growth period and then gradually
recover. This study shows that under natural conditions, the proportion of organic-bound
heavy metals in the total amount of heavy metals increases significantly regardless of
the growth time of M. floridulus, and tends to maintain at a certain level. Although the
change range of exchange heavy metals is slightly smaller than that of organic-bound
heavy metals, it is also higher than that of non-rhizosphere soil, and there is an obvious
continuous increase. On the contrary, compared with non-rhizosphere soil, the proportion
of carbonate-bound state and Fe–Mn oxide-bound state in the total amount of heavy metals
in the rhizosphere soil of M. floridulus decreased significantly and tended to maintain at a
certain level after a period of growth. The reason for the above different phenomena may
be that compared with simulated cultivation, the growth environment of natural plants is
equivalent to an open and unlimited pollution source [48,49].

For the absorption of a single plant, the total amount of pollutants in the soil envi-
ronment is almost unlimited, and a single plant has little impact on the surrounding soil
environment as a whole. Factors such as rain leaching, the activities of animals and mi-
croorganisms, and the growth and reproduction of a large number of other plants promote
the morphological transformation process of heavy metals in soil and their migration in
physical space, such that the effective forms of heavy metals that can be directly absorbed
by M. floridulus near the rhizosphere can be continuously supplemented, without the phe-
nomenon that the absorbable forms are greatly reduced due to excessive plant absorption
under cultivation conditions [50,51]. At the same time, the content of soil organic matter
in the tailings reservoir area is low, and the growth of M. floridulus causes a significant
increase in the content of organic matter in the rhizosphere environment (Table 1), which
promotes a large increase in the content of organically bound heavy metals (Tables 3–6).
The root exudates of M. floridulus reduce the soil pH, resulting in the transformation of the
carbonate-bound state and even organic-bound state to an exchange state in the soil. In
addition, the exchangeable state of heavy metals is a bioavailable form. Compared with
the residual state, the carbonate-bound, iron manganese oxide-bound and organic-bound
heavy metals are weak binding forms and have strong potential bioavailability. The change
in the content percentage of these four forms of heavy metals in their total amount will also
lead to a change in heavy metal migration and other activities in the soil [51,52].
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Therefore, it can be considered that the absorption of M. floridulus may not be the
only reason why the total amount of heavy metals in rhizosphere soil is lower than that
in non-rhizosphere soil. The growth of M. floridulus and the action of root exudates
cause the change in the form composition of heavy metals in rhizospheres, especially the
transformation from a residue state to a weak binding state, and a carbonate-binding state
to an Fe–Mn oxide binding state, and the weak binding form components of these heavy
metals tend to decompose and transform into an effective state. As a result, the proportion
of the available content of heavy metals in the rhizosphere soil of M. floridulus increased
significantly, which greatly improved the migration ability of soil heavy metals and made
it easier to be taken away by external factors such as rainwater leaching, resulting in the
decrease in the total content of heavy metals in the soil.

5. Conclusions

(1) The content of organic matter in the natural soil of the Dabaoshan tailings reservoir
area in northern Guangdong is low, while the soil pH value decreases and the content of
soil organic matter increases significantly in the rhizosphere environment compared with
the non-rhizosphere environment.

(2) The total amount of heavy metals in the rhizosphere environment and non-
rhizosphere environment decreased significantly or extremely significantly due to factors
such as absorption of M. floridulus.

(3) The main forms of heavy metals in rhizosphere and non-rhizosphere soils of M.
floridulus in the tailings reservoir area show that the mineral content accounts for most of
the total amount of heavy metals, and the exchange content is low.

(4) With the growth of M. floridulus, the contents of heavy metal exchange state
and organic-bound state in rhizosphere soil increased significantly, while the contents of
carbonate-bound state and iron manganese oxide-bound state decreased.

(5) The exchangeable contents of Zn, Pb, Cu, Cd, Ni and Cr were negatively correlated
with soil pH, while the contents of carbonate-bound and iron manganese oxide-bound
were positively correlated with pH. Organic-bound heavy metals were positively correlated
with organic matter content, while carbonate-bound and iron manganese oxide-bound
were negatively correlated with organic matter content. However, there is no significant
correlation between the existence, distribution and total amount of heavy metals.
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