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The water-soluble heavy metal ions in contaminated soil may enter aquatic ecosystem
through runoff, thus causing negative impact on the water environment. In this study, a
two-year in situ experiment was carried out to explore an effective way to reduce the runoff
erosion and water-soluble copper (Cu) and cadmium (Cd) in a contaminated soil (Cu:
1,148 mg kg−1, Cd: 1.31 mg kg−1) near a large Cu smelter. We evaluated the ability to
influence soil properties by four Cu-tolerance plant species (Pennisetum sp., Elsholtzia
splendens, Vetiveria zizanioides, Setaria pumila) grown in a contaminated acidic soil
amended with lime. The results show that the addition of lime can significantly reduce
the exchangeable fraction (EXC) of Cu and Cd in soil (81.1–85.6% and 46.3–55.9%,
respectively). Plant species cannot change the fraction distributions of Cu and Cd in the
lime-amended soils, but they can reduce the runoff generation by 8.39–77.0%. Although
water-soluble Cu concentrations in the runoff were not significantly differed and water-
soluble Cd cannot be detected among the four plant species, the combined remediation
can significantly reduce 35.9–63.4% of Cu erosion to aquatic ecosystem, following the
order: Pennisetum sp. > Elsholtzia splendens > Vetiveria zizanioides > Setaria pumila. The
implication of this study would provide valuable insights for contaminated soil management
and risk reduction in the Cu and Cd contaminated regions.
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INTRODUCTION

Increasing anthropogenic activities such as smelting and irrigation using waste water and
atmospheric deposition have caused severe heavy metal contamination in soil around the world
(Xu X et al., 2018). Heavy metals entering the soil will harm human health through the food-chain
(Ouyang et al., 2018a). Meanwhile, Soil erosion has been a worldwide land degradation process and a
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serious threat to the sustainability of agriculture (Borrelli et al.,
2015; Wang R et al., 2016; Wang Y et al., 2016). In China, 28.3%
of the total soil loss occurs on agricultural lands, which account
for only 6.8% of the total area of soil loss (MWR, 2007) (Li et al.,
2014). The researches show that heavy metals mainly accumulate
in the surface layer of soil and heavy metals in the surface layer
can enter the surface runoff with the process of soil erosion (Devi
and Bhattacharyy, 2018). Moreover, the migration of heavy
metals with surface runoff will cause the expansion of heavy
metal pollution area (Ouyang et al., 2018b).

In order to reduce the mobility and bioavailability of heavy
metals in agricultural soils, many cost-effective and
environmentally friendly techniques have been developed
during the past decades (He et al., 2019). Lime has been used
for in situ remediation of metal contaminated soil because it is
cheap and easy to get (Guo et al., 2018; Zhang et al., 2019). At the
same time, phytoremediation has been widely used in
remediation of heavy metal contaminated soil because it is
considered as an environmentally friendly and economic
method to treat the pollutant (Ashraf et al., 2019; Liu et al., 2020).

The previous studies have greatly contributed to the
knowledge of runoff and soil loss in red soil region of China
(Xu Y et al., 2018). Many scholars have also done research on
remediation of soil heavy metal pollution in this area (Liu et al.,
2019). Nevertheless, changes of soil runoff after pollution
remediation have received relatively little attention. The
existing research mainly focuses on the soil heavy metal
pollution situation, pollution sources, hazards and remediation
measures. Unfortunately, the relationships between these
remediation measures and runoff such as runoff and
concentration of heavy metals in runoff have seldom been
discussed. Meanwhile, few studies have compared the different
remediation measures for optimisation purposes.

This study explores the various effects of the combined
remediation of lime and Pennisetum sp., Elsholtzia splendens,
Vetiveria zizanioides on speciation and availability of heavy
metals in soil and runoff and concentration of heavy metals in
runoff. Setaria pumila, an indigenous plant didn’t need to be
planted artificially and could grow normally after the lime was
applied in our previous studies, but would not grow in the soil
without lime (Xu et al., 2017). So our study included five
treatments: untreated soil, lime and native Setaria lutescens
(indigenous plant, didn’t need to be planted artificially), lime
and Elsholtzia splendens, lime and Vetiveria zizanioides, lime and
Pennisetum sp. We hypothesised that the combined remediation
would reduce surface runoff and concentration of heavy metals in
runoff. Specifically, the objectives are to define the relationship
between plant species and runoff generation and to identify the
best remediation activity for contaminated soil.

MATERIALS AND METHODS

Study Site
The study site is located in Guixi City, Jiangxi Province, China
(116°55′ E, 28°12′ N). The area has a subtropical monsoon
climate, with an average annual precipitation of 1808 mm.

Farmers had used water containing heavy metals to irrigate for
a long time, which lead to heavy metal contamination in soil
(mainly Cu and Cd) and Cd concentrations in rice exceeding the
National food health standards (0.2 mg kg−1, GB 15201-94). The
soil texture is sandy loam and the basic soil properties are listed in
Table 1.

Lime and Plant Species
The Cu and Cd concentrations in the lime (particle size 0.25 mm,
purchased from building materials market, Jiangxi, China) were
1.36 and 0.873 mg kg−1, respectively; the pH was 12.2. Four
phytoextractors were selected, including a Cu-tolerant plant
(Elsholtzia splendens), energy plant (Pennisetum sp. and
Vetiveria zizanioides) and a native weed (Setaria pumila). All
the plants used in the experiment were obtained by indoor
cultivation.

Plot Design
Five treatments were set up in this study: untreated soil (CK), lime
and native Setaria lutescens (LW), lime and Elsholtzia splendens
(LE), lime and Vetiveria zizanioides (LV), lime and Pennisetum
sp. (LP), and every treatment was design with three replicates. The
field plots were designed as 200 cm (length) × 200 cm (width) and
were separated by plastic plates. 0.2% lime (based on the 0–17 cm
soil weight) was applied every plot on December 23, 2012, then
the lime was mixed thoroughly with the soil by rotary tillage.
Elsholtzia splendens (planting density 20 × 20 cm), Vetiveria
zizanioides (planting density 30 × 30 cm), and Pennisetum sp.
(planting density 50 × 50 cm) were planted on 26 April each year
(2013, 2014). Weeds (mainly Setaria lutescens) were cleared from
all plots before planting every year and no more weeding after
planting. All field plots were managed in the same management.
Runoff was collected at the bottom of the slope in a channel that
was connected to a 50 L plastic bucket, the runoff after each
rainfall was calculated by weighing. The average slope gradient
for the plots was approximately 3°.

Sample Collection
All the aboveground parts (shoots) of the plants were harvested in
the middle of December each year. Some plant samples were
brought back to the laboratory, and washed with tap water and
then with ultrapure water. Thereafter, the plant samples were
weighted after drying to constant weight in an oven at 80°C,
subsequently, plant samples were crushed by a grinder and used
for heavy metal analysis.

After the plant samples were harvested, five soil samples were
collected in each plot and fully mixed to form a composite soil
sample (about 1 kg), then the samples were air-dried and ground
for physicochemical analysis.

We mainly study the runoff from April to June, because this
period is rainy season and plants grown vigorously, which can
have a significant impact on the runoff process. The runoff after
each heavy rainfall was calculated by weighed, after the water
sample in the plastic bucket was mixed, and 1 L water sample was
taken out and shipped to our laboratory. After the sample was
stationary for 3 days, the supernatant was separated by siphon
method and prepared for chemical analysis.
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Sample Analysis
The soil pH was measured with a glass electrode at a water soil
ratio of 2.5:1 (PHS-2CW-CN, Bante, Shanghai, China).
Walkley–Black procedure was used to measure the soil organic
carbon (SOC), total nitrogen (TN) and total phosphate (TP)
(Walkley and Black, 1934). The soil total potassium (TN) was
measured according to Olsen (1954).

The Cu and Cd in soil was measured by atomic absorption
spectrophotometry (SpectrAA-220) after the samples were
digested (Xu et al., 2016). In order to ensure the reliability of
the experimental data, a standard soil sample (GBW07405,
National Research Center for Certified Reference Materials,
China) was used during the experiment. The fractions of Cu
and Cd were determined by the modified Tessier sequential
chemical extraction procedures which divided soil fractions
into five grades (Xu et al., 2016). The Cu and Cd in the runoff
were measured by atomic absorption spectrophotometry after
filtered by 0.45 μm filter membrane.

Statistical Analysis
SPSS20.0 (IBM SPSS, Somers, NY, United States) was used for
one-way ANOVA and correlation analysis and all the graphics
were plotted by Sigmaplot 12.5.

RESULTS AND DISCUSSION

Surface Soil Properties
The properties of surface soil in plots of the five treatments are
summarized in Table 2. The soil pH were significantly improved
after the lime was applied, the range of improvement was
0.46–0.98. The addition of lime increased soil pH, mainly
because lime was an alkaline substance, and its CaCO3 content
was high which contributed greatly to the improvement of soil pH
(Li et al., 2019). There were difference during the different
treatments of plants, but the effect of plants on soil pH was

not significant in 2013 and 2014. At the same time, there was a
reduction of the soil pH 1 year after the lime application, and the
decreasing range was 0.16–0.52. This might be due to that the area
was located in an acid deposition area, and a large amount of acid
gas was emitted from the smelters and fertilizer plants. The soil
organic carbon contents were similar among the five treatments
in 2013 but variable in 2014. The highest soil organic carbon
content in 2014 was found in the lime–Pennisetum sp (LP)
treatment (19.1 g kg−1). This result might be related to three
factors: first, vegetation restoration in soil erosion areas increased
vegetation coverage and reduced soil erosion and nutrient loss
(Tao et al., 2020); at the same time, the presence of plant residues,
roots and root exudates also increased the input of organic matter
to the soil (Lu et al., 2019); last, after the combined remediation,
the changes of microbial community structure and function
related to organic carbon turnover might affect the
accumulation of organic carbon (Zhao et al., 2015). These
changes in soil ultimately affect the concentration of soil
organic carbon. Compared with the CK, the combined
treatment of lime and plants did not significantly change the
total Cu and Cd in soil.

Chemical Fractions of Cd and Cu
Heavy metals in soil can be divided into solid and solution phases
according to their existing forms, and they mainly exist in the
solid phase (Xiao et al., 2017). Moreover, heavy metals in solid-
phase can be divided into different fractions according to their
solubility, mobility, bioavailability, and potential environmental
toxicity, therefore, a single extraction step cannot fully evaluate
the toxicity and migration of heavy metals in soil (Hou et al.,
2017). In order to evaluate the migration and bioavailability of
heavymetals in soil, a sequential extraction procedure was used in
the present study. The fractions of Cu and Cd in soil were listed in
Table 3. The total Cu concentration was 1.15 × 103 mg kg−1 in the
soil of CK, The Fe-Mn fraction of Cu (409 mg kg−1, 35.6%) was
most abundant, followed by the OM fraction (275 mg kg−1,

TABLE 1 | Soil characteristics in the study site prior to this study (SOC � soil organic carbon).

Bulk density (g
cm−3)

pH SOC mg
kg−1

Total nitrogen g
kg−1

Total phosphorus g
kg−1

Total potassium g
kg−1

CEC cmol
kg−1

Total Cu mg
kg−1

Total Cd μg
kg−1

1.25 5.65 16.5 1.08 0.173 2.18 8.25 1,148 1.31 × 103

TABLE 2 | Surface soil properties after treatments (SOC � soil organic carbon, CK � untreated soil, LW, lime + Setaria lutescens; LE, lime + Elsholtzia splendens; LV, lime +
Vetiveria zizanioides; LP, lime + Pennisetum sp., Different lowercase letters indicate significant differences between treatments, n � 3, p < 0.05).

Time Treatment pH SOC g kg−1 Total Cu mg kg−1 Total Cd μg kg−1

2013 CK 5.65 ± 0.0651c 17.1 ± 0.765a 1.15 × 103 ± 35.4a 1.31 × 103 ± 135a
LW 6.32 ± 0.133ab 17.0 ± 0.768a 1.19 × 103 ± 7.49a 1.32 × 103 ± 86.5a
LV 6.11 ± 0.293ab 17.9 ± 1.43a 1.12 × 103 ± 111a 1.32 × 103 ± 166a
LE 6.70 ± 0.202a 18.2 ± 2.82a 1.18 × 103 ± 44.3a 1.31 × 103 ± 114a
LP 6.63 ± 0.0586a 18.0 ± 1.60a 1.22 × 103 ± 115a 1.32 × 103 ± 168a

2014 CK 5.40 ± 0.0608b 16.9 ± 0.370b 1.15 × 103 ± 33.5a 1.32 × 103 ± 95.6a
LW 6.13 ± 0.0462a 17.2 ± 0.587ab 1.20 × 103 ± 25.3a 1.32 × 103 ± 132a
LV 6.27 ± 0.155a 18.6 ± 0.958a 1.16 × 103 ± 88.6a 1.33 × 103 ± 22.6a
LE 6.18 ± 0.176a 18.7 ± 0.359a 1.19 × 103 ± 48.8a 1.33 × 103 ± 181a
LP 6.39 ± 0.333a 19.1 ± 1.09a 1.22 × 103 ± 96.2a 1.32 × 103 ± 94.1a

Frontiers in Environmental Science | www.frontiersin.org July 2021 | Volume 9 | Article 6383243

Xu et al. Remediation Effects on Metals and Runoff

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


23.9%) and CA fraction (217 mg kg−1, 18.9%); the RES fraction
(143 mg kg−1, 12.4%) and EXC fraction (77.3 mg kg−1, 6.72%)
were the lowest. When the lime was added to the soil, the EXC
fractions of all the other four treatments were reduced
significantly in 2013 and 2014. Both of the most maximum
reduction in 2013 and 2014 were found in LP, where EXC
fraction with 85.6% reduction from 77.3 to 11.1 mg kg−1 and a
82.4% reduction from 82.6 to 16.6 mg kg−1, respectively.
Conversely, the RES fractions were significantly improved in
the combined remediation compared with CK. Just as the
EXC fraction, the most maximum promotion of RES fractions
in 2013 and 2014 were found in LP, and the RES fraction was
increased by 51.0 and 40.9%, respectively. While there was no
significant difference of the CA fraction, Fe-Mn fraction and OM
fraction among the five treatments. It is worth noting that there
was no significant difference in Cu fractions among the four
different plant treatments (LW, LV, LE, LP), in other words,
almost all the changes of Cu fractions were caused by the addition
of lime but not the cultivation of plant.

The total Cd concentration in soil was 1.31 × 103 μg kg−1, but
different from the distribution of Cu, the Cd in the soil of CK was
mainly present in the EXC fraction (564 × 103 μg kg−1, 43.1%),
which indicated that the bioavailability of Cd was higher than that
of Cu in this area. Additionally, the RES fraction (562 × 103 μg
kg−1, 42.9%) was abundant and followed by the Fe-Mn and CA
fraction which were 144 × 103 μg kg−1 (11.0%) and 101 × 103 μg
kg-1 (7.71%), respectively. The OM fraction (24.5 × 103 μg kg−1,
1.87%) was the least in the soil of CK. With lime application, the
total Cd concentration was almost unchanged, but the EXC
fraction of Cd was significantly by 46.3–55.9% and 45.9–55.0%
in 2013 and 2014, respectively. While the CA fraction was

markedly increased, the decrease rates in 2013 and 2014 were
73.3–92.1% and 72.3–95.0%, respectively. However, the addition
of lime had no significant effect on Fe-Mn, OM and RES fraction
of Cd in soil. Similar to the fraction of Cu in soil, there was no
significant difference in Cd fractions among the four different
plant treatments (LW, LV, LE, LP).

The EXC fraction of heavy metals is considered as a phase
which is much easier to migrate and has higher bioavailability
(Markovic et al., 2019). The EXC fraction of Cd is often present at
low concentrations (<10% of total Cd) in uncontaminated soil
(Wong et al., 2002). However, in this study, the EXC fraction of Cd
constituted 43.1% of the total Cd in the soil of CK, which far more
than that in uncontaminated soil. We speculated that the high EXC
fraction of Cd was not only related to irrigation, but also
introduced from atmospheric deposition of the nearby copper
smelter. Research shows that the Cd which enters the soil through
atmospheric deposition has high activity and bioavailability (Zhou
et al., 2019). Additionally, the EXC fraction can be used to evaluate
the bioavailability and environmental toxicity of heavy metals
(Mohamed et al., 2017). In this study, the EXC fraction of Cu
and Cd were significantly decreased by the combine remediation,
meanwhile the RES and CA fractions were increased after the
application. At the same time, the percentages of EXC fraction of
both Cd and Cu were significantly decreased after the combine
remediation. This demonstrated that lime could be used as an
effective amendment to decrease the bioavailability andmobility of
Cd and Cu in the contaminated soil. Meanwhile, the reduction of
EXC fraction Cu (85.6%) by application of lime was much greater
than that of Cd (55.9%) in terms of the reduction range, which
indicated that the ability of lime to reduce the bioavailability and
mobility of Cu was better than that of Cd.

TABLE 3 | Soil Cu and Cd fractions after the treatments (CK, untreated soil; LW, lime + Setaria lutescens; LE, lime + Elsholtzia splendens; LV, lime + Vetiveria zizanioides; LP,
lime + Pennisetum sp.; EXC, exchangeable fraction; CA, carbonate-bound fraction, Fe–Mn, Fe–Mn oxides-bound fraction; OM, organic matter-bound fraction; RES,
residual fraction. Different lowercase letters indicate significant differences between treatments, n � 3, p < 0.05).

Heavy metal Time Treatment EXC mg kg−1 CA mg kg−1 Fe-Mn mg kg−1 OM mg kg−1 RES mg kg−1 Total mg kg−1

Cu 2013 CK 77.3 ± 11.0a 217 ± 8.86a 409 ± 11.8a 275 ± 25.0a 143 ± 15.7b 1.15 × 103 ± 35.4a
LW 12.3 ± 3.44b 218 ± 11.6a 418 ± 31.1a 296 ± 15.5a 195 ± 8.10ab 1.19 × 103 ± 7.49a
LV 11.4 ± 3.30b 221 ± 13.4a 488 ± 59.5a 256 ± 27.8a 209 ± 14.4a 1.12 × 103 ± 111a
LE 14.6 ± 7.19b 207 ± 19.7a 458 ± 64.2a 260 ± 22.9a 168 ± 15.4ab 1.18 × 103 ± 44.3a
LP 11.1 ± 2.84b 208 ± 28.3a 462 ± 13.3a 270 ± 45.1a 216 ± 37.7a 1.22 × 103 ± 116a

2014 CK 82.6 ± 6.94a 218 ± 8.86a 431 ± 27.9a 273 ± 34.0a 154 ± 38.8a 1.15 × 103 ± 33.5a
LW 20.0 ± 5.09b 221 ± 13.5a 445 ± 30.1a 291 ± 17.5a 173 ± 22.0a 1.12 × 103 ± 25.3a
LV 19.4 ± 0.80b 224 ± 28.1a 483 ± 44.3a 255 ± 11.0a 202 ± 30.7a 1.16 × 103 ± 88.6a
LE 19.7 ± 4.78b 207 ± 19.7a 461 ± 23.3a 250 ± 23.3a 169 ± 15.2a 1.19 × 103 ± 48.8a
LP 16.6 ± 3.72b 208 ± 28.3a 470 ± 45.0a 264 ± 14.9a 217 ± 40.6a 1.22 × 103 ± 96.2a

Heavy metal Time Treatment EXC μg kg−1 CA μg kg−1 Fe-Mn μg kg−1 OM μg kg−1 RES μg kg−1 Total μg kg−1

Cd 2013 CK 564 ± 82.6a 101 ± 12.2b 144 ± 22.0a 24.5 ± 3.78b 562 ± 40.0a 1.31 × 103 ± 135a
LW 298 ± 36.4b 175 ± 17.3a 235 ± 12.4a 42.9 ± 7.17ab 629 ± 31.9a 1.33 × 103 ± 86.5a
LV 297 ± 60.0b 191 ± 35.1a 241 ± 48.2a 38.2 ± 7.93ab 675 ± 44.5a 1.32 × 103 ± 166a
LE 249 ± 25.1b 194 ± 21.1a 242 ± 33.2a 44.6 ± 7.99a 589 ± 39.4a 1.31103 ± 114a
LP 303 ± 96.7b 183 ± 36.2a 232 ± 68.0a 35.9 ± 6.64ab 566 ± 123a 1.32 × 103 ± 168a

2014 CK 567 ± 60.2a 101 ± 12.2b 151 ± 15.8b 24.6 ± 2.90b 570 ± 14.2a 1.32 × 103 ± 95.6a
LW 307 ± 55.4b 174 ± 6.01a 236 ± 9.77a 45.0 ± 9.99a 626 ± 53.5a 1.32103 ± 132a
LV 299 ± 18.1b 193 ± 35.6a 245 ± 30.5a 38.2 ± 2.65ab 726 ± 188a 1.33 × 103 ± 226a
LE 255 ± 26.7b 197 ± 9.96a 245 ± 50.8a 45.9 ± 6.52a 585 ± 55.6a 1.33 × 103 ± 181a
LP 303 ± 45.7b 184 ± 14.6a 224 ± 27.6ab 36.2 ± 4.01ab 546 ± 20.5a 1.32 × 103 ± 94.1a
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Runoff Generation Response
A total of seven rainfall events greater than 50mm were record
during 2013 and 2014. The runoff generation was shown Figure 1,
the runoff was significantly different among the five treatments.
There was no significant difference of the runoff generation among
the different treatments in 2013-05-10, 2013-05-22 and 2014-05-
03. In the other four rainfall events, the CK treatment showed the
largest runoff generation in every rainfall event among all of the

plots, while the minimum runoff generation was LP treatment.
Compared with CK, LW treatment can reduce runoff generation
by approximately 9.95–32.6%. The runoff reduction rates of LV, LE
and LP were calculated as 16.8%–53.4%, 23.3%–60.1% and
38.4–77.0%, respectively. While we found that the larger the
shoot biomass, the smaller the runoff generation (Figures 1, 2).
The results showed that the combined remediation of lime and
plants could effectively reduce the runoff generation in the process
of rainfall. However, this effect only appears after the plant had
grown for a period of time. The above ground part of hedgerow had
the function of mechanical blocking to retain runoff and reduce
runoff and sediment; the root system of underground part could fix
soil and improve soil physical and chemical properties (Cao et al.,
2015). After planting plants, the runoff generation time of the slope
land could be lagged behind than control, and the more vigorous
the aboveground part of the plants grow, the more obvious of the
lag time of runoff generation was. The aboveground part of the
plant had the mechanical blocking function to retain runoff and
reduce runoff and sediment, the underground part of the root
system could fix the soil and improve the soil physical and chemical
properties (Wang et al., 2017; Wang et al., 2018).

Water-soluble metal concentration and pH in runoff are listed
in the Table 4. Based on the analysis, we found that the runoff pH
was significantly increased by the combined remediation of lime
and plant in runoff events of 2013-06-03, 2014-05-03, 2014-05-18
and 2014-06-08. However, the effect of plant on the pH of runoff
was not significant after lime was applied. Similar to the pH of
runoff, the addition of lime in soil could significantly reduce the
water-soluble Cu concentration in runoff, but the plant had no
significant effect on the water-soluble Cu concentration. The
reduction rates of water-soluble Cu concentration in each rainfall

FIGURE 1 | Cumulative runoff of single rainfall for different treatments in 2013 and 2014(CK, untreated soil; LW, lime + Setaria lutescens; LE, lime + Elsholtzia
splendens; LV, lime + Vetiveria zizanioides; LP, lime + Pennisetum sp., Different lowercase letters indicate significant differences between treatments, n � 3, p < 0.05).

FIGURE 2 | Dry shoot biomass of each treatment (CK � untreated soil,
LW � lime + Setaria lutescens, LE, lime + Elsholtzia splendens; LV, lime +
Vetiveria zizanioides; LP, lime + Pennisetum sp., Different lowercase letters
indicate significant differences between treatments in the same year, n �
3, p < 0.05).
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was quite different, and the maximum reduction rate occurred in
LE in 2013-06-03 (40.9%), the minimum reduction rate occurred
in LW and LV in 2014-06-08 (13.6%). Combined with the data of
runoff and Cu concentration in runoff, we found that the
combine remediation could significantly reduce 35.9–63.4% of
Cu erosion to aquatic ecosystem, following the order: Pennisetum
sp. > Elsholtzia splendens >Vetiveria zizanioides > Setaria pumila.
In this study, Cd was not detected in the runoff which might be
due to the low concentration of Cd in soil compared with Cu, thus
failed to reach the limit of instrument detection.

Numerous studies have shown that the activity and mobility of
heavy metal can be significantly affected by soil pH (Zhai et al., 2018).
The bioavailability and toxicity of heavy metals in soils are mainly
depending on the activity of free ions rather than total amount. Soil
pH is the most important factor affecting Cu and Cd availability
among all parameters. The lower the environmental pH value is, the
higher the mobility and activity of Cu and Cd is (Fei et al., 2018).
Therefore, it is an effective measure to reduce themobility and activity
of Cu and Cd by adding lime to increase soil pH in acidic areas
polluted by Cu and Cd (Rees et al., 2014). The EXC fraction of Cu in
soil was reduced, and the water-soluble Cu concentration in runoff
was reduced by increasing soil pH (Table 3, Table 4). The result is
similar to Liu who found that the mass concentration of water-soluble
Cd in runoff samples was significantly lower than that of other
treatments after increasing soil pH by adding biochar in the same
rainfall event (Liu et al., 2016). At the same time, previous study had
shown that, the available Cu was converted to the stable component
due to the decrease of redox potential (Eh) and the increase of pH
under flooding condition, thus reducing the Cu activity (Cui et al.,
2018). The results of correlation analysis showed that there was a
significant correlation between Cu concentration in runoff and EXC
fraction of Cu in soil (p � 0.621). This indicated that reducing the
mobility and mobility of heavy metals in soil was an effective way to
reduce the concentration of heavy metals in runoff. The addition of
lime could significantly reduce the EXC fraction of Cu in soil, which
might be the direct reason for the decrease of Cu concentration in
runoff. At the same time, plant planting reduced the runoff generation,
the combined effect of reduction of copper concentration in runoff
and runoff generation decreased Cu erosion to aquatic ecosystem.

CONCLUSION

Five treatments were compared in terms of soil characteristics, runoff
generation, water-soluble metal concentration and pH in runoff in this
study. The results supported our hypothesis that four combine
remediation (LW, LV, LE, and LP) could enhance the soil pH,
SOC and reduce the EXC fraction of Cu and Cd in soil, while the
water-soluble Cu concentration could be reduced and pH in runoff
could be increased by this four remediation. Three combine
remediation (LV, LE, LP) could reduce the surface runoff
generation, which was vital to preventing sediment and heavy metal
loss during water flow. However, the runoff generation cannot be
significantly reduced by only lime application. Meanwhile, the LP
treatment had the best performance in reducing runoff generation
among the four treatments.As a result, thewater-solubleCuwhich into
the river with the runoff is greatly reduced. Thus, the combineT
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remediation can improve soil quality, decrease heavy metal availability
and mobility in the soil and can be effective in reducing heavy metal
loss. However, because the main purpose of our study was to explore
the effect of combined phytoremediation and lime on the exchangeable
fractions and migration of heavy metals with water, we mainly
considered the possible effect when designed the experiment, so the
research on themechanismwas lacking.Wewill add indoor simulation
experiments and pay more attention to the mechanism in the future
field trials.
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