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Abstract

Cadmium (Cd) contamination in the soil-rice chain is the major threat to human health in China. It is very necessary to lower Cd
phytoavailability in contaminated soils and reduce Cd transfer from soil to rice for food safety. This study applied the Si-Ca-K-
Mg amendment (SCKM) to immobilize Cd in acidic soils and then reduce its accumulation in rice grain (Oryza sativa L.). Two
agricultural soils (Alfisol and Ultisol) collected from Eastern China were treated with three levels of Cd concentration (0, 0.4, and
2.0 mg/kg), respectively, for pot experiment. The phytoavailability and chemical forms of Cd in two soils were determined using
ethylenediaminetetraacetic acid (EDTA) and the European Community Bureau of Reference (BCR) extraction procedures. At
2.0 mg Cd/kg-treated soils, application of SCKM amendment increased the yield of rice grain by 10-17% for Alfisol and 14—
39% for Ultisol, and reduced the concentrations of EDTA-extractable Cd by 6-27% for Alfisol and 5-25% for Ultisol, compared
with treatment without amendment. SCKM amendment significantly (p < 0.05) reduced the bioconcentration factor (BCF) of Cd
in root, straw, and grain of rice. Compared with treatment without amendment, the application of amendments decreased the Cd
concentrations of rice grains by 35-76% for Alfisol and 31-72% for Ultisol, respectively. The BCR sequential extraction
revealed that amendment reduced acid soluble Cd fraction by 6.2—13.6% for Alfisol and 6.1-13.5% for Ultisol, respectively,
indicating that amendment could effectively transform the highly phytoavailable Cd into a more stable form. SCKM amendment
addition significantly (p < 0.05) increased soil pH and exchangeable K*, and decreased exchangeable AI** contents in both soils.
Our results demonstrated that SCKM amendment was effective in reducing the phytoavailability and transfer of Cd in soil-rice
system, and ameliorating soil acidity. The SCKM amendment had greater potential as a low-cost and friendly environmentally
amendment for safe production of rice in Cd-contaminated soils.
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Introduction

Cadmium (Cd) contamination of agricultural soils is one of
the most significant environmental issues in China. A recent
national-scale survey indicated that about 7% of Chinese soils
had been polluted by Cd (Ministry of Environmental
Protection of PRC 2014). Most of Cd-contaminated soils,
mainly distributed in southern and eastern parts of China,
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concentrations of more than 70% rice grains collected in the
acidic paddy soil of Hunan, China, exceeded the maximum
permissible concentration of Cd according to the National
Food Safety Standard of China (GB 2762-2017). In addition,
soil acidification was greatly enhanced in recent decades due
to application of a large of chemical fertilizers (Guo et al.
2010). Soil acidification can greatly enhance the mobility
and phytoavailability of Cd in soils, and consequently increase
the risk of Cd contamination in rice. Thus, Cd toxicity of rice
has been identified as the major threat to human health
through the soil-rice food chain. Because of the great public
concern regarding minimizing intake of Cd from rice, there is
an urgent need to develop efficient soil amendments to reduce
Cd phytoavailability in soils and potential risk of Cd contam-
ination in rice.

In recent years, a number of amendments to eliminate Cd
contamination in soil-rice system have been applied, such as
lime, alkaline materials, organic amendments, and phosphate
(Bian et al. 2014, 2016; Inkham et al. 2019; Juang et al. 2012;
Meng et al. 2019; Zhou et al. 2014). Laboratory and field
experiments demonstrated that application of lime, phosphate
fertilizer, and biochars significantly decreased the Cd content
of rice grain. In acidic soils, the application of lime and alka-
line materials generally showed better inhibitory effects on the
availability of Cd (Hamid et al. 2019; Inkham et al. 2019; Nie
et al. 2019). Among these amendments, alkaline material or
fertilizers can offer pronounced economic and environmental
benefits. Lime has proven as the most suitable amendment for
reducing the Cd toxicity and soil acidity in acidic soils. A
combination of low-Cd-accumulation rice cultivar and in situ
immobilization with soil amendment is an effective approach
for safe rice production in Cd-contaminated paddy soils
(Meng et al. 2018, 2019). However, these amendments do
not supply the necessary mineral nutrients for rice growth.
More importantly, the long-term application of lime would
lead to lower soil fertility. Therefore, it is the key to develop
a cheap and broad benefits amendment to remediate soil acid-
ity, increase soil fertility, and reduce the Cd toxicity in rice in
Cd-contaminated soils.

Higher Cd mobility in the acidic soils suggests that acidity
control and in situ immobilization of Cd should be implement-
ed simultaneously in the acidified Cd contaminated soils. In
order to remedy Cd-contaminated soils and produce safe food,
there is a great need for developing a range of cost-effective
and environmentally soil amendments. Therefore, it is prefer-
entially required to develop the multifunctional amendment
with alkaline nature and Cd immobilization to reduce the ac-
cumulation of Cd in rice grains and remedy soil acidity. In this
study, a new amendment of reducing Cd phytoavailability and
soil acidity, and providing mineral nutrients for rice plant was
tested by using a pot experiment. The purposes of this study
were (1) to assess the potential of Si-Ca-K-Mg amendment
(SCKM) on reducing Cd phytoavailability and remedying soil

acidity, (2) to explore the possible mechanisms of amendment
in reducing Cd phytoavailability and transfer in soil-rice sys-
tem, and (3) to illustrate the potential of SCKM as a low-cost
and friendly environmentally amendment in safe rice
production.

Materials and methods
Soils and amendment

Two soils, paddy soil (Alfisol) and red soil (Ultisol), were
collected from the topsoil layer (020 cm in depth) of typical
agricultural lands in Quzhou and Dongyang city, Eastern
China. Soil samples were air-dried at room temperature,
ground, and then passed through a 2-mm sieve. The physico-
chemical properties of two studied soils are shown in Table 1.
Each soil sample was respectively spiked with two concentra-
tions of Cd (0.4 and 2.0 mg/kg) in the form of CdSO4-8/3H,0
solution. The added Cd concentrations were based on the Soil
Environmental Quality-Risk Control Standard for Soil
Contamination of Agricultural Land (GB15618-2018)
(Ministry of Ecology and Environment of the People’s
Republic of China 2018). The Cd concentrations of 0.4 and
2.0 mg/kg were defined as risk screening value and risk inter-
vention value for soil contamination of agricultural land, re-
spectively. The initial concentrations of Cd in Alfisol and
Ultisol were 0.24 and 0.26 mg/kg, respectively. The Cd-
spiked soils were aged for 90 days at 80% field water capacity.
Then, each Cd-spiked soil samples was air-dried again, and
ground to pass through a 2-mm sieve for the pot experiment.
The Si-Ca-K-Mg amendment (SCKM) was alkaline fertilizer
calcined by phosphogypsum and potassium feldspar at high
temperature (1000—1100°C). It contains > 25% SiO,, 25%
Ca0, > 5% MgO, > 8% K,0, and small amount of microele-
ments. The Cd content of amendment was 0.08 mg/kg.

Table 1 Physicochemical properties of soils used in pot experiment
Soil properties Unit Ultisol Alfisol
pH 5.87 5.80
Soil organic matter (SOM) g/kg 25.30 23.53
Sand(2000-20 pm) g/kg 418.8 587.7
Silt(20-2 pm) g/kg 401.3 2723
Clay( < 2 um) g/kg 179.9 140.0
Cation exchange capacity (CEC) cmol/kg 13.58 8.33
Total P g/kg 4.58 6.42
Total N g/kg 0.22 0.32
Total K glkg 30.28 47.60
Total Cd mg/kg 0.26 0.24
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Pot experiment

Each Cd-treated soil was transformed into three plastic pots
(5 kg soil each pot). Soil amendments at the rate of 0, 0.1, and
0.2% were added into the pot and homogenously mixed. The
treatments were numbered as TO, T1, and T2, respectively.
Soils treated without the Cd were taken as the control treat-
ment (CK). Three replicates of each treatment were per-
formed. Each pot was added with 0.15 g N/kg of urea,
0.05 g P/kg of KH,PO,, and 0.1 g K/kg of K,SO, as basal
fertilizer. The pot incubation experiment was conducted in a
greenhouse. The rice cultivar (Zhongzheyou 8) was selected
as the trial crop. Three seedlings of rice were transplanted to
each pot. The pot maintained a 2-cm layer of water during the
growing period of rice plant.

Plant analysis

After maturity, the rice plant was harvested and separated into
three parts: root, straw (stem and leaves), and grain. The plant
tissues were washed several times with deionized water, and
oven dried at 80 °C. Total dry weight of the rice grain was
measured. These tissues were then ground to pass through a
100-mesh nylon sieve for analysis of Cd element. The rice
tissue samples were digested using a mixture solution of nitric
acid, hydrofluoric acid, and hydrogen peroxide (5:1:2 in vol-
ume ratio) in microwave oven (MASTER 40, SINEO, China)
(Bao 2008). The digestion solution was then diluted to 10 mL
with ultra-pure water. The concentrations of Cd in the solution
were analyzed using an inductively coupled plasma mass
spectroscopy (ICP-MS, PerkinElmer NexIONTM 300X,
USA).

Soil chemical analysis

After rice harvest, the soil samples of pot experiment were
collected and air-dried at room temperature. The soil samples
were than ground to pass a 100-mesh sieve for chemical anal-
yses. Soil pH was determined in 1:2.5 soil/water suspensions
using pH meter (PB-21, Sartorius). Soil exchangeable acidity
was extracted with 1 M KCl and determined by titration with
0.02 M NaOH (Bao 2008). Soil exchangeable cations were
extracted with 1.0 M ammonium acetate method.
Exchangeable Ca?* and Mg>* were determined by atomic
absorption spectrophotometer and exchangeable K* and Na*
by flame photometer (Bao 2008). The soils were digested by
using concentrated nitric acid, hydrofluoric acid, and hydro-
chloric acid (5:2:2 in volume). The total Cd was determined
with an inductively coupled plasma mass spectroscopy (ICP-
MS, PerkinElmer NexIONTM 300X, USA). Quality control
included reagent blanks, replicate samples, and standard ref-
erence materials.

@ Springer

An estimation of the phytoavailable fraction of Cd in the
soils was determined using ethylenediaminetetraacetic acid
(EDTA) extraction technique (Rodrigues et al. 2013).
Briefly, 1 g of soil was extracted with 20 mL of 0.05 M
EDTA solution in a centrifuge tube. The centrifuge tube was
agitated on an end-over-end shaker for 2 h after which it was
centrifuged at 3500 rpm for 10 min. After filtering, the con-
centrations of Cd in the extract solution were determined by
ICP-MS. The chemical forms of Cd in soils were analyzed by
the European Community Bureau of Reference (BCR) proce-
dure (Ahnstrom and Parker 1999; Quevauviller et al. 1993).
The BCR technique operationally separates Cd into four dif-
ferent chemical forms: extractable with 0.11 M HAc (acid-
soluble, Fi), extractable with 0.05 M NH,OH-HCI (pH =
1.5) (reducible, Fii), extractable with 30% H,O, + 1 M
NH4OAc (pH = 2.0) (oxidizable, Fiii), and HNO3;-HF-HCl
digested (residual, Fiv). After each extraction, the solution
was separated from the solid phase by centrifuging at
3500 rpm for 30 min, and then filtered through 0.45-pm filter
paper. The residue was washed with ultrapure water and then
used for the subsequent step. The Cd concentration in extract
solution was analyzed using ICP-MS.

Bioconcentration and translocation factors of Cd for
the rice plants

The bioconcentration factor (BCF) of Cd was defined as the
ratio of Cd concentration of rice tissues (Cd,;..) at harvest to
the Cd concentration in soils (Cdy;):

BCF = Cdrice/Cdsoil

The translocation factor (TF) of Cd is defined as the ratio of
the Cd concentration in rice straw and grain (Cdggaw or grain) t0
those in rice roots and straw (Cd,oot or straw):

TF = Cdstraw or grain / Cdroot or straw

The TF value shows the tendency of Cd to move toward the
aerial tissues of rice plants from the rice roots. Ata TF < 1, Cd
is immobilized in the root of rice; otherwise, Cd is enriched
more in the straw than in the root of rice.

Statistical analysis

All data in figures and tables are shown as means + SD of
three replicates. A one-way analysis of variance (ANOVA)
was used for statistical analysis, followed by the LSD test to
determine the significant difference (p < 0.05) between the
means of different treatments. All statistical analyses were
performed using the SPSS 20.0, and all figures were drawn
using Origin 9.0 software.
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Results
Rice grain yield

The effects of SCKM amendments on rice grain yield are
shown in Fig. 1. The increased levels of Cd in soils decreased
the rice grain yield, but the differences were not significant
comparing the control treatment (CK). The Cd-contaminated
Alfisol exhibited larger reduction in the yield of rice grain than
Ultisol compared with the control treatment (CK). The appli-
cation of amendments to soil significantly increased the yield
of rice grain. At 0.4 mg Cd/kg-treated soils, the T1 and T2
treatment increased the yield of rice grain by 17-27% for
Alfisol and 14-29% for Ultisol, respectively, compared to
the treatment without amendment (T0). At 2.0 mg Cd/kg-
treated soils, the T1 and T2 treatments increased the yield of
rice grain by 10-17% for Alfisol and 14-39% for Ultisol,
respectively. The pot experimental results demonstrated that
the effect of SCKM amendment on the growth of rice plants
was more pronounced in Ultisol than in Alfisol.

Cd concentrations in rice tissues

The effects of SCKM amendments on Cd concentrations of
root, straw, and grain in rice crop are shown in Fig. 2 and
Table S1. The increased Cd concentration in soil largely in-
creased the Cd concentration of rice grain. At 2.0 mg Cd/kg-
treated soils, the Cd concentration of rice grain was as high as
4.38 and 4.18 mg/kg for Alfisol and Ultisol, respectively,
which largely exceed the maximum permissible concentration
for Cd in brown rice in China. SCKM amendment significant-
ly (p < 0.05) reduced the Cd concentration of rice grain (Fig.
2). At 2.0 mg Cd/kg-treated Alfisol, the application of SCKM
amendment at the rate of 0.1 and 0.2% significantly decreased
the Cd concentrations of rice grains by 49% and 76%,

60

respectively, compared to the treatment without amendment
(TO). Similar results were observed in Ultisol.

The Cd concentrations in three tissues of rice crop in-
creased in the following order: root> > straw>grain
(Table S1). The Cd concentrations of root and straw signifi-
cantly (p < 0.05) increased with increasing the Cd levels in
two soils. The Cd-contaminated soils resulted in significant
increase of Cd concentrations in root and straw tissues of rice
crop. The concentration of Cd in rice root grown on Ultisol
was approximately 10 times more than that in rice grain. The
root and straw tissues of rice showed strong capacity to retain
Cd rather than transport Cd to the grain. The higher accumu-
lation of Cd in root and straw of rice indicated that a higher
proportion of the Cd taken up by rice remained in the root,
leave, and stem of rice plant. Compared with the control, the
0.1 and 0.2% SCKM amendment resulted in significant reduc-
tion of Cd concentration in rice root. Similarly, the concentra-
tion of Cd in rice straw significantly (p < 0.05) decreased with
addition of amendment (Table S1). Therefore, application of
SCKM amendment was efficient in reducing Cd uptake by
rice tissues.

Accumulation and translocation of Cd in soil-rice
system

Table 2 lists bioconcentration factor (BCF) and translocation
factor (TF) for rice plant grown in Cd-contaminated soils. At
the control treatment (CK), BCF values of rice grain in two
soils were 0.80. Moreover, BCF values of rice root and straw
in Alfisol were much lower than those in Ultisol. The BCF
values of root and straw were much larger than that of rice
grain, indicating that the root and straw of rice is major accu-
mulator of Cd. The application of SCKM amendment to Cd-
contaminated soils significantly (p < 0.05) reduced the accu-
mulation of Cd in rice plant tissues, indicating that they could
restrain the uptake of Cd by rice plant. At 2.0 mg Cd/kg-

60

Alfisol

Yield of rice grain (g/pot)

Yield of rice grain (g/pot)

0 0.4 2.0
Cd treatments (mg/kg)

Ultisol

50

0 04 2.0
Cd treatments (mg/kg)

Fig. 1 Effect of Si-Ca-K-Mg amendment (SCKM) on rice grain yield of both soils. The different letters (a, b, ¢) indicate significant differences (p < 0.05)
between SCKM treatments. The TO, T1, and T2 were the application rate of SCKM amendment at the rate of 0, 0.1, and 0.2%, respectively
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Fig. 2 Effect of Si-Ca-K-Mg amendment application on Cd concentration in rice grain. The different letters (a, b, ¢) indicate significant differences (p <

0.05) between SCMP treatments

treated Alfisol, the application of SCKM amendment de-
creased the BCF of rice root from 13.4 in the treatment (TO0)
to 6.8 and 3.5 in the T1 and T2 treatments, respectively.
Similarly, SCKM amendment reduced the BCF of rice root
in Ultisol from 13.4 to 7.0 and 4.5, respectively.

The translocation factor (TF) is widely used to assess the
transfer capacity of heavy metals from the soil to plant, or from
one part of the plant to another. Generally, the SCKM amend-
ments decreased the TF value of Cd from root to straw in rice
crop, implying that the amendments could restrain the transfer
of Cd from rice root to straw tissue. At 2.0 mg Cd/kg-treated
soils, the TF value of Cd in T2 treatment was significantly
lower than the TO treatment. The average TF value of Cd

decreased by 25.0% for Alfisol and 14.7% for Ultisol, respec-
tively. The TF value of straw to grain in rice stands for translo-
cation tendency of Cd to move toward the grain of rice from the
stem and leave tissues of rice. The TF value from rice straw to
grain was less than one, indicating that Cd is immobilized in the
stem and leave tissues of rice. However, the effects of SCKM
amendment on TF value of Cd from straw to grain were not
significant compared with TO treatment. In addition, the TF
values of Cd from straw to grain in Alfisol were much larger
than those in Ultisol. The decreased TF values of Cd from root
to stem and leave, particularly for high dosage application, in-
dicated that applied amendment decreased Cd transport from
root to stem and leave of rice.

Table 2 Bioconcentration factor

(BCF) and translocation factor Treatments BCF TF
(TF) for rice plants.
Root Straw Grain Root-straw Straw-grain
Alfisol
CK 88+34 1.9+0.8 08+03 0.22+£0.01 0.41 +£0.01
Cd0.4 TO 13.2+63a 39+1.2a 1.9+0.9a 0.31 +£0.05a 0.47 +0.08a
Cd0.4 T1 7.6+0.7a 2.1 +0.0b 1.1 +£0.1ab 0.28 +0.02a 0.50 + 0.04a
Cd0.4 T2 2.6+1.2b 0.7+0.2¢c 0.4+0.2b 0.28 + 0.06a 0.52+0.11a
Cd2.0 TO 11.2+0.9a 3.1+0.1a 1.9+0.1a 0.28 £ 0.03a 0.63 £ 0.04a
Cd2.0T1 6.8 + 0.8b 1.6 +0.1b 1.1+0.2b 0.24 £ 0.04ab 0.67 +0.14a
Cd2.0 T2 3.5+0.2¢ 0.7 +0.0c 0.5+0.1c 021 +0.02b 0.71+0.11a
Ultisol
CK 222+6.5 46+13 0.8+0.2 0.21+0.01 0.17 £ 0.01
Cd0.4 TO 16.2 +3.0a 63+1.1a 12+0.2a 0.39+0.01a 0.19+0.01c
Cd0.4 T1 12.5+0.8b 3.7+0.6b 0.8+0.1b 0.30 +0.03b 0.22+0.01b
Cd0.4 T2 6.4+0.1c 1.6+0.1c 0.4 +0.0c 0.25+0.01¢c 024 +0.01a
Cd2.0 TO 13.4+23a 4.6+0.7a 1.8+ 0.3a 0.34+0.01a 0.39 +0.02a
Cd2.0T1 7.0+ 1.6b 2.4+04b 0.8=0.1b 0.35+0.03a 0.33+0.01b
Cd2.0 T2 4.5+0.3b 13+0.1c 0.5 +0.0b 0.29+0.01b 0.38 +0.02a

All values are presented as mean + SD (n = 3)

The different letters in the same column indicate significant differences between SCMP treatments (p < 0.05)
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Total Cd and EDTA-extractable Cd concentrations in
the soil

The total and EDTA-extractable Cd concentrations in soils
are shown in Fig. 3. No significant changes in total Cd
were observed after SCKM amendment was added into
two soils. Available metals refer to the fraction of metals
that can be directly uptaken by plants (Adriano 2001). In
our study, EDTA-extractable Cd was used to stand for
phytoavailabile Cd in soils. The concentrations of EDTA-
extractable Cd in soils amended with SCKM amendment
were lower than those in the control treatment. This reduc-
tion of EDTA-extractable Cd concentration was increased
with increasing addition rate of amendment. The EDTA-
extractable Cd in the soil decreased drastically when the
addition amount of amendment increased from 0 to 0.2%.
At 2.0 mg Cd/kg-treated Alfisol, the concentration of
EDTA-extractable Cd decreased from 1.45 mg/kg in treat-
ment (TO) to 1.01 mg/kg in T2 treatment. In Ultisol, it
decreased from 1.65 to 1.24 mg/kg. Linear regression anal-
ysis indicated highly significant correlation between the
EDTA-extractable Cd concentrations in soils and the Cd
concentrations of rice grains (» = 0.837, p < 0.01).

Chemical forms of Cd in the soil

Distributions of various chemical forms of Cd in soils are
described in Fig. 4. Concentrations of Cd in Ultisol were in
the decreasing order of acid-soluble fraction (Fi) =~ residual
fraction (Fiv) > reducible fraction (Fii) >, and oxidizable frac-
tion (Fiii), while Alfisol in the form of Fiv > F(i) > F(ii) > F(iii)
fractions. Results showed that Cd in Cd-treated soils was pre-
dominantly existed in the acid soluble form (Fi). The Fi frac-
tion of Cd in contaminated soils accounted for 44-59% of
total Cd in two soils. For the control soils without Cd treat-
ment, acid-soluble fractions of Alfisol and Ultisol were about
29% and 34%, respectively. The concentrations of various
chemical forms of Cd in two soils increased as the level of
spiked Cd (Table S1), indicating that the added Cd
redistributed between the various chemical forms.
Application of amendment at the rate of 0.1 and 0.2% into
two soils significantly (p < 0.05) decreased the concentration
of acid-soluble form (Fi), but significantly increased the con-
centration of residual (Fiv) form. In the 0.4 and 2.0 mg Cd/kg-
treated Ultisol, the acid soluble Cd fraction in soil was reduced
by 10% and 13%, while the residual Cd fraction was increased
by 6% and 12%, respectively. However, no significant
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Fig. 3 Effect of Si-Ca-K-Mg amendment application on total and EDTA-extractable Cd concentrations in soils. The different letters (a, b, ¢) indicate

significant differences (p < 0.05) between SCMP treatments
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Fig. 4 Effect of Si-Ca-K-Mg amendment application on the percentage of Cd chemical forms in soils. Fi, acid soluble fraction; Fii, reducible fraction;

Fiii, oxidizable fraction; Fiv, residual fraction

changes in reducible and oxidizable forms in Cd-treated soils
were found. The sequential extraction results (Fig. 4) demon-
strated that SCKM amendment shifted Cd chemical forms
from phytoavailable to less phytoavailable forms, indicating
that SCKM amendments could reduce the phytoavailability of
Cd by changing the distribution of Cd chemical forms in soils.
Consequently, the transformation of Cd chemical forms re-
duced the transfer of Cd from soil to rice crop.

Soil pH and exchangeable cations

Soil acidification commonly increases the mobility and avail-
ability of toxic metals in soils, resulting in increased plant up-
take and subsequent transfer in soil-crop food chain.
Application of SCKM amendment increased soil pH (Fig. 5).
Soil pH increased with increasing the addition amount of
SCKM amendment. The 0.2% amendment significantly (p <
0.05) increased the pH of two soils, which increased by 0.60
and 0.73 units for Ultisol and Alfisol treated with 2.0 mg Cd/kg,
respectively, compared with the control (T0). Application of
SCKM amendments significantly decreased exchangeable
AP* and H* concentrations and increased K* concentrations

10

in soil (Table 3). In Alfisol, exchangeable APP* concentrations
of T1 and T2 treatments were lower 14% and 18% for soils
treated with 0.4 mg Cd/kg and 16% and 19% for soils treated
with 2.0 mg Cd/kg, respectively. In Ultisol, they were 19% and
40% as well as 18% and 38%, respectively. The SCKM amend-
ment significantly increased exchangeable Ca** concentrations
in Alfisol, but no significant difference was found in Ultisol.

Relationships between Cd concentrations of various
chemical forms and rice grain

Table 4 shows the correlation coefficients between Cd con-
centrations of various chemical forms in soils and rice grain.
The Cd concentrations of rice grain were positively correlated
with the acid-soluble Cd concentrations in soils (»=0.704, p <
0.01), but negatively correlated with residual fraction (» = —
0.690, p < 0.01). However, the reducible and oxidizable Cd
were not significantly correlated with rice Cd concentration.
In this experiment, the concentrations of acid-soluble Cd in
soils had strong negative correlation with soil pH. The results
also indicated that acid-soluble Cd concentration was highly
correlated with EDTA-extractable Cd concentration (r =

10

Alfisol

Soil pH

0 04
Cd treatments (mg/kg)

2.0

Ultisol
B o
B T
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0.4
Cd treatments (mg/kg)

2.0

Fig. 5 Effect of Si-Ca-K-Mg amendment application on soil pH. The different letters (a, b, ¢) indicate significant differences (p < 0.05) between SCMP

treatments
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Table 3 Effects of SCKM

amendment on exchangeable H, Treatments  Exchangeable acid (cmolkg)  Exchangeable base ions (cmol/kg)

AP, and exchangeable cation

content in two soils. APY H* K* Na* Ca™ Mg2+

Alfisol
CK 249£0.04a 050+0.04a 0.55+0.02a 0.55+0.06a 3.09+027a 1.15+0.0la
Cd0.4TO 244+008a 0.55+0.02a 0.57+00la 0.67+0.05b 335+0.07b 1.15+0.02a
Cd0.4T1 210£0.02b 0.52+0.03ab 0.56+027a 1.26+0.07a 3.32+0.04b 1.14+0.04a
Cd0.4T2 2.00£0.03b 049+0.03b 0.60+0.0la 030+0.0lc 4.33+056a 1.08+0.02b
Cd2.0TO 245+0.04a 0.55+0.03a 0.51+0.0lb 047+0.0lb 3.36+0.02b 1.15+£0.01b
Cd2.0Tl 2.04+£0.02b 0.55+0.02a 0.51+0.03b 0.58+0.0la 3.62+0.06b 1.21+0.04a
Cd2.0T2 196+0.03c 0.52+004a 0.56+00la 045+00lc 448+0.55a 0.97+0.0lc
Ultisol

CK 498+£0.03a 149+0.03a 0.61+0.0la 027+0.02a 1.63+0.0la 022+0.0la
Cd0.4TO 495+0.03a 148+0.03a 0.63+0.02c 0.17+0.05a 1.70+024a 0.23+0.0lc
Cd0.4T1 4.00£0.06b 1.00£0.03b 0.74+0.0b 0.15+0.0la 1.75+0.10a 0.24+0.01b
Cd0.4T2 299+008 1.00+£0.04b 096+00la 0.09+0.0l1b 1.87+0.04a 0.25+0.0la
Cd2.0TO 490+0.02a 1.60+0.04a 0.63+0.02c 0.14+0.0l1b 1.52+0.04a 0.22+0.0la
Cd2.0T1 4.00£0.06b 097+0.03c 0.74+0.01b 038+0.03a 1.54+026a 0.18+0.0lc
Cd2.0T2 3.05+0.07c 1.04+£0.03b 0.85+00la 032+0052 1.69+0.14a 0.20=0.01b

The different letters in the same column indicate significant differences between SCKM treatments (p < 0.05)

0.698, p < 0.01). Highly significant relationships were ob-
served for both rice tissues and EDTA-extractable Cd. This
indicated that the acid-soluble Cd and EDTA-extractable Cd
gave enough information to predict the phytoavailability of
Cd in soils and accumulation of Cd in rice. Therefore, this
close correlation demonstrated that acid-soluble form and
EDTA-extractable Cd was the major pool for Cd uptake of
rice crop.

Discussion

In this study, it was found that the SCKM amendment could
effectively reduce Cd phytoavailability in soils and its transfer
from soil to rice tissues, particularly in rice grain. The possible
mechanisms involved in amendment effects could be

associated with several processes. Firstly, the increased pH
induced by adding SCKM amendment resulted in reducing
phytoavailable Cd concentration in soils. The reduction in
phytoavailable Cd concentration in the soil decreased the up-
take of Cd into root of rice plant. In acidic soils, H ion has a
higher binding capacity to soil particles than other cations,
which could replace other cations on the surface of soil col-
loids. Therefore, lower soil pH could increase the competition
between H* ion and Cd ion bound with soil particles, resulting
in release of Cd into soil solution. The replacement of Cd by
H* ion enhances the phytoavailability of Cd in soils. As ap-
plication of SCKM amendment enhanced soil pH, Cd ion
tended to bind with free hydroxyl groups in soil solution.
The formation of hydrous Cd oxides would decrease the
phytoavailability of Cd. In addition, the increased soil pH
could also form Cd precipitate like carbonates, sulfates,

Table 4 Correlation coefficients

between the concentrations and Cdice Total Cd EDTA-Cd Fi Fii Fiii Fiv

chemical forms of Cd in soils and ” " . »

Cd concentration of rice grain Cdyiee 1 0.760 0.837 0.704 0.170 —0.487 -0.690
Total Cd 1 0.980" 0.702™ 0514 —-0.536" -0.888"
EDTA-Cd 1 0.698™" 0.492 -0.526 -0.874"
Fi 1 -0.067 -0.883" -0.762""
Fii 1 0.300 -0.592"
Fiii 1 0.074
Fiv 1

Fi, acid-soluble; Fii, reducible; Fiii, oxidizable; Fiv, residual Cd. *p < 0.05, **p < 0.01
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phosphates, and metal hydroxides, reducing phytoavailability
of Cd in soils (Ashrafi et al. 2015; Brown et al. 2005; Gu et al.
2011; Huang et al. 2020; Liang et al. 2014). The BCR analy-
ses indicated that SCKM amendment increased the Cd con-
centration of residual forms, which indirectly indicated the
formation of Cd precipitate in soils. Many previous studies
clearly verified the association between elevated soil pH and
reduced Cd concentration in soil solution (Bolan et al. 2003;
Huang et al. 2020; Ning et al. 2016; Walker et al. 2003). Many
previous studies also demonstrated that soil pH was the most
important soil property that determines Cd phytoavailability
to plants (Adriano 2001; Tang et al. 2006; Toshimitsu et al.
2016; Romkens et al. 2009; Zhu et al. 2016). Therefore, the
decrease in concentration of phytoavailable Cd was mainly
attributed to the increase of soil pH due to the addition of
SCKM amendment (Fig. 5). These results implied that soil
pH increase was an effective process that inhibit the Cd uptake
by rice plant.

Secondly, the transfer of Cd from the root to the above-
ground parts of rice plays an important role in Cd accumula-
tion in rice grain. The SCKM amendment decreased Cd trans-
fer from root to the aboveground parts of rice, which could be
another important mechanism in reducing the accumulation of
Cd in rice grain. In this pot experiment, TFqay-grain Values
were much lower than the TF o.saw Values, indicating that
the Cd accumulation in rice grain was largely limited by the
lower transfer capacity of Cd from the stem and leave to grain
of rice. Correlation analyses indicated that the TF value of Cd
from straw to rice grain related significantly (p < 0.05) with
EDTA-extractable Cd and acid-soluble Cd in soils (# = 0.583
and 0.652, respectively). Therefore, the reduced EDTA-
extractable and acid-soluble Cd concentration should decease
the Cd transfer from root and stem to grain in rice, which
could also be an important mechanism in reducing Cd trans-
location from rice root and stem to grain in rice with respect to
SCKM application. The reduction in Cd accumulation within
rice grain with respect to SCKM amendment application
could be attributed to the inhibition of Cd transfer from root
to aboveground parts of rice by retaining the Cd in root tissues
of rice.

Thirdly, SCKM amendment application increased the con-
centrations of exchangeable cations in soils (Table 3). These
cations in soils could compete with Cd uptake by rice root.
The competition of these cations with Cd reduced the uptake
of Cd by rice. Previous studies found that Cd, as a nonessen-
tial cation, has not a specific uptake channel in plant.
Therefore, the Cd might enter rice cells through uptake system
of rice for essential cations (Rizwan et al. 2012; Shi et al.
2010; Zhang et al. 2008). Thus, increased concentrations of
essential cations by SCKM amendment application brought
about an antagonistic effect on Cd uptake of rice. In addition,
the SCKM amendment with high SiO, content (about 25%)
would certainly cause higher available Si content in soils.

@ Springer

Higher Si concentration in soils could decrease Cd uptake
and transportation into the shoot and grain of rice. Shi et al.
(2010) reported that application of Si fertilizer restricted the
transport of Cd from root to shoot of rice. On the other hand,
the use of exogenous Si fertilizer could alleviate heavy metal
toxicity in plants by co-deposition of metals with silicates in
the root cell wall (Rizwan et al. 2012; Zhang et al. 2008).
Therefore, the addition of Si in SCKM amendment could de-
crease the Cd accumulation in rice grain.

Finally, the application of SCKM amendment supplied es-
sential mineral nutrient (Ca, K, and Mg) for rice growth, and
reduced aluminum toxicity in acidic soils, which largely im-
prove soil fertility. In this experiment, the use of SCKM
amendment significantly increased the biomass and yield of
rice grain (Fig. 1), indicating the role of amendment in pro-
moting the rice growth. An ideal soil amendment for practical
application should be able to reduce the toxicity of heavy
metals and simultaneously offer mineral nutrients for crop
growth. Here, on the one hand, SCKM amendment could
decrease the phytoavailability of Cd, and the other hand, it
eliminates Al toxicity and mineral nutrient deficiencies in
acidic soils. The combined effects of SCKM amendments
decreased the Cd contamination risk of rice as well as in-
creased the yield of rice grain. Our pot experimental results
demonstrated that the SCKM amendment was effective in
reducing Cd phytoavailability and accumulation in rice and
remedying soil fertility of acidic soils.

In practice, a promising soil amendment to remediate Cd-
contaminated soils should be inexpensive and easily applica-
ble. The nature of amendment itself greatly influences the
selection and applicability of soil amendment, including cost,
rate, acceptance, long-term effectiveness, possibility of sec-
ondary pollution, and physicochemical properties of amend-
ment. Among the soil amendments that are used widely in
acidic soil, alkaline amendments show high efficiency to im-
mobilize Cd in soils (Bian et al. 2016; Huang et al. 2020;
Meng et al. 2019; Ning et al. 2016). However, these amend-
ments should apply at high rate of application and had no
significant increasing effect on rice yield. The application of
SCKM amendment to Cd contaminated paddy soil can reduce
Cd in rice grains and supply Ca, Mg, and Si nutrients, which
were most deficient elements in acidic soils. The application
of SCKM can also provide a promising remediation technique
for potential soil acidification. Therefore, the SCKM was
more efficient and more environmentally friendly soil amend-
ments compared with as conventional amendment.

Conclusions

Our pot experiment indicated that SCKM amendment signif-
icantly reduced the EDTA-extractable Cd concentration and
changed the distribution of chemical forms of Cd in two acidic
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soils. The SCKM amendment also significantly reduced the
translocation of Cd from rice root to above-ground parts of
rice. Application of SCKM amendment significantly in-
creased the soil pH value, reduced the Al toxicity, and sup-
plied essential mineral nutrients for rice growth. The SCKM
amendment could transform Cd species from the acid-soluble
to residual forms, reducing phytoavailabile Cd concentration
in soils. The increased soil pH promoted the formation of less
phytoavailable phases of Cd, which reduced Cd
phytoavailability in soils. The addition of Si and cations
brought about by amendment caused an antagonistic effect
on Cd uptake of rice. The combined effects of SCKM amend-
ment not only decreased the Cd contamination risk of rice, but
also increased the rice yield. Therefore, the application of
SCKM amendment could be an effective approach for reduc-
ing Cd contamination risk in rice and remedying soil acidity
and Al toxicity. Our results recommended that the SCKM
amendment was efficient and environmentally friendly soil
amendment for safe rice production in Cd-contaminated acid-
ic soils.
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