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Abstract

To determine whether the national soil heavy metal standards (GB 15618-2018) are applicable to some carbonate and non-
carbonate zones in Southwest China, rice and rhizosphere soil samples were collected in Chongqing and analyzed for heavy
metal contents, pH, and other chemical parameters. In addition, regression analysis was also used to predict the risk threshold
of soil heavy metals. The Cd risk screening value in GB 15618-2018 was strict for alkaline soils (pH > 7.5) as compared to
those revealed in carbonate and non-carbonate areas, while the calculated pollution threshold for Cd in acidic soils (pH<5.5)
in the non-carbonate area was lower than that in GB 15618-2018. Therefore, to improve the applicability of the evaluation

results, a soil-crop system evaluation is recommended.

Keywords Carbonate rock area - Non-carbonate area - Rhizosphere soil - GB 15618-2018 - Risk threshold of heavy metal

Heavy metals in soil have become one of the main factors
affecting ecological quality, agricultural product quality, and
human health due to their strong migration and degrada-
tion characteristics as well as their toxic effect on organ-
isms (Huang et al. 2018; Sun et al. 2019; Xing et al. 2019).
According to the 2014 National Survey Report on soil pol-
lution, inorganic pollutants, such as Cd, Ni, Cu, As, Hg, and
Pb, were the main pollutants. Indeed, the polluted areas were
mainly found in the southwestern and central parts of China.
Therefore, there is an urgent need to address the safe use of
contaminated farmland and guarantee the safe production of
crops (Chen et al. 2017; Wang et al. 2021a, b).

The heavy metal contents of soils are mainly influenced
by the parent materials of soils in Southwest China, where
carbonate rocks are widely distributed (Song et al. 2019;
Wen et al. 2020). Gu et al. (2019a) studied the contamination
degree of heavy metals in soils and crops in a carbonate rock
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area in Guangxi Zhuang Autonomous Region and showed
that Cd contents in soil and rice exceeded the national soil
heavy metal standard by 60.16 and 32.93%, respectively.
Wang et al. (2019) studied the corresponding relationship
between Cd contents in soil and two crop species (rice and
corn) in southeast Chongqing and revealed a higher exceed-
ing Cd rate in soil than that in crops. Ma et al. (2021) stud-
ied the speciation of Cd in the soil of Hengxian, Guangxi
Zhuang Autonomous Region, and found that Cd in soil was
mainly in a residual state, with low bioavailability and rela-
tively safe rice production. According to the Action Plan on
Prevention and Control of Soil Pollution, the farmland soil
environmental quality classifications have been performed
in many regions, based on the full content of heavy metals
in the soil, to manage cultivated land resources (Dai 2018).
However, China has a complex geological background, with
spatial variation in soil properties depending on geological
conditions, more particularly in the carbonate rock area. Due
to the special soil formation process in the carbonate area,
the migration capacity of heavy metals in soil is weak, and
the bioavailability of heavy metals in soil is relatively low
(Ruan et al. 2015; Zhang et al. 2019a, b; Yao et al. 2021).
It is inevitable that “one size for all” problems will occur
in the evaluation of heavy metal pollution in soil, based on
the current Soil Environmental Quality-Risk Standard for
Soil Contamination of Agricultural Land (GB 15618-2018)
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(MEE 2018), leading to a mismatch between the evaluation
results of soil heavy metal contamination and crop safety,
thus decreasing the safe utilization rate of cultivated land.

In view of this, this study aims to compare heavy metal
contents (Cd, Hg, Pb, As, and Cr) in soil and rice in carbon-
ate and non-carbonate rock areas and to construct a linear
regression equation for heavy metal uptake by staple crop
rice. In addition, based on the National Food Safety Standard
for Maximum Levels of Contaminants in Foods (GB 2762-
2017) (NHFPC 2017), the risk threshold of heavy metals
in soil was deduced. The key factors affecting the heavy
metal uptake by rice were assessed, and management con-
trol practices were proposed to provide a reference for the
construction of heavy metal pollution evaluation methods for
agricultural soils, resulting in improved food safety produc-
tion and safe cultivated land uses.

Materials and Methods

Qianjiang District of Chongqing (108°28 'E-108°56" E,
29°04 'N-29°52' N) is located in West Wuling Mountain,
with a 45 km wide from east to west and 90 km long from
north to south, covering an area of 2402 km?. It is adjacent
to Xianfeng County and Lichuan City in Hubei Province in
the northeast and northwest, reaching Youyang and Peng-
shui in the south and west, respectively. The study area is
located in the southern part of the Qianjiang District, where
exposed strata include Permian, Silurian, and Triassic, while
the main lithological classes are limestone and sandstone.

In this study, rice samples were collected relatively uni-
formly, according to the spatial distribution of paddy fields
in the study area. In addition, rhizosphere soil samples were
collected from the same fields. In total, 30 and 35 sets of
samples were collected from carbonate rock and non-car-
bonate rock areas, respectively. The spatial distribution of
the sampling points is shown in Fig. 1. The Checkerboard,
PLUM point, Diagonal, and Serpentine methods were used
first for multipoint sampling in the sampling plot (SEPA
2014), according to the actual situation of fields, and then
combined in equal amounts to obtain mixed samples.

Soil samples were shade-dried under natural conditions
and often rubbed during the drying process to avoid cemen-
tation. Gravel and plant roots were removed from the soil.
The dried samples were gently tapped with a mallet before
analyses to restore the natural grain size of soil samples.
After drying, 500 g of soil samples were first sieved using
a 2 mm sieve, then bottled and sent to the laboratory for
further analyses. Some samples were taken by the divi-
sion method for soil pH measurement, while the others
were ground using an agate ball mill and sieved using a
0.075 mm-mesh (200 mesh) to analyze other soil param-
eters. The rice samples were air-dried and threshed under
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Fig. 1 Spatial distribution of the sampling points in Chongqing

natural conditions. The air-drying site was clean and free of
contamination. In addition, the rice seeds were ground to 60
meshes using an agate mortar and placed in numbered bags.

In total, 12 national first-level standard substance (GSS1-
12) control samples and repeated samples were used for
accuracy control (ALgC) and precision (RD%) of the phys-
icochemical analyses, according to the following formulas:

AlgC = |1gC; — 1gC,| (1

RD = [A; — A,|(|A, + A,]/2) x 100 )

where C; and Cs are the sample and standard concentration
values, respectively; A; and A, are the analysis results of the
basic analytical and duplicate samples, respectively.

In accordance with sample analytical schemes (Zhang
2005), an ion-selective electrode method (ISE) was adopted
to determine soil pH. Organic carbon (Corg) concentration
was measured by a volumetric technique. In addition, we
applied X-ray fluorescence spectrometry (XRF, PW2440,
Philips Co., Dutch) to test the concentrations of CaO, SiO,,
TFe,0;, K,O, S and MgO. Inductively coupled plasma mass
spectrometry (ICP-MS, Thermo Electron Co X-SERIES,
USA) was used to analyze the concentrations of Hg, Cd, Pb,
Cr, Zn and Mn. The concentration of As dissolved by aqua
regia was tested by atomic fluorescence spectroscopy (AFS,
Haiguang Instruments Co., Ltd, Beijing). It was important
to ensure that the success rate of the various indicators in
Table 1 reached more than 98% and that each quality index
reached or exceeded the requirements Sof DZ/T 0258-2014
Multi-target Area Code for Geochemical Investigation. The
accuracy and precision results of the analytical methods used
for soil and rice samples are reported in Table 1.
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Table 1 Accuracy and precision of analytical methods used for soil and rice analyses

Index Analysis method Detection limit requirement Detection limit Accuracy AlgC Precision RD%
(MLR 2016)
As (mg kg™h) AFS 1 0.2 0.0023 2.98
Hg (mg kg™h) ICP-MS 0.01 0.0005 0.0133 6.26
Cd (mg kg™ ICP-MS 0.03 0.02 0.0137 7.68
Pb (mg kg™ ICP-MS 0.1 0.005 0.0126 4.24
Cr (mg kg™ ICP-MS 0.2 0.005 0.0123 3.24
Mn (mg kg™ ICP-MS 10 5 0.0080 2.60
S (mg kg™ XRF 30 20 0.0192 5.48
Zn (mg kg™h) ICP-MS 4 2 0.0096 322
Si0, (%) XRF 0.1 0.05 0.0156 3.84
TFe,05 (%) XRF 0.05 0.05 0.0121 2.71
K,0 (%) XRF 0.05 0.05 0.0117 3.50
CaO (%) XRF 0.05 0.05 0.0087 2.84
MgO (%) XRF 0.05 0.05 0.0148 4.40
Corg (%) VOL 0.1 0.05 0.0200 7.33
pH ISE 0.10 0.1 0.0049 1.26

By calculating the biological enrichment of the rice sam-
ples, the coefficient (BAF) was determined to analyze the
risk of absorption and accumulation of heavy metals from
the soil by rice (Chopra and Pathak 2015). Bioaccumulation
Factor (BAF) represents the ratio between the heavy metal
contents in rice and those in the rhizosphere soil, which can
reflect the uptake degree of heavy metals by rice. Indeed,
BAF is generally used to characterize the bioavailability of
heavy metal elements (Gu et al. 2019b). Higher BCF values
suggest a higher degree of heavy metal uptakes by rice. BAF
was calculated using the following formula:

BAF = Crice/csoil (3)

where BAF indicates the enrichment coefficient of a heavy
metal element; C,;, (mg kg™') denotes the heavy metal con-
tent in rice; C,; (mg kg~") denotes the heavy metal content
in the rhizosphere soil.

Multiple linear regression (MLR) is a widely used pre-
dictive model that can be built using various explanatory
variables (Abdullah et al. 2019). The stepwise regression
method was used to build an optimal linear regression model
by selecting the most important explanatory variables show-
ing the most statistically significant effects on the predic-
tion results. Indeed, this method has also proven to be more
effective in practice for achieving high prediction accuracy.
In addition, the stepwise regression method can deal with
the multicollinearity between chemical variables used as
explanatory variables in the MLR model to a certain extent
(You and Yan 2017).

In order to calculate the soil risk thresholds for heavy
metals based on the rice safety, the predicted content of

@ Springer

heavy metals in the rice, calculated based on the root-
rice prediction model, should be accurately predicted. To
eliminate the influence of measurement units on the MLR
model, BAFs and chemical indicator values observed in
the soil were log-transformed with a base of 10 (Gu et al.
2019b). In addition, stepwise regression analysis was per-
formed using SPSS 25.0 to select the significantly chemi-
cal influencing factors of the soil and obtain regression
equations for heavy metal absorption in rice in carbonate
and non-carbonate rock areas. The final regression equa-
tion is:

IgBAF,=a+(b+c+...n) Xlg [Soil properties] 4)

where i indicates the soil heavy metal; a, b, c, ..., n are
regression coefficients. Soil properties used in this study
were pH, CaO, SiO,, MgO, TFe,0;, and K,O.

The normalized mean error (NME) and the normalized
root mean square error (NRMSE) were determined to assess
the accuracy of the predictive models (Vries et al. 2011),
according to the following formulas:

®

1 ¢N 2
,—VZ,-zl(e,- —0)

o

NRMSE = ©)

where € and ¢ are the mean values of the predicted and
measured, respectively; e; and oi represent the predicted
and measured values of the ith sample, respectively; N is
the sample numbers.
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Table 2 Descriptive statistics of heavy metal contents in soil and their exceeding rate values in Chongqing

Item Cd Hg Pb As Cr

Carbonate rock area (n=30) Minimum (mg kg’l) 0.21 0.03 22.00 4.04 6531
Maximum (mg kg™) 239 138 4381 1550 112.04
Mean (mg kg™!) 058 0.14 30.17 10.11 82.76
Proportion rate of exceeding GB 15618-2018 screening value (%) 23.33 333 0 0 0
Proportion rate of exceeding GB 15618-2018 control value (%) 0 0 0 0 0

Non-carbonate rock area (n=35) Minimum (mg kg’l) 0.14 0.04 21.10 2.56 48.10
Maximum (mg kg™) 099 019 5240 11.24 12731
Mean (mg kg™!) 030 0.08 3147 6.07 176.56
Proportion rate of exceeding GB 15618-2018 screening value (%) 11.43 0 0 0 0
Proportion rate of exceeding GB 15618-2018 control value (%) 0 0 0 0 0

NME <0 and NME > 0 indicate an underprediction and
overprediction of the model, respectively. Whereas NRMSE
indicates the deviation degree between the predicted and
measured values, which is a good indicator of the prediction
accuracy of the model (Janssen and Heuberger 1995; Vries
et al. 2011).

Data sorting was performed using Microsoft Excel 2010
(Microsoft Corporation, USA), while the spatial structure
analysis of the elements and the nugget coefficient of the
soil heavy metal elements were performed using GS +9.0
(Gamma Design Software Co., USA). All data were visual-
ized using ArcGIS 10.2 (Environmental Systems Research
Institute Inc., USA), Excel 2010, and Core]DRAW X8(Corel
Corporation, Canada).

Results and Discussion

The pH values observed in carbonate and non-carbonate
zones varied from 5.30 to 8.23 and from 4.69 to 8.23, with
mean values of 7.55 and 6.09, respectively. The results of
heavy metal and other chemical parameter content in soils
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Fig.2 Coefficient of variation of heavy metals in soil in Chongqing

in carbonate rock and the carbonate rock areas showed
that the coefficient of variation of soil Cd in the carbon-
ate rock area was 0.58, indicating high variation and spatial
variability (Table 2). In addition, the soil Cd contents were
unevenly distributed in the non-carbonate area with a high
variation level. The coefficient of variation of soil Hg was
high (1.59) due to the presence of abnormally high-value
points. Therefore, Hg outliers were removed by adding or
subtracting 3 times the standard deviation of Hg content
in the soil, resulting in a coefficient of variation of 0.34,
which was close to that observed in the non-carbonate area,
belonging to a medium variation level (Fig. 2). On the other
hand, the nugget coefficient can reflect the spatial correla-
tion of elements. Nugget coefficient values less than 0.25,
in the range of 0.25-0.75, and above 0.75 suggest strong,
moderate, and weak spatial autocorrelation between vari-
ables, respectively. In fact, the Nugget coefficient is mainly
affected by both structural and random factors (Cambardella
et al. 1994). The results showed that the nugget coefficients
of soil Cd in carbonate and non-carbonate areas were 0.26
and 0.48, respectively (Fig. 3), indicating that the spatial
autocorrelation of soil Cd in carbonate rock area was strong
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Fig.3 Nugget coefficient of heavy metals in soil in Chongqing
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Table 3 Heavy metal contents
in rice in Chongqing

Item

Cd Hg Pb As Cr

Carbonate rock area (n=230)

Non-carbonate rock area (n=235)

Minimum (mg kg~ 0.005 0.001 0.03 0.04 0.08

Maximum (mg kg~") 1.48 0.008 0.06 0.21 0.17
Mean (mg kg™ 0.13 0.004 0.04 0.11 0.12
Exceeding rate (%) 10 0 0 0 0

Minimum (mg kg~ 0.004 0.001 0.03 0.03 0.08
Maximum (mg kg™") 1.41 0.014 0.14 0.45 0.23
Mean (mg kg™") 0.24 0.004 0.05 0.15 0.14
Exceeding rate (%) 20 0 0 0 0

and was greatly influenced by the parent soil material (Qin
et al. 2020; Yang et al. 2016). However, the non-carbonate
area was influenced by both human activities and geological
background. Other elements, namely As and Cr, were mainly
influenced by the parent soil material, showing strong spatial
autocorrelations, confirming their inheritance to the parent
material. These findings were consistent with those reported
by Yu et al. (2018) in the carbonate area of Enshi, Hubei
province.

The exceeding rates of soil heavy metals were determined
in this study according to the screening and control values
of soil heavy metal pollution risk in GB 15618-2018. The
results indicated that Cd was the main heavy metal element
exceeding the screening value of GB 15618-2018 in carbon-
ate and non-carbonate rock areas, with proportion rate values
of 23.33 and 11.43%, respectively, and there was no point
exceeding the control value. These results indicate that soil
Cd might be safe for agricultural products, although there
was a risk for crop growth and the ecological environment
of the soil. Whereas no exceeding rates for other heavy met-
als were observed. The average contents of heavy metals
in soils were higher in the carbonate rock area than in the
non-carbonate rock area (Table 2), which may be due to the
secondary enrichment of heavy metals in the soil surface
layer during the soil-forming process of limestone (Xia et al.
2020). This result may also be one of the reasons for the

[*]

higher exceeding rate of Cd in the carbonate rock area than
that in the non-carbonate area. Liu et al. (2010) revealed a
loss in soluble minerals during the soil formation process,
while insoluble iron and manganese oxides, organic matters,
and clay minerals were constantly accumulated in limestone,
which has a strong adsorption capacity of heavy metals (e.g.,
Cd). The more developed the soil is, the higher the content
and stability of heavy metals in the soil (e.g., Cd). Therefore,
it is necessary to assess the safety threshold of heavy metals
in the soils of carbonate and non-carbonate areas based on
crop safety.

The content characteristics of heavy metals in rice in
carbonate rock and carbonate rock areas are summarized
in Table 3. The results showed that the Cd and As con-
tents in rice in the carbonate rock area were lower than
those observed in the non-carbonate rock area. Indeed, the
exceeding rate values of Cd in rice in carbonate rock and
the carbonate rock areas were 10 and 20%, respectively,
indicating a difference between the Cd absorption levels in
rice and those observed in soil parent materials. These find-
ings were, indeed, consistent with those reported by Li et al.
(2021) in karst and non-karst areas of Guangxi Zhuang in the
Autonomous Region, showing that soil carbonate reduced
Cd bioavailability in karst areas, while rice plants grown
on acidic soils in the non-karst area accumulated higher Cd
in their grains, demonstrating different biological activity

Fig.4 BAF (Bioaccumulation 1.
Factor) of heavy metals in rice
in Chongqing
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of heavy metals among soil parent materials. Although the
soil's heavy metal contents in the carbonate rock area were
higher, the bioavailability was low. On the contrary, the soil's
heavy metal contents in the non-carbonate rock area were
lower, while the bioavailability was high (He et al. 2017).

The BAFs of heavy metals in rice in different soil par-
ent materials were calculated, and the results are shown in
Fig. 4. As can be seen from Fig. 4, the BAFs of Pb, Hg,
Cr, and As in rice were all lower than 0.2 suggesting low
absorption degrees of these elements in rice and no-distinct
ecological risk. In addition, there was a small difference in
the absorption degree between Pb, Hg, Cr, and As in rice
in various soil parent materials. According to the results,
the absorption degree of Cd in rice was significantly higher
than that of other elements. The BAF of Cd ranges in rice
were 0.009-0.980 and 0.007-1.060, with average values of
0.170 and 0.440, in carbonate rock and non-carbonate rock
areas, respectively. The results suggested higher absorp-
tion degrees of Cd in rice in the non-carbonate rock area,
explaining the lower soil Cd content (0.30 mg-kg™") in the
non-carbonate rock area and higher exceeding rate of Cd in
rice (20%) compared to that observed in the carbonate rock
area (10%).

The absorption of Cd, Hg, Pb, As, and Cr by rice was
affected not only by the total concentrations of these heavy
metals in soil but also by the soil pH, organic matter content,
and oxide contents (CaO, SiO,, MgO, TFe,03, and K,0)
(Gu et al. 2019a). Potassium (K) and magnesium (Mg) are
the main components of clay minerals, which exhibit strong
adsorption effects on heavy metal ions and can rapidly con-
vert heavy metal ions from soluble to adsorption states,
reducing the bioavailability of soil heavy metals (Chen et al.
2016). In cultivated soil with rice under long-term flood-
ing, the redox potential of the soil is usually low, and sulfur
(S) is often reduced to S*~, forming metal sulfide precipi-
tation with Cd** and Pb**, reducing the activity of heavy
metals (Zhao et al. 2011). Soil pH is an important factor

affecting the migration and transformation of soil heavy met-
als. Indeed, under acid conditions, the solubility of some
solid salt increases, which intensifies the exchange of soil
heavy metal ions and reduces their adsorption in the soil,
thus increasing the bioavailability of heavy metals. With
increasing soil pH, the soil colloid negative charge increases,
and heavy metal ions are firmly adsorbed in the solid phase
of the soil, thus decreasing their absorption by crops (Zhang
et al. 2006). Cd>* and Ca’* are characterized by similar ionic
radius and exhibit competitive relationships with negatively
charged adsorption potential in the soil (Zhang et al. 2019a,
b). In addition, the soil CaO content affects the soil pH, thus
affecting the activity of heavy metals (Mcbride et al. 1997).
Iron oxide in various forms in the soil is insoluble, resulting
in the formation of oxide nodules and hydroxide colloids and
both can effectively immobilize the soil's heavy metal ions.
The majority of the manganese oxide forms in the soil are
amorphous due to the lower zero charge and larger specific
surface area of Mn, however, it is more effective than Fe in
adsorbing heavy metals. During the soil evolution process,
iron and manganese oxide nodules with high heavy metal
contents (e.g., Cd) can be formed, which have stable prop-
erties and low biological activity under supergene condi-
tions (Zhou et al. 2019). Soil organic matter, as an important
component of solid soil parts, mainly originates from the
decomposition of animal residues, plant litter, and microbes.
The surface of soil organic matter contains rich negatively
charged functional groups characterized by strong adsorp-
tion effects on the soil heavy metal ions and is one of the
main factors controlling the heavy metal activities in the soil
(Ning et al. 2016).

The regression analysis results of the heavy metal uptakes
by rice in different soil-forming parent material zones are
reported in Table 4. The correlation coefficients R obtained
using the prediction models for rice seed BAFs in carbon-
ate and non-carbonate zones ranged from 0.78 to 0.90, thus
demonstrating relatively good prediction accuracies of the

Table 4 Results of the regression analysis applied on heavy metal absorption by rice in Chongging

Parent material of soil Regression equation

R NME NRMSE

Carbonate rock area

1gBAF oy =— 0.455— 0.074[pH]— 0.5841g[CaO]

090 —0.0006 0.4629

1gBAFy,=— 1.322— 0.092lg[Zn] +0.6061g[MgO]— 0.1851g[CaO] 0.83 0.0002 0.0233
1gBAFp,=— 1.972— 0.1611g[S]+0.2451g[MgO]— 0.6871g[ TFe,0;] 0.79 —0.0002 0.1362
1gBAF ,,=9.562— 5.6161g[Si0,]— 0.4221g[CaO]— 1.8531g[TFe,0;] 0.82 —0.0001 0.0806
1gBAF .= — 2.047+0.3401g[MgO]— 1.2611g[TFe,0;] 0.79 —0.0001 0.0262
Non-carbonate rock area 1gBAF-4="7.327— 1.9491g[S]—- 1.7031g[MgO]— 0.7871g[Mn] + 1.5611g[Corg]-0.152[pH] 0.81 —0.0002 0.6508
1gBAFy,=0.508— 0.4311g[Corg] + 1.3331g[K,0] - 1.2221g[Zn] 0.78 0.0001 0.1225
1gBAFp, =— 6.775 +2.3401g[SiO,] - 0.1231g[MgO] 0.83 —0.1021 0.1165
1gBAF ,=— 0.692 +1.1881g[K,0]— 0.6121g[Mn] 0.80 0.0017 0.1349
1gBAF o, =— 14.353 4 0.8651g[K,0] + 6.3781g[Si0O,] +0.3311g[CaO]— 0.057[pH] 0.83 0.0007 0.0354

BAF Bioaccumulation Factor
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rice seed models. The NME results demonstrated that the
predicted BAF values of Cd, Pb, As, and Cr in rice in the
carbonate area were slightly underpredicted, while the pre-
dicted BAF value of Hg in rice was slightly overpredicted.
On the other hand, the predicted BAF of Cd, Pb, and Cr in
rice in non-carbonate rock areas was slightly underpredicted,
while the predicted BAF of Hg and Cr in rice was slightly
overpredicted. The NRMSE values were all below 1, indicat-
ing relatively good prediction accuracy of the MLR model.

Based on the heavy metal content standards for rice in
the GB 2762-2017 standards, and combined with indices
for rhizosphere soil, the regression equations (Table 4) were
used to calculate the soil risk thresholds for heavy metals
based on the rice safety. The calculated thresholds were then

a
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compared to the soil heavy metal risk screening values of
GB 15618-2018. The obtained results are shown in Fig. 5.
As can be seen from Fig. 5, the risk threshold for Hg,
Pb, As, and Cr in two different soil parent materials showed
slight differences from the safety limits given by the national
standard at different pH range values, e.g., pH value less than
5.5 or 5.5-6.5, only the calculated safety threshold for Cr in
the non-carbonate rock region (300 mg-kg~!, 310 mg-kg™)
is about higher 0.2 times than the safety limit in GB 15617-
2018 (250 mg kg™!), while the difference between the calcu-
lated safety threshold and the safety threshold in GB 15617-
2018 is less than 0.2 times in the other pH ranges, indicating
that these heavy metals are relatively stable in the soil. The
risk screening value of the national standard is suitable for
the safety evaluation of Hg, Pb, As, and Cr in the soils in
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Qianjiang District. According to the results obtained, the
risk threshold for soil Cd in the carbonate rock area, deter-
mined using the regression equation, was higher than that
found in the non-carbonate rock area. Studies have shown
that during the weathering and pedogenesis process of car-
bonate rocks, the soil Cd can be adsorbed by clay minerals,
organic matters, and metal manganese oxides, which have
lower activities. While the Cd content in the soil increases
with the development of the soil, gradually decreasing the
bioavailability of Cd in the soil (Guo et al. 2019). Com-
pared with the national standard, it was found that the cal-
culated risk thresholds for Cd at different soil pH ranges in
the carbonate rock area were significantly higher than the
screening values of the national standard, indicating that
the safety limits of the national standard were rigorous for
the carbonate rock area, which is consistent with the results
found by Wang et al. (2019) in the Guizhou karst geomor-
phologic area. In addition, the calculated risk threshold for
soil Cd in the non-carbonate area was slightly higher than
that of the national standard at a soil pH value greater than
5.5 (slightly acidic and alkaline soils). However, the cal-
culated risk threshold of soil Cd was 0.2 mg-kg™" at a soil
pH value lower than 5.5, which was lower than the national
standard screening value. This finding suggests a highly
mobile state of Cd in highly acidic soil, resulting in sig-
nificant Cd uptake by crops. However, the calculated safety
limits of different heavy metals changed to some extent with
changing soil pH values, suggesting the significant impact
of the soil pH on heavy metal activities, more particularly
Cd. Under acidic conditions, the bioavailability of Cd in the
soil is high, which has a significant impact on the safety of
crops (Wang et al. 2021a, b). On the other hand, the cor-
relation analysis revealed a significant negative correlation
coefficient between soil pH and BAF for the Cd content in
rice in the non-carbonate rock area (R=- 0.92; p<0.01)
(Fig. 6). The BAF of Cd in rice decreased with increasing
pH, more significantly at pH values greater than 7, reaching
a BAF value of about 0.1 and demonstrating low biological
activity of Cd. This finding suggests that the soil pH is a key
factor controlling the Cd uptake by rice.

Numerous studies showed that dissolved oxygen contents
in acidic soils are significantly reduced, under the flooding
condition, decreasing oxidizing substances in soils (Sebei
et al. 2018; Hu et al. 2010; Wang et al. 2020), while soil pH
value close to the neutral value leads to decrease in the redox
potential of the soil, forming a reduction environment. The
soil heavy metals (e.g., Cd) can form stable and insoluble
precipitates, thus decreasing the activity of the heavy metals
in the soil and the rates of heavy metal uptakes by crops. In
addition, the use of a soil conditioner and optimization of
the tillage system and fertilization use can increase the soil
pH value above 5.5, thus resulting in improved soil structure,
reduced heavy metal activities in the soil, and sustainable
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Fig.6 Correlation between BAF of Cd in rice and soil pH in the non-
carbonate rock area

production capacity of the soil. Indeed, commonly used soil
conditioners include lime nitrogen, calcium soil conditioner,
and calcium magnesium phosphate fertilizer (Qin et al.
2018; Li et al. 2018). Therefore, it is suggested to imple-
ment water control measures in the study area and adjust
the soil pH by extending the flooding time of paddy fields.
In addition, applying alkaline soil conditioners to strongly
acidic soils can effectively reduce Cd activities in the soil
and ensure safe crop production.

Based on the safety limits for rice reported in GB 2762-
2017, the risk thresholds for soil heavy metals in carbonate
and non-carbonate rock areas at different pH range values
were calculated and compared with the soil heavy metal risk
screening values in GB 15618-2018 to investigate the appli-
cability of GB 15618-2018 in the evaluation of soil heavy
metal contamination in some carbonate and non-carbonate
rock areas in Southwest China. This study can provide refer-
ences for assessing the safe use of agricultural soils.
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