
Introduction

The acceleration of industrialization and 
urbanization has exacerbated heavy metal pollution in 

agricultural soils worldwide [1-3]. In China, the 2014 
National Soil Pollution Status Investigation Bulletin 
revealed that 19.4% of the surveyed agricultural soils 
exceeded the national environmental quality standards, 
with cadmium (Cd), nickel (Ni), and arsenic (As) 
being the predominant pollutants [4]. Heavy metal 
accumulation varies significantly across land use 
types; vegetable fields and paddy soils demonstrate 
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Abstract

High natural heavy metal levels in Southwest China’s soils often lead to farmland contamination, and 
developing cost-effective risk mitigation strategies is crucial for safe agricultural production. This study 
evaluated profile reconstruction of a copper (Cu)- and cadmium (Cd)-contaminated vegetable production 
base in Kunming via deep soil mixing. Soil profile analysis revealed a clear surface accumulation of Cd 
and available Cu/Cd in the topsoil. Deep plowing to a depth of 50 cm effectively reduced the available 
Cu and Cd concentrations in the newly formed topsoil from 5.60±1.81 mg kg⁻¹ to 2.09±1.77 mg kg⁻¹ 
(a 63% reduction) and from 0.143±0.064 mg kg⁻¹ to 0.032±0.035 mg kg⁻¹ (a 78% reduction), respectively. 
The intervention reduced the mean total Cd concentration to 0.22±0.11 mg kg⁻¹, alongside a drop in the 
Cd exceedance rate from 80% to 20%. Soil pH and phosphorus/potassium contents remained stable; 
however, levels of soil organic matter and available nitrogen declined significantly. Field experiments 
confirmed that deep plowing effectively reduced the Cu and Cd contents in the edible parts of vegetables. 
Therefore, deep tillage presents a practical and rapid strategy for mildly contaminated sites with vertical 
metal accumulation, allowing for simultaneous production and remediation. 
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higher contamination levels than other croplands [5, 6]. 
Vegetables are a primary source of dietary nutrition, 
but elevated concentrations of heavy metals in soil 
can reduce crop yield and quality. When vegetables 
absorb and accumulate harmful heavy metals in their 
tissues, including both the edible and inedible parts, 
the resulting levels may exceed recommended safety 
limits [7-9]. This poses a direct threat to human health 
through bioaccumulation in the food chain [10, 11]. 
These concerns underscore the urgent need to develop 
cost-effective remediation strategies for contaminated 
vegetable fields to safeguard agricultural productivity 
and food safety. 

Numerous remediation technologies for heavy 
metal contamination in agricultural soils have been 
developed globally, encompassing physical, chemical, 
biological, and combined approaches [12-14]. While 
most remediation efforts have focused on severely 
contaminated agricultural lands used for large-scale 
production, research on small-to-medium vegetable 
farms remains limited. Vegetable fields represent a 
distinct agroecosystem characterized by intensive 
cultivation practices, which often lead to moderate-to-
high levels of heavy metal accumulation due to high 
replanting indices and frequent farming operations 
[15]. The accumulation of heavy metals in vegetables is 
influenced by both crop species and the bioavailability 
of these metals in the soil [16, 17]. The bioavailability 
of soil heavy metals is not only determined by the total 
amount of soil heavy metals, but is also influenced by the 
physical and chemical properties of the soil, such as pH 
and organic matter content [18-20]. Current mitigation 
strategies include the application of soil amendments 
(e.g., phosphate-based materials), which effectively 
immobilize metals, the cultivation of low-accumulating 
vegetable varieties, and optimized agronomic practices 
[7, 15]. While effective, many of these strategies require 
repeated applications or management cycles and may 
involve ongoing costs or potential secondary impacts.

In practical applications, optimal remediation 
technologies must be selected based on comprehensive 
considerations of economic factors, technical 
requirements, climatic conditions, and operational 
practicality for local farmers. Among various 
agricultural management practices, tillage (e.g., 
utilizing rotary tillers, subsoilers, integrated tillage 
machines) represents a fundamental intervention for 
soil restructuring. Conventional tillage is controversial 
due to its potential adverse effects, such as soil moisture 
loss, increased temperature, and elevated greenhouse 
gas emissions [21]. Nevertheless, deep tillage has been 
proposed as a mechanical alternative and has shown 
potential for enhancing crop production and remediating 
heavy metal-contaminated soils [22-25]. Although 
deep tillage requires measurable energy input, raising 
concerns regarding its carbon footprint and long-
term sustainability, and may temporarily increase soil 
susceptibility to erosion, its use can still be justified 
in specific contexts where rapid risk mitigation is 

prioritized. Meta-analyses have demonstrated that 
conventional deep tillage generally increases crop 
yields when performed at depths of approximately 
25 to 35 cm [26-29]. However, beyond this range, 
deeper plowing may result in lower yields compared 
to conventional tillage practices. When applied to 
contaminated soils, this technique can physically 
redistribute heavy metals into deeper soil layers, thereby 
reducing their bioavailability without compromising 
agricultural productivity [30]. Following such an initial 
intervention, fields can subsequently be managed under 
more sustainable practices, such as the establishment of 
vegetative cover to prevent soil erosion and promote soil 
structure recovery [31]. Although numerous studies have 
examined the effects of deep tillage on soil fertility and 
crop yields [32, 33], research focusing on its application 
as a heavy metal remediation technique remains 
relatively limited. 

Located in the southwestern part of China, Yunnan 
Province boasts favorable climatic and geographical 
conditions that are highly conducive to the development 
of the vegetable industry [34]. The predominant 
vegetable species cultivated in this region are those 
with large leaves, including cabbage and lettuce. 
However, the natural background concentrations 
of heavy metals in Yunnan’s soils are notably high, 
primarily due to the weathering of parent rocks [35]. 
This situation has been further exacerbated by intensive 
nonferrous metal mining and smelting activities 
[36, 37]. Data from the first national soil pollution 
survey in China revealed that the mean Cu and Cd 
concentrations in Yunnan Province soils (n = 1505) 
reached 60.3 mg kg−1 (range: 18.3~130.0 mg kg−1) 
and 0.179 mg kg−1 (range: 0.035~0.390 mg kg−1), 
respectively, exceeding the average background values 
in China (Cu: 22.6 mg kg−1; Cd: 0.097 mg kg−1) [38]. 
In particular, Yunnan Province recorded the highest 
soil Cu concentrations among all surveyed provinces. 
However, investigations and studies have shown that 
the concentrations of Cd, Cu, and other heavy metals 
in the edible parts of some vegetables in Kunming 
City and the surrounding areas in Yunnan Province 
exceeded the national food hygiene standards and 
green vegetable standards, and long-term consumption 
of these vegetables poses a risk to human health [39, 
40]. This study assessed the heavy metal pollution 
status in a vegetable base in Kunming City, analyzing 
the distribution of Cu, Cd, and their available forms 
within the soil profile. Subsequently, deep plowing 
was implemented as a risk mitigation practice, and its 
effectiveness in reducing Cu and Cd availability, their 
accumulation in vegetables, and the subsequent impacts 
on soil fertility were evaluated. The objective was to 
verify the potential of deep tillage as a risk mitigation 
strategy for maintaining agricultural production in 
vegetable fields with mild to moderate contamination 
characterized by vertical heavy metal accumulation. 
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Materials and Methods

Study Area

The experimental site was located in a vegetable 
production base within the Songhuaba watershed, 
Panlong District, Kunming City, Yunnan Province, 
China (25°17’34”N, 102°52’39”E; altitude 1995 m) 
(Fig. 1). This basin, which serves as the drainage area 
for the Panlong River ‒ the main tributary flowing 
into Dianchi Lake ‒ is situated north of Kunming City. 
The region has a central subtropical plateau monsoon 
climate, characterized by an average annual temperature 
of 14.9°C, annual precipitation of 1000.5 mm, annual 
sunshine duration of 2327.5 hours, and annual 
evaporation of 1856.4 mm. Most rainfall occurs between 
May and September.

Owing to these favorable agro-climatic conditions, 
the Songhuaba watershed has become one of the most 
important vegetable cultivation bases in Yunnan 
Province, supporting vegetable production as a 
distinctive agricultural sector in the Yunnan plateau 
region. However, long-term intensive cultivation 
practices (more than 4 cycles per year), combined with 
heavy reliance on chemical and organic fertilizers, have 
led to significant nutrient accumulation in the topsoil. 

Pollution Investigation

The soil type in this area is red soil (Ultisols). 
A background soil investigation was conducted in  
a 10-hectare vegetable production base. Following  
the principle of collecting one soil sample per hectare, 
10 sampling points were established in March 2020  
(Fig. 1). The geographical coordinates of the sampling 
area ranged from 25.203162°N to 25.204021°N in 
latitude and from 102.878464°E to 102.880117°E in 
longitude (GCJ02 coordinate system). Soil samples were 
collected from the 0~20 cm depth (representing the 
topsoil before deep plowing). At each sampling point, 
five subsamples were collected using a plum-shaped 
distribution pattern. After thorough homogenization, 
approximately 500 g of soil was obtained using the 
quartering method. After removal of debris (e.g., stones, 

and plant and animal residues), the samples were stored 
in polypropylene plastic bags for subsequent analysis. 
The analyses included soil pH, soil organic matter 
(SOM) content, and the contents of total and available 
nitrogen (N), phosphorus (P), and potassium (K), as 
well as the total concentrations of heavy metals (Cu, 
Cd, Pb, Ni, Zn, As, Hg, and Cr). Based on the initial site 
characterization and as further detailed in the Results 
section, the subsequent study specifically focused on Cu 
and Cd, as these were the only metals found to exceed 
the Chinese national standard (GB 15618-2018), thereby 
constituting the primary contamination risk at the site. 

Additionally, three of the 10 sampling points were 
randomly selected for soil profile analysis (0~100 cm 
depth). A Luoyang shovel was used to collect mixed soil 
samples from five depth intervals: 0~10 cm, 10~20 cm, 
20~50 cm, 50~70 cm, and 70~100 cm. Total Cu, 
available Cu, total Cd, and available Cd concentrations 
were analyzed for each layer. 

Deep Plowing

Based on the vertical distribution characteristics 
of heavy metals in the soil profile, deep plowing was 
performed on April 6, 2020, using a tractor to reach 
a depth of 50 cm. This tillage depth was selected to 
effectively dilute contaminants, as supported by soil 
profile analysis (Fig. 2), while also considering practical 
feasibility. The defined depths for topsoil (0~20 cm) and 
subsoil (20~50 cm) align with conventional agronomic 
practices in the region [41, 42]. Following the deep 
plowing, soil samples were collected from the topsoil 
and the subsoil to determine the total Cu, available Cu, 
total Cd, and available Cd concentrations, as well as soil 
properties (pH and organic matter concentration, etc.).

Determination of Soil Properties

Air-dried soil samples were homogenized and passed 
through a 2 mm nylon sieve for subsequent analysis 
of soil properties [37, 43]. Soil pH was measured 
potentiometrically using a pH meter (FE28, Mettler 
Toledo, Switzerland) with a soil/water ratio of 1:2.5. 
Soil organic matter (SOM) contents were determined 

Fig. 1. Map of the sampling sites in the study area. 
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by the K2Cr2O7 oxidation titration (exogenous heat) 
method [44]. Soil total N content was analyzed using 
the acid digestion-Kjeldahl method [45] and available 
N content was measured by the alkaline hydrolysis 
diffusion method [43]. Soil total P content and 
available P content were extracted using H2SO4-HClO4  
and HCl-NH4F, respectively, and then the Pi 
concentration was measured using the molybdate blue 
colorimetric method [46]. Soil total K content and 
available K content were extracted using H₂SO₄-HClO₄ 
and ammonium acetate, respectively, and then the K 
concentration was determined by flame photometry 
(FP640, Shanghai, China). 

Determination of Soil Heavy Metal  
Concentrations

The powdered samples (0.2 g) were digested using 
a ternary mixture of trace metal grade HF, HNO3, 
and HClO3 in Teflon crucibles. The digestion liquids 
were evaporated to near dryness to remove HF, and 
the residues were subsequently re-dissolved in dilute 
HNO3 and diluted to 50 mL with triple-distilled water 
in volumetric flasks. The resulting solutions were 
filtered and stored at 4ºC before analysis. The available 
concentrations of Cu and Cd refer to the bioavailable 
fractions of these metals, which represent the chemical 
forms that are mobile and potentially accessible for 
plant uptake [47]. These available concentrations were 
determined using the diethylenetriamine pentaacetic 
acid (DTPA) solution extraction method [48]. The metal 
concentrations (Cu, Cd, Pb, Ni, Zn, As, Hg, and Cr) were 
then quantified by inductively coupled plasma-mass 
spectrometry (ICP-MS) (NexION 2000, PerkinElmer, 
USA) [38]. For quality control, a soil certified reference 
material (GBW07405, National Research Center for 
Certified Reference Materials, China) was analyzed 
throughout the analytical process. The analytical 
precision, evaluated through repeated measurements  
(n = 5) of the certified reference material, was below 
10% (relative standard deviation) for all elements. 

Evaluation of Heavy Metal Pollution 
Index and Potential Ecological Risk

The heavy metal pollution index was assessed using 
the single pollution index (Pi), calculated as follows: 

	 Pi = Ci/Si

Where Ci represents the measured concentration of  
a heavy metal in the soil samples (mg kg−1), and Si 
denotes the corresponding reference value (mg kg−1) [1]. 
The reference values were based on the soil pollution 
risk screening values specified in the “soil pH and land 
type in the Soil Environmental Quality Agricultural 
Land Soil Pollution Risk Control Standard (GB  
15618-2018)”, which are determined according to soil  
pH and land use type. The pollution degree was 
classified as follows: Pi: Pi≤1, unpolluted; 1<Pi≤2, low 
pollution; 2<Pi≤3, moderate pollution; Pi>3, strong 
pollution [49]. 

Potential ecological risk was evaluated according 
to the method established by Hakanson using the risk 
index (Ei) for a single heavy metal[50]: 

	 Ei = Ti×Ci/Si

Where Ei is the potential ecological risk factor 
for a specific heavy metal, Ti is its toxicity response 
coefficient (the Ti values for Cd and Cu were set as 
30 and 5, respectively). The variables Ci and Si are as 
defined above. The risk level was classified based on the 
calculated Ei value as follows: Ei<40, low risk; 40≤Ei<80, 
medium risk; 80≤Ei<160, high risk; 160≤Ei<320, very 
high risk; Ei≥320, extremely high risk [51]. 

Determination of Cu and Cd Content  
in Edible Portions of Fresh Vegetables

This study was conducted within a remediation 
demonstration project, where most of the vegetable field 
had been deeply plowed. To evaluate the effect of deep 

Fig. 2. a)Vertical distribution of soil total Cu and available Cu, and b) soil total Cd and available Cd concentrations in soil profiles. 
Different lowercase letters indicate significant differences among soil depths (p<0.05). Conc.: concentration. 

a) b)
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investigated in this study. The results showed that the 
soil pH values of the vegetable field ranged from 6.16 to 
8.14, with an average value of 7.47, indicating that the 
soils were mainly in the neutral pH range (pH 6.5~7.5). 
The average fertility indicators of the soils were  
as follows: organic matter 37.9 g kg−1, total nitrogen 
1.82 g kg−1, available nitrogen 136.3 mg kg−1, total 
phosphorus 953 mg kg−1, available phosphorus 10.7 mg 
kg−1, total potassium 8.5 g kg−1, and available potassium 
508 mg kg−1. The average concentrations of total heavy 
metals in the soils were as follows: Cd 0.38 mg kg−1,  
Hg 0.22 mg kg−1, As 10.37 mg kg−1, Pb 23.4 mg kg−1, 
Cr 89 mg kg−1, Cu 163 mg kg−1, Ni 57 mg kg−1,  
Zn 123 mg kg−1 (n = 10). According to the national 
standard in China, Soil Environmental Quality – Risk 
Control Standard for Soil Contamination of Agricultural 
Land (GB 15618-2018), the Cu and Cd concentrations in 
the soils of this plot exceeded the risk screening value 
for heavy metal contamination risk in agricultural land, 
while the other heavy metal concentrations did not 
exceed the risk screening value. 

Due to the high soil Cd and Cu concentrations, which 
may result in excessive heavy metal accumulation in 
cultivated vegetables, we conducted a detailed analysis 
of the Cd and Cu levels in the topsoil (0~20 cm depth) of 
the vegetable field. The results showed that the total Cu 
and Cd concentrations ranged from 144 to 176 mg kg⁻¹ 
and 0.18 to 0.48 mg kg⁻¹, with coefficients of variation 
(CV) of 6.52% and 23.15%, respectively (Table 1). These 
low CV values indicate a relatively uniform distribution 
of Cu and Cd in the surface soil layer. In contrast, the 
available Cu and Cd concentrations ranged from 1.77 to 
7.21 mg kg⁻¹ and 0.024 to 0.211 mg kg⁻¹, with averages 
of 5.60 mg kg⁻¹ and 0.143 mg kg⁻¹, respectively. The 
CV values for the available Cu and Cd were 32.38%  
and 44.71%, indicating moderate to high variability. 
This suggests spatial heterogeneity in the bioavailability 
of these metals within the surface soil of the vegetable 
plot. 

The potential ecological risk of Cu and Cd 
contamination in the vegetable field soil was evaluated. 
Based on the risk screening values specified in China’s 
Soil Environmental Quality-Risk Control Standard  
for Soil Contamination of Agricultural Land (GB  
15618-2018), the mean surface soil (0~20 cm) 
concentrations of both metals exceeded their 
respective risk screening thresholds, with exceedance 
rates of 100% for Cu and 80% for Cd. However, all 
sampling points showed Cd concentrations below 
the standard’s risk intervention value. The single-
factor pollution index averaged 1.63 for Cu and 1.26 
for Cd, indicating a low level of pollution for both 
metals. In terms of potential ecological risk, Cu 
posed a low risk, whereas Cd presented a moderate 
risk. In summary, the vegetable field exhibits mild 
contamination by both Cu and Cd, with Cu showing  
a higher degree of pollution based on the pollution 
index, while Cd presents a greater ecological risk. 

plowing on heavy metal accumulation in vegetables, 
three adjacent, unremediated plots (each 0.3 hectares), 
located near the remediation site, were selected as the 
control (CK) areas. Vegetable cultivation experiments 
were conducted from 2020 to 2022. For each vegetable 
species, three replicate plots (n = 3) were established in 
both the deep plowing treatment area and the adjacent 
control (CK) area. The following vegetable species were 
selected to evaluate the effect of deep plowing on the 
accumulation of Cu and Cd in fresh vegetables: Chinese 
flowering cabbage (Brassica parachinensis L. H. Bailey), 
Chinese kale (Brassica alboglabra Bailey), head lettuce 
(Lactuca sativa var. capitata L.), faba bean (Vicia faba 
L.), pepper (Capsicum annuum L.), and tomato (Solanum 
lycopersicum L.). Based on the conventional vegetable 
cultivation practices of local farmers, base fertilizer 
(nitrogen, phosphorus, and potassium) was applied 
according to vegetable type, with urea supplemented  
as needed. A uniform fertilization regimen was 
maintained across all treatments for each vegetable 
variety. At harvest, six plants per vegetable type were 
randomly selected, and their edible parts were collected 
for Cu and Cd content analysis. The edible tissues 
were washed, blotted dry with filter paper, accurately 
weighed, oven-dried, ground using a mill, and sieved 
through a 0.25 mm mesh for subsequent use. A 0.5 g 
aliquot of each sample was digested with a mixture 
of ultrapure HNO3 and H2O2 (4:3, v/v) in a digestion 
tube. The digested solution was filtered and diluted to  
50 mL in a volumetric flask. Concentrations of Cu 
and Cd were quantified using inductively coupled 
plasma-mass spectrometry (ICP-MS, NexION 
2000, PerkinElmer, USA). For quality assurance,  
a plant certified reference material (cabbage material, 
GBW10014, National Research Center for Certified 
Reference Materials, China) was analyzed alongside 
the samples. The standard deviations of all elemental 
measurements were within 10%. 

Data Processing and Analysis

All data are expressed as the mean ± standard 
deviation (SD). Statistical analyses were performed using 
IBM SPSS statistical software (version 22). To evaluate 
differences in total and available concentrations of Cd 
and Cu in soil profiles, a one-way analysis of variance 
(ANOVA) was used, followed by the least significant 
difference (LSD) test for multiple comparisons. Pairwise 
comparisons between treatment groups were conducted 
using t-tests. 

Results

Soil Fertility and Heavy Metal Contamination 
Status of Topsoil in the Vegetable Field

First, we evaluated the soil fertility and heavy metal 
contamination status of the topsoil in the vegetable field 
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Vertical Distribution of Cu and Cd  
in Vegetable Field Soil Profiles

To determine appropriate restoration measures for 
the contaminated vegetable field, further analysis was 
conducted on the soil profile characteristics. The Cu and 
Cd concentrations in the soil of this plot were relatively 
uniform horizontally, so a random vertical profile of 
100 cm was selected from the central experimental area 
for detailed characterization. As shown in Fig. 2, there 
was no significant change in soil Cu concentration with 
increasing soil depth. The average total Cu concentration 
was 154 mg kg⁻¹, which was higher than the risk 
screening value of 100 mg kg⁻¹ (Fig. 2a)). However, 
the available Cu concentration in the soil decreased 
significantly with increasing soil depth. Available 
Cu concentration was 4.91 mg kg⁻¹ at 10~20 cm and 
only 0.504 mg kg⁻¹ at 20~50 cm, an 89.7% decrease. 
Notably, soil Cd concentration significantly decreased 
with increasing soil depth (Fig. 2b)). The average soil 
Cd concentration at 10~20 cm was 0.31 mg kg⁻¹, while 
the average soil Cd concentration at 20~50 cm was only 
0.07 mg kg⁻¹, a decrease of 77.5%. The concentration 
of available Cd in soil also significantly decreased with 
increasing soil depth, and the concentration of available 
Cd in soil was extremely low at 20~50 cm, below the 
Cd detection limit (0.007 mg kg⁻¹). In summary, the Cd 
concentration and available Cu and Cd concentrations 
in the soil of the vegetable field all decreased with 
increasing soil depth. Vertically, the soil profile 
showed a surface aggregation pattern, with higher 
concentrations above and lower below, which is suitable 
for deep plowing as a soil risk mitigation strategy. 
Based on the distribution characteristics of heavy metals 
in the soil mentioned above, it was speculated that a 
tillage depth of 50 cm could significantly reduce the Cd 
concentration and available Cd and Cu concentrations  
in the 0~20 cm tillage layer, achieving the goal of soil 
remediation. Therefore, this study used excavators to 

deeply cultivate and restore the vegetable field, with  
a cultivation depth of 50 cm. 

Effect of Deep Plowing on Cu and Cd 
Concentrations in Topsoil and Subsoil Layers

The alterations in soil Cu, available Cu, Cd, and 
available Cd concentrations before and after deep 
plowing are presented in Fig. 3. The results demonstrate 
that total Cu concentrations in both the topsoil  
(0~20 cm) and subsoil layer (20~50 cm) remained 
statistically unchanged after deep plowing, reflecting the 
uniform vertical distribution of Cu within the study area 
(Fig. 3a)). Conversely, the available Cu concentration 
exhibited a substantial decline (p<0.001) in both layers 
following deep plowing. Specifically, the mean available 
Cu concentration in the topsoil decreased by 63%, 
from 5.60±1.81 mg kg⁻¹ to 2.09±1.77 mg kg⁻¹ (Fig. 3b)).  
For Cd, both the total and available Cd concentrations 
in the topsoil underwent a significant decrease after 
deep plowing (p<0.01 and p<0.001, respectively)  
(Fig. 3c) and d)). The mean total Cd concentration 
exhibited a 42% decrease, from 0.38±0.09 mg kg⁻¹ 
to 0.22±0.11 mg kg⁻¹. It is noteworthy that the Cd 
exceedance rate in the topsoil (based on China’s 
national standard GB 15618-2018) decreased from 
80% to 20%. Following the tilling process, the mean 
available Cd concentrations in the topsoil and subsoil 
layers were found to be as low as 0.032±0.035 mg kg⁻¹ 
and 0.015±0.012 mg kg⁻¹, respectively. In summary, the 
implementation of deep plowing effectively reduced the 
concentrations of both Cd and available Cu/Cd in the 
topsoil. 

Effect of Deep Plowing on Soil Fertility 
in Topsoil and Subsoil Layers

To assess the effects of deep plowing on soil fertility, 
we analyzed changes in key soil fertility indicators 

Table 1. Summary statistics of copper and cadmium concentrations in the topsoil of the vegetable field. 

Element

Heavy metal concentrations (n = 10) Exceedance rate1 (%)
Pi 

(Pollution 
degree)

Ei 
(Potential 

ecological risk)
Min

 (mg kg−1)
Max

(mg kg−1)
Mean 

(mg kg−1) Stdev CV 
(%)

Risk 
screening 

value

Risk 
intervention 

value

Cu 144 176 163 11 6.52 100 - 1.63±0.11 
(Low)

8.13±0.53 
(Low)

Available Cu 1.77 7.21 5.60 1.81 32.38 -

Cd 0.18 0.48 0.38 0.09 23.15 80 0 1.26±0.29 
(Low)

43.80±13.26 
(Medium)

Available Cd 0.024 0.211 0.143 0.064 44.71 -
Note: The mean and standard deviation were calculated from 10 sampling points. According to the risk screening values and risk 
intervention values for soil contamination of agricultural land in the national standard (GB 15618-2018), the exceedance rate (%) 
was calculated. The risk screening value for Cu is 100 mg·kg-1, and the risk screening value and risk intervention value for Cd are  
0.3 mg·kg-1 and 3.0 mg·kg-1, respectively. Min: minimum; Max: maximum; Stdev: standard deviation; CV (%): coefficient of variance; 
Pi: single pollution index; Ei: potential ecological risk. 
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following deep plowing treatment, along with soil 
nutrient classification (Fig. 4 and Table 2). The initial 
topsoil (0~20 cm) pH averaged 7.47±0.61 (in the neutral 
range). After deep plowing, the pH values decreased 
slightly to 6.66±0.81 in the topsoil and 6.74±0.93 in 
the subsoil (Fig. 4a)). However, these changes were 
not significant and remained within the neutral range. 
Most notably, deep plowing significantly reduced 
(p<0.05) topsoil organic matter (47%), total nitrogen 
(45%), and available nitrogen (36%) contents (Fig. 
4(b-d)). Pre-tillage fertility levels were classified as 
rich (OM: 37.9±11.7 g·kg⁻¹; TN: 1.82±0.62 g·kg⁻¹; AN: 
136.2 mg·kg⁻¹), whereas post-tillage levels declined to 
moderate or poor ranges (Table 2). 

Compared to the pre-tillage topsoil, deep plowing 
did not significantly alter the concentrations of TP, 
AP, TK, or AK in the topsoil or subsoil (Fig. 4(e-h)). 
However, there was a decrease in AP and AK contents, 
though it was not statistically significant. Changes 
in the numerical values of soil fertility indicators 
resulted in changes to their grades (Table 2). Before 
deep plowing, the average AP content of this vegetable 
field was 10.7±5.3 mg·kg⁻¹, classifying it as moderate 
(10~20 mg·kg⁻¹) (Table 2). After deep plowing, the 
AP levels in the topsoil and subsoil decreased to the 
poor range (5-10 mg·kg⁻¹): 8.32±7.39 mg·kg⁻¹ and  
5.16±2.51 mg·kg⁻¹, respectively. Similarly, deep 
plowing reduced the AK concentration; the average 

a)

c)

b)

d)

Fig. 3. Effect of deep plowing on soil a) total Cu, b) available Cu, c) total Cd, and d) available Cd concentrations. Values represent means 
of 10 sampling points (mean±SD). Asterisks (*, **, ***) indicate significant differences in soil heavy metal concentration before and 
after deep plowing at p<0.05, p<0.01, and p<0.001 levels, respectively. 

Table 2. Effect of deep plowing on soil fertility level. 

Indexes1 Topsoil before DP Topsoil after DP Subsoil after DP

Organic matter Rich Medium Poor

Total nitrogen Rich Medium Poor

Available nitrogen Rich Poor Poor

Available phosphorus Medium Poor Poor

Available potassium Very rich Very rich Very rich

Note: The grading standards for individual soil fertility indicators were determined based on the criteria of soil nutrient classification 
from China’s Second National Soil Census. DP, deep plowing. 



Mingqing Liu, et al.8

AK concentration in the topsoil declined from  
507±326 mg·kg⁻¹ to 329±145 mg·kg⁻¹. However, the 
post-tillage AK levels remained in the “very rich” 
range. There were no significant differences in any 
soil fertility indicators between the topsoil and subsoil 
layers after deep plowing (Fig. 4(e-h)). Overall, deep 
plowing significantly reduced the topsoil OM, TN, 
and AN concentrations while homogenizing the basic 
physicochemical properties of the topsoil and subsoil 
layers. 

Effect of Deep Plowing on Cu and Cd 
Contents of Local Vegetables

Six vegetables, which are common in this vegetable 
production base, were used to evaluate the effect of deep 
tillage on the accumulation of Cu and Cd in the edible 
parts of vegetables. The tested vegetables included three 
leafy vegetables (Chinese flowering cabbage, Chinese 
kale, and head lettuce), two fruit vegetables (tomato and 
pepper), and one legume vegetable (faba bean) (Table 3). 
The Cu and Cd contents in all tested vegetables were 
found to be below the maximum levels set by Chinese 
national food safety standards (GB 15199-94: Cu≤10 
mg·kg⁻¹ for vegetables and ≤20 mg·kg⁻¹ for legumes;  
GB 2762-2022: Cd≤0.2 mg·kg⁻¹ for leafy vegetables 
and ≤0.1 mg·kg⁻¹ for legumes). However, it was obvious 
that deep plowing reduced the Cu and Cd contents 
in the edible parts of all six vegetables by 17% to 

45%. Significant reductions (p<0.05) were observed, 
particularly in Chinese flowering cabbage and faba bean. 
Notably, the Cu and Cd contents in faba bean decreased 
markedly by 39% and 45%, respectively. These results 
demonstrate that deep tillage is an effective agronomic 
practice for reducing the bioavailability of Cu and Cd in 
this type of contaminated vegetable soil.

Discussion

In this study, we demonstrate that implementing 
50 cm deep plowing in vegetable fields with low-
level Cu and Cd contamination ‒ particularly in plots 
exhibiting significant surface accumulation of heavy 
metals ‒ constitutes an efficient and practical strategy 
for simultaneously achieving pollution remediation and 
maintaining agricultural productivity. This approach 
shows considerable potential for supporting sustainable 
land management in agricultural regions characterized 
by elevated geochemical background levels of heavy 
metals. 

Surface Enrichment of Heavy Metals 
and the Rationale for Physical 
Remediation via Deep Plowing

The technique is particularly suitable for farmland 
soils where heavy metals have accumulated in 

Fig. 4. Effect of deep plowing on soil fertility parameters. a) pH; b) organic matter; c) total nitrogen; d) available nitrogen; e) total 
phosphorus; f) available phosphorus; g) total potassium; h) available potassium. Values represent means of 10 sampling points 
(mean±SD). Asterisks (*, **, ***) denote significant differences in soil fertility indicators before and after deep plowing at p<0.05, 
p<0.01, and p<0.001 levels, respectively. DP, deep plowing. 

a)

e)

c)

g)

b)

f)

d)

h)
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the surface layer, as observed in the present case. 
Yunnan Province, situated in southwestern China, is 
characterized by naturally elevated background levels 
of heavy metals in soils. The widespread distribution 
of carbonate rocks in this region contributes to the 
presence of these toxic elements, which are primarily 
derived from parent rock materials [52, 53]. As a major 
center for non-ferrous metal mining and smelting 
in China, anthropogenic activities have further 
intensified the accumulation of heavy metals in local 
agricultural soils [37, 54]. Huang et al. reported that the 
geochemical benchmark value for Cu concentration in 
the Dianchi watershed soil in Yunnan Province (topsoil 
0~20 cm) was 103.59±10.16 mg kg−1, with a range of  
74.25~138.95 mg kg−1, slightly exceeding the Cu risk 
screening value of 100 mg kg−1 [36]. Furthermore, 
since 1980, Cu levels have shown a notable increasing  
trend and remained high between 1980 and 1995 
(117.73±5.03 mg kg−1). The karst terrain regions in 
southwestern China, including Yunnan, Guizhou, and 
Guangxi, all exhibited elevated background levels of 
heavy metals [55]. Additionally, it has been shown that 
the long-term application of manure could lead to heavy 
metal accumulation in surface soil (0-5 cm) of farmland 
[56]. Such contamination may inhibit vegetable growth 
and pose risks to the quality and safety of agricultural 
products [40]. Similar findings have been reported in 
previous studies. Kobierski et al. found that, compared 
with the reduced tillage system, full-inversion tillage 
significantly decreased the total Zn, Cu, Mn, and Fe 
content in arable sandy loam soils, while resulting 
in significantly higher plant-available Zn and Fe but 
lower total organic carbon [57]. In contrast, minimal 
tillage may lead to an increase in heavy metal content 
[58, 59]. Medvedeva et al. observed that, in Haplic 
Chernozem, minimal tillage resulted in a 26% increase 
in Zn content and a 34% increase in Cu content [59]. 
These observations support the rationale that areas 
characterized by surface enrichment of heavy metals are 
well suited for physical remediation via deep plowing, 
which effectively reduces metal availability in the upper 
soil layer.

Mechanisms of Reduced Heavy 
Metal Bioavailability

The dilution effect achieved through deep plowing 
successfully reduced the Cd exceedance rate from 80% 
to 20%, thereby bringing most of the field area below 
the risk screening values stipulated in GB 15618-2018. 
The significant reductions in topsoil Cd content (42%), 
available Cu (63%), and available Cd (78%) (Fig. 3) 
demonstrate that the dilution of highly contaminated 
topsoil with less contaminated subsoil effectively 
decreases the bioavailable pool of heavy metals.  
The effectiveness of deep tillage stems from the 
combined effects of “physical dilution” and the 
subsequent “secondary chemical processes” that it 
triggers [60]. While physical mixing rapidly reduces 
heavy metal concentrations in the surface layer, the 
newly formed soil environment initiates a series of 
complex chemical reactions that are crucial for the 
long-term stability and bioavailability of heavy metals. 
In particular, the iron-manganese oxides and layered 
silicate minerals introduced from the deep soil provide 
abundant new adsorption sites. Cu and Cd ions can 
be strongly immobilized on these mineral surfaces 
through specific adsorption, coprecipitation, or the 
formation of inner-sphere complexes, thereby reducing 
their concentration and mobility in the soil solution 
[61]. Moreover, following deep plowing, heavy metals 
may transform from more bioavailable forms ‒ such 
as exchangeable and carbonate-bound fractions ‒ into 
less bioavailable forms, including those bound to iron–
manganese oxides and residual phases [62, 63]. This 
shift in speciation is critical to reducing heavy metal 
bioavailability and represents a more profound outcome 
than mere concentration dilution. The synergistic effect 
of these secondary chemical processes also explains why 
deep tillage causes little change in total copper content 
across soil depths yet markedly reduces available copper 
in both topsoil and subsoil layers (Fig. 3b)). 

The corresponding reduction in Cu and Cd 
accumulation in vegetables following deep plowing 
further confirms that decreased bioavailability of these 

Vegetable species
Cu content (mg·kg⁻¹) Cd content (mg·kg⁻¹)

CK DP CK DP

Chinese flowering cabbage 1.12±0.34 0.87±0.36* 0.042±0.013 0.023±0.015*

Chinese kale 0.95±0.41 0.83±0.27 0.031±0.014 0.019±0.006*

Head lettuce 0.85±0.21 0.71±0.37 0.012±0.004 0.010±0.003

Faba bean 0.64±0.21 0.39±0.14* 0.053±0.025 0.029±0.011*

Pepper 0.56±0.31 0.42±0.21 0.031±0.014 0.019±0.015

Tomato 0.51±0.23 0.46±0.19 0.016±0.015 0.012±0.006

Note: Values represent means of 6 samples (mean±SD). Asterisks (*) denote significant differences in Cu and Cd contents before and 
after deep plowing at p<0.05. DP, deep plowing. 

Table 3. Effect of deep plowing on Cu and Cd contents in the edible parts of vegetables. 
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metals in soil results in lower uptake by vegetables. This 
outcome underscores the practical value of deep tillage 
as a soil risk mitigation strategy, as it allows agricultural 
production to continue safely without resorting to 
more costly or disruptive technologies. Although the 
initial Cu and Cd concentrations in the vegetables 
were below official safety limits, our approach is 
fundamentally preventive. By proactively reducing 
metal uptake, this method mitigates long-term dietary 
exposure and potential health risks for local consumers, 
thereby highlighting the importance of remediating 
contaminated farmland before it leads to the production 
of unsafe food. 

Impacts on Soil Fertility

A direct consequence of deep tillage observed in our 
study was a significant reduction in the concentration of 
topsoil OM, TN, and AN (Fig. 4). This was an anticipated 
outcome, resulting from the dilution of nutrient-rich 
topsoil with infertile subsoil, and it represents a notable 
trade-off of this remediation technique. This decline 
in soil fertility translates to a temporary increase 
in fertilizer requirements to maintain crop yields in 
the seasons immediately following the intervention. 
Therefore, the applicability of deep soil mixing must 
be evaluated by weighing its primary benefit ‒ rapid 
risk mitigation of heavy metals ‒ against this tangible 
nutrient management cost. 

Notwithstanding this fertility cost, the practice can 
be justified in contexts where the immediate reduction 
of metal bioavailability is the overriding priority. 
Furthermore, the formation of a homogeneous plow 
layer, as indicated by the uniform nutrient levels between 
the new topsoil and subsoil, simplifies subsequent 
fertilization management by eliminating sharp nutrient 
gradients. The stability of soil pH and P/K levels is 
also a positive indicator, suggesting that the process 
did not induce adverse chemical changes. Moreover, 
deep soil mixing can expand the shallow tillage layer, 
promote deeper root penetration, and enhance resource 
availability in the subsoil [64]. Importantly, this process 
simultaneously addresses the issue of soil compaction by 
breaking up dense soil layers and reducing bulk density, 
thereby improving soil porosity and creating a more 
favorable physical environment for root development. 
Ultimately, deep soil mixing should be implemented with 
the understanding that it is an initial remediation step 
that must be followed by vigilant nutrient management 
to restore soil productivity, making it a viable strategy 
primarily where the urgency of contamination control 
justifies the initial investment and short-term agronomic 
cost. 

Comparative Advantages, Application 
Limitations, and Future Perspectives

Deep tillage aligns with the core objective of 
most in-situ remediation technologies: reducing the 

bioavailability and accessibility of toxic heavy metals 
[65]. Rather than removing pollutants, this approach 
redistributes them throughout a larger soil volume, 
thereby mitigating immediate risks while creating 
favorable conditions for long-term natural attenuation 
or phytoremediation processes. Deep soil mixing offers 
distinct advantages over other remediation strategies in 
specific scenarios. Unlike phytoremediation methods 
[66], which require multiple growing seasons to achieve 
significant results and often necessitate the suspension 
of agricultural production, deep plowing provides  
a rapid, one-time solution that allows immediate crop 
replanting. The primary investment involves the one-
time cost of hiring a tractor and an operator for the 
deep plowing operation. In comparison to chemical 
immobilization techniques [67], which involve repeated 
amendment applications and pose risks of long-term 
secondary contamination or altered soil chemistry, 
deep soil mixing is a purely physical process with 
minimal long-term ecological uncertainty. Moreover, 
deep soil mixing represents a more cost-effective soil 
risk mitigation strategy than alternatives such as soil 
replacement or ex-situ washing, owing to its reliance 
on simpler mechanical equipment and operational 
procedures. This advantage makes it particularly 
suitable for implementation in regions with limited 
financial resources and for the remediation of farmland 
with mild, vertically distributed metal contamination.

However, this technique demonstrates certain 
limitations in its applicability. It is most effective in 
contexts where contamination is primarily confined 
to the topsoil layer, and the subsoil remains relatively 
uncontaminated. In cases involving deep leaching or 
subsoil pollution, the effectiveness of deep tillage is 
substantially diminished. Soil-specific properties at the 
subsurface must also be considered; for instance, deep 
plowing has proven efficient in soils with naturally dense 
layers (Inceptisols and Ultisols) [68]. The observed 
decline in soil organic matter and nitrogen content 
underscores a critical trade-off: gains in environmental 
safety may be accompanied by short-term reductions in 
soil fertility and may elevate the risk of nutrient leaching 
following fertilization, particularly in high-rainfall 
regions. Consequently, the implementation of deep soil 
mixing should be integrated with comprehensive nutrient 
management strategies, including the application of 
organic fertilizers or green manure, to rapidly restore 
soil organic carbon and nitrogen levels while ensuring 
long-term productivity. It has been shown that the 
combination of deep plowing with straw incorporation 
and balanced fertilization can further enhance soil 
organic carbon content, elevate N and P availability in 
middle and deep soil layers, improve subsoil physical 
properties, and ultimately increase crop yields [69-
71]. This integrated approach is essential for achieving 
true agricultural sustainability ‒ balancing remediation 
objectives with the preservation of soil ecosystem 
health. Future research should focus on several key 
areas: the long-term stability of remediation effects, the 
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development of tailored nutrient management strategies 
to optimize soil health following deep soil mixing, and 
comprehensive economic assessments comparing this 
technique with alternative soil risk mitigation methods 
at regional scales. 

Conclusions

In this study, a vegetable production base in 
Kunming was found to be mildly contaminated with 
Cu and Cd, with both total and available Cd and 
Cu exhibiting a surface accumulation pattern. Deep 
soil mixing was demonstrated to be an effective and 
practical remediation strategy for such contamination 
characteristics. This practice significantly reduced the 
concentrations of Cd, available Cu, and available Cd 
in the topsoil. Field experiments with local vegetable 
cultivation confirmed that deep plowing effectively 
lowered the Cu and Cd contents in the edible parts 
of crops. Furthermore, no significant differences 
in fertility indicators were detected between the 
topsoil and subsoil after deep plowing, indicating  
a homogenization of soil fertility throughout the plowed 
layer. These findings support the conclusion that deep 
soil mixing serves as a cost-effective soil risk mitigation 
strategy, enabling simultaneous crop production and 
soil remediation in lightly contaminated farmland.  
The study provides valuable practical insights for 
sustainable soil management in regions with similar 
pollution conditions. 

Acknowledgments

The authors thank Lifeng Yang and Chunhao Jiang 
of Nanjing Agricultural University for their assistance 
with the experiments. They also thank Yonglan Xi  
and Fangwei Yu from the Jiangsu Academy of 
Agricultural Sciences for their help and discussions. 
Finally, we are grateful to the editors and reviewers for 
their helpful comments and suggestions that improved 
the final manuscript. 

Funding

This research was funded by the the Central Public-
Interest Scientific Institution Basal Research Fund 
(GYZX250104) and Soil Remediation Project from 
Department of Ecology and Environment of Yunnan 
Province (YNZDZB[2017]002).

AI Usage Disclosure Statement

The authors used DeepSeek only for language 
polishing and stylistic refinement of this manuscript. 
No generative artificial intelligence tools were employed 

for data analysis, data interpretation, image or figure 
preparation, or the generation of original scientific 
content.

Conflict of Interest

The authors declare no conflict of interest. 

References 

1.	 HU Y., LIU X., BAI J., SHIH K., ZENG E.Y., CHENG 
H. Assessing heavy metal pollution in the surface soils 
of a region that had undergone three decades of intense 
industrialization and urbanization. Environmental Science 
and Pollution Research International, 20 (9), 6150, 2013. 

2.	 TENG Y.G., WU J., LU S.J., WANG Y.Y., JIAO X.D., 
SONG L.T. Soil and soil environmental quality monitoring 
in China: a review. Environment International, 69, 177, 
2014. 

3.	 BRACAMONTE-TERAN J.A., MEZA-FIGUEROA 
D., GARCIA-RICO L., SCHIAVO B., MEZA-
MONTENEGRO M.M., VALENZUELA-QUINTANAR 
A.I. Agricultural abandoned lands as emission sources 
of dust containing metals and pesticides in the Sonora-
Arizona Desert. Environmental Monitoring and 
Assessment, 195 (12), 1496, 2023. 

4.	 ZHAO F.J., MA Y., ZHU Y.G., TANG Z., MCGRATH S.P. 
Soil contamination in China: Current status and mitigation 
strategies. Environmental Science & Technology, 49 (2), 
750, 2015. 

5.	 GAN Y., MIAO Y., WANG L., YANG G., LI Y.C., WANG 
W., DAI J. Source contribution analysis and collaborative 
assessment of heavy metals in vegetable-growing soils. 
Journal of Agricultural and Food Chemistry, 66 (42), 
10943, 2018. 

6.	 BAI L.Y., ZENG X.B., LI L.F., PEN C., LI S.H. Effects of 
land use on heavy metal accumulation in soils and sources 
analysis. Agricultural Sciences in China, 9 (11), 1650, 2010. 

7.	 TASRINA R., ROWSHON A., MUSTAFIZUR A., 
RAFIQUL I., ALI M. Heavy metals contamination in 
vegetables and its growing soil. Journal of Environmental 
Analytical Chemistry, 2 (3), 1000142, 2015. 

8.	 ZHOU Y., JIANG D.D., DING D., WU Y.J., WEI J., 
KONG L.Y., LONG T., FAN T.T., DENG S.P. Ecological-
health risks assessment and source apportionment of 
heavy metals in agricultural soils around a super-sized 
lead-zinc smelter with a long production history, in China. 
Environmental Pollution, 307, 119487, 2022. 

9.	 VUKASINOVIC-PESIC V., PILARCZYK B., MILLER 
T., RAJKOWSKA-MYSLIWIEC M., PODLASINSKA 
J., TOMZA-MARCINIAK A., BLAGOJEVIC N., 
TRUBLJANIN N., ZAWAL A., PESIC V. Toxic elements 
and mineral content of different tissues of endemic edible 
snails (Helix vladika and H. secernenda) of Montenegro. 
Foods, 9 (6), 731, 2020. 

10.	 HU W.Y., CHEN Y., HUANG B., NIEDERMANN S. 
Health risk assessment of heavy metals in soils and 
vegetables from a typical greenhouse vegetable production 
system in China. Human and Ecological Risk Assessment, 
20 (5), 1264, 2014. 

11.	 MANWANI S., DEVI P., SINGH T., YADAV C.S., 
AWASTHI K.K., BHOOT N., AWASTHI G. Heavy metals 



Mingqing Liu, et al.12

in vegetables: a review of status, human health concerns, 
and management options. Environmental Science and 
Pollution Research International, 30 (28), 71940, 2023. 

12.	MAI X.R., TANG J., TANG J.X., ZHU X.Y., YANG 
Z.H., LIU X., ZHUANG X.J., FENG G., TANG L. 
Research progress on the environmental risk assessment 
and remediation technologies of heavy metal pollution in 
agricultural soil. Journal of Environmental Sciences, 149, 
1, 2025. 

13.	 AZHAR U., AHMAD H., SHAFQAT H., BABAR 
M., SHAHZAD MUNIR H.M., SAGIR M., ARIF M., 
HASSAN A., RACHMADONA N., RAJENDRAN S., 
MUBASHIR M., KHOO K.S. Remediation techniques for 
elimination of heavy metal pollutants from soil: A review. 
Environmental Research, 214 (Pt 4), 113918, 2022. 

14.	 PODLASIŃSKA J., WRóBEL M., SZPIKOWSKI J., 
SZPIKOWSKA G. Bioaccumulation of trace metals 
in groenlandia densa plant reintroduced in Western 
Pomerania. Processes, 9 (5), 808, 2021. 

15.	 ZHEN H.Y., JIA L., HUANG C.D., QIAO Y.H., LI J., LI 
H.F., CHEN Q., WAN Y.N. Long-term effects of intensive 
application of manure on heavy metal pollution risk in 
protected-field vegetable production. Environmental 
Pollution, 263, 114552, 2020. 

16.	 SINGH S., ZACHARIAS M., KALPANA S., MISHRA 
S. Heavy metals accumulation and distribution pattern 
in different vegetable crops. Journal of Environmental 
Chemistry and Ecotoxicology, 4 (10), 75, 2012. 

17.	 ZWOLAK A., SARZYŃSKA M., SZPYRKA E., 
STAWARCZYK K. Sources of soil pollution by heavy 
metals and their accumulation in vegetables: a Review. 
Water, Air, & Soil Pollution, 230 (7), 164, 2019. 

18.	 HUANG B.Y., Lü Q.X., TANG Z.X., TANG Z., CHEN 
H.P., YANG X.P., ZHAO F.J., WANG P. Machine learning 
methods to predict cadmium (Cd) concentration in rice 
grain and support soil management at a regional scale. 
Fundamental Research, 4 (5), 1196, 2024. 

19.	 DING C.F., ZHANG T.L., WANG X.X., ZHOU F.,  
YANG Y., HUANG G.F. Prediction model for cadmium 
transfer from soil to carrot (Daucus carota L.) and its 
application to derive soil thresholds for food safety.  
Journal of Agricultural and Food Chemistry, 61 (43), 
10273, 2013. 

20.	RAFIQ M.T., AZIZ R., YANG X., XIAO W.D., 
STOFFELLA P.J., SAGHIR A., AZAM M., LI T.Q. 
Phytoavailability of cadmium (Cd) to Pak choi (Brassica 
chinensis L.) grown in Chinese soils: a model to evaluate 
the impact of soil Cd pollution on potential dietary toxicity. 
PLoS One, 9 (11), e111461, 2014. 

21.	 SRIVASTAVA R.K. Conservation tillage practices on 
GHG emissions, soil health and overall agricultural 
sustainability. Soil Use and Management, 41 (2), e70096, 
2025. 

22.	PIOVANELLI C., GAMBA C., BRANDI G., SIMONCINI 
S., BATISTONI E. Tillage choices affect biochemical 
properties in the soil profile. Soil and Tillage Research, 90 
(1-2), 84, 2006. 

23.	SUI J.K., WANG C.Y., HOU F.F., SHANG X.T., 
ZHAO Q.Q., ZHANG Y.X., HOU Y.Q., HUA X.W., 
CHU P.F. Effects of deep tillage on rhizosphere 
soil and microorganisms during wheat cultivation. 
Microorganisms, 12 (11), 2339, 2024. 

24.	KIMBIRAUSKIENĖ R., SINKEVIČIENĖ A., JONAITIS 
R., ROMANECKAS K. Impact of tillage intensity on the 
development of faba bean cultivation. Sustainability, 15 
(11), 8956, 2023. 

25.	DEKEMATI I., BOGUNOVIC I., KISIC I., RADICS 
Z., SZEMŐK A., BIRKÁS M. The effects of tillage-
induced soil disturbance on soil quality. Polish Journal of 
Environmental Studies, 28 (5), 3665, 2019. 

26.	HUANG S., ISLAM M.U., JIANG F. The effect of deep-
tillage depths on crop yield: A global meta-analysis. Plant, 
Soil and Environment, 69 (3), 105, 2023. 

27.	 WANG L.S., GUO H.G., WANG L.X., CHENG D.J. 
Suitable tillage depth promotes maize yields by changing 
soil physical and chemical properties in a 3-year 
experiment in the North China plain. Sustainability, 14 
(22), 15134, 2022. 

28.	NIEWIADOMSKA A., GAJ R., PRZYBYŁ J., BUDKA 
A., MIODUSZEWSKA N., WOLNA-MARUWKA A. 
Analysis of microbial parameters of soil in different 
tillage systems under sugar beets (Beta vulgaris L.). Polish 
Journal of Environmental Studies, 25 (5), 1803, 2016. 

29.	 XIONG Y., ZHENG L., MENG X.X., SHEN R.F., LAN P. 
Protein sequence databases generated from metagenomics 
and public databases produced similar soil metaproteomic 
results of microbial taxonomic and functional changes. 
Pedosphere, 32 (4), 507, 2022. 

30.	DAVIS J.G., WEEKS G., PARKER M.B. Use of deep 
tillage and liming to reduce zinc toxicity in peanuts grown 
on flue dust contaminated land. Soil Technology, 8 (2), 85, 
1995. 

31.	 SCHNEIDER F., DON A., HENNINGS I., 
SCHMITTMANN O., SEIDEL S.J. The effect of deep 
tillage on crop yield – What do we really know? Soil and 
Tillage Research, 174, 193, 2017. 

32.	ALCANTARA V., DON A., WELL R., NIEDER R. 
Deep ploughing increases agricultural soil organic matter 
stocks. Global Change Biology, 22 (8), 2939, 2016. 

33.	 SCANLAN C.A., DAVIES S.L. Soil mixing and 
redistribution by strategic deep tillage in a sandy soil. Soil 
and Tillage Research, 185, 139, 2019. 

34.	WANG H.R., HE J., AZIZ N., WANG Y. Spatial 
distribution and driving forces of the vegetable industry in 
China. Land, 11 (7), 981, 2022. 

35.	 ZHANG Z.M., ZHANG Q.H., TU C.L., ZHANG J.C., 
LIN C.H., FANG H., WEN X.M. Effects on heavy metals 
in Karst Region soil and the enrichment characteristics 
of rice-rape rotation. Polish Journal of Environmental 
Studies, 28 (6), 4485, 2019. 

36.	HUANG C., YANG H., LI Y., ZHANG M., LV H., ZHU 
A.x., YU Y., LUO Y., HUANG T. Quantificational effect 
of reforestation to soil erosion in subtropical monsoon 
regions with acid red soil by sediment fingerprinting. 
Environmental Earth Sciences, 76 (1), 34, 2016. 

37.	 QIAN Y., LI X.Q., YANG J., ZHOU R., HONG Z.I., LIU 
C., LI S.Y., ZHAO Y.G., FU D.G., PAN Y., FENG H., 
KOLENČÍK M., DUAN C.Q. Toxic metal soil speciation, 
corn accumulation and health risk assessment in acidic red 
soil farmland in mineral industry area. Water, Air, & Soil 
Pollution, 235 (7), 435, 2024. 

38.	CHEN H., TENG Y., LU S., WANG Y., WANG J. 
Contamination features and health risk of soil heavy 
metals in China. Science of the Total Environment, 512-
513, 143, 2015. 

39.	 CUI S., WANG Z., LI X., WANG H., WANG H., CHEN 
W. A comprehensive assessment of heavy metal(loid) 
contamination in leafy vegetables grown in two mining 
areas in Yunnan, China-a focus on bioaccumulation of 
cadmium in Malabar spinach. Environmental Science  
and Pollution Research International, 30 (6), 14959,  
2023. 



13Profile Reconstruction via Deep Soil Mixing...

40.	LAI L., LI B., LI Z.-R., HE Y.-M., HU W.-Y., ZU Y.-Q., 
ZHAN F.-D. Pollution and health risk assessment of heavy 
metals in farmlands and vegetables surrounding a lead-
zinc mine in Yunnan Province, China. Soil and Sediment 
Contamination: An International Journal, 31 (4), 483, 
2022. 

41.	 SU B.C., LIU R., LU Z.Z., HONG Y., CHANG N.J., WANG 
Y., SONG Z.W., LI R.Z. Mapping key soil properties of 
cropland in a mountainous region of Southwestern China. 
Agronomy, 14 (7), 1417, 2024. 

42.	ZU Y., BOCK L., SCHVARTZ C., COLINET G., LI Y. 
Factors affecting trace element content in periurban market 
garden subsoil in Yunnan Province, China. Journal of 
Environmental Sciences (China), 23 (3), 488, 2011. 

43.	 LU R. Soil and agricultural chemical analysis methods. 
1999, Beijing: Chinese Agriculture and Sciences Press [In 
Chinese].

44.	MINGORANCE M.D., BARAHONA E., FERNÁNDEZ-
GÁLVEZ J. Guidelines for improving organic carbon 
recovery by the wet oxidation method. Chemosphere, 68 
(3), 409, 2007. 

45.	 SRIVASTAVA R.K., PANDA R.K., CHAKRABORTY 
A. Quantification of nitrogen transformation and leaching 
response to agronomic management for maize crop under 
rainfed and irrigated condition. Environmental Pollution, 
265 (Pt A), 114866, 2020. 

46.	ADESANWO O.O., IGE D.V., THIBAULT L., FLATEN 
D., AKINREMI W. Comparison of colorimetric and ICP 
methods of phosphorus determination in soil extracts. 
Communications in Soil Science and Plant Analysis, 44 
(21), 3061, 2013. 

47.	 PASTOR J., APARICIO A.M., GUTIERREZ-MAROTO 
A., HERNANDEZ A.J. Effects of two chelating agents 
(EDTA and DTPA) on the autochthonous vegetation of 
a soil polluted with Cu, Zn and Cd. Science of the Total 
Environment, 378 (1-2), 114, 2007. 

48.	LV C., YANG S., CHEN Y., XU L., WANG A., ZHANG Z., 
WANG S., YIN G., WEI Z., XIA Y., DUAN K., QUAN L. 
Biochar derived from tobacco waste significantly reduces 
the accumulations of cadmium and copper in edible parts 
of two vegetables: an in-situ field study. Environmental 
Science and Pollution Research International, 31 (5), 7533, 
2024. 

49.	 WEISSMANNOVÁ H.D., PAVLOVSKÝ J. Indices 
of soil contamination by heavy metals - methodology 
of calculation for pollution assessment (minireview). 
Environmental Monitoring and Assessment, 189 (12), 616, 
2017. 

50.	WANG X.D., SUN Y.F., LI S.Y., WANG H.X. Spatial 
distribution and ecological risk assessment of heavy metals 
in soil from the Raoyanghe Wetland, China. PLoS One, 14 
(8), 2019. 

51.	 LI Y., LI P., LIU L. Source identification and potential 
ecological risk assessment of heavy metals in the topsoil 
of the Weining Plain (Northwest China). Exposure and 
Health, 14 (2), 281, 2021. 

52.	TIAN H.Y., ZHANG C., QI S., KONG X.S., YUE X.F. 
Concentration and spatial distribution of potentially toxic 
elements in surface soil of a peak-cluster depression, 
Babao Town, Yunnan Province, China. International 
Journal of Environmental Research and Public Health, 18 
(6), 3122, 2021. 

53.	 XIA X.Q., JI J.F., ZHANG C.S., YANG Z.F., SHI H.D. 
Carbonate bedrock control of soil Cd background in 
Southwestern China: Its extent and influencing factors 
based on spatial analysis. Chemosphere, 290, 133390, 2022. 

54.	SUN Z.H., HU Y.N., CHENG H.F. Public health risk of 
toxic metal(loid) pollution to the population living near an 
abandoned small-scale polymetallic mine. Science of the 
Total Environment, 718, 137434, 2020. 

55.	 WEN Y.B., LI W., YANG Z.F., ZHANG Q.Z., JI J.F. 
Enrichment and source identification of Cd and other 
heavy metals in soils with high geochemical background 
in the karst region, Southwestern China. Chemosphere, 
245, 125620, 2020. 

56.	GUO T., LOU C., ZHAI W., TANG X., HASHMI M.Z., 
MURTAZA R., LI Y., LIU X., XU J. Increased occurrence 
of heavy metals, antibiotics and resistance genes in surface 
soil after long-term application of manure. Science of the 
Total Environment, 635, 995, 2018. 

57.	 KOBIERSKI M., JASKULSKA I., JASKULSKI D., 
DEBSKA B. Effect of a tillage system on the chemical 
properties of sandy loam soils. Journal of Elementology, 
25 (4), 1463, 2020. 

58.	SHIWAKOTI S., ZHELJAZKOV V.D., GOLLANY H.T., 
KLEBER M., XING B. Micronutrients decline under long-
term tillage and nitrogen fertilization. Scientific Reports, 9 
(1), 12020, 2019. 

59.	 MEDVEDEVA A.M., BIRYUKOVA O.A., 
KUCHERENKO A.V., ILCHENKO Y.I., MINKINA 
T.M., MANDZHIEVA S.S., MAZARJI M. The effect 
of resource-saving tillage technologies on the mobility, 
distribution and migration of trace elements in soil. 
Environ Geochem Health, 45 (1), 85, 2023. 

60.	XU L., ZHAO F.F., XING X.Y., PENG J.B., WANG J.M., 
JI M.F., LI B.L. A review on remediation technology and 
the remediation evaluation of heavy metal-contaminated 
soils. Toxics, 12 (12), 897, 2024. 

61.	 LI S.S., FEI Y., WANG C., SUN J.J., LIANG J.H., FENG 
Y., YANG B., WANG M., SHI H.D., CHEN S.B. Fe oxides 
simultaneously improve stability of Cd and carbon in 
paddy soil. The underlying influence at aggregate level. 
Journal of Hazardous Materials, 477, 135392, 2024. 

62.	WANG Y., JING J., LI Y.Y., ZHANG Y.X., LIU Y.Z. 
Bioavailability and speciation of potentially toxic trace 
metals in limestone-derived soils in a Karst Region, 
Southwestern China. Water, Air, & Soil Pollution, 236 (3), 
169, 2025. 

63.	PARVIN A., MONIRUZZAMAN M., HOSSAIN M.K., 
SAHA B., PARVIN A., SUCHI P.D., HOQUE S. Chemical 
speciation and potential mobility of heavy metals in 
organic matter amended soil. Applied and Environmental 
Soil Science, 2022, 2028860, 2022. 

64.	BOTTA G.F., JORAJURIA D., BALBUENA R., RESSIA 
M., FERRERO C., ROSATTO H., TOURN M. Deep 
tillage and traffic effects on subsoil compaction and 
sunflower (Helianthus annus L.) yields. Soil and Tillage 
Research, 91 (1-2), 164, 2006. 

65.	 ZHANG M., WANG X.C., YANG L., CHU Y.Y. Research 
on progress in combined remediation technologies of 
heavy metal polluted sediment. International Journal of 
Environmental Research and Public Health, 16 (24), 5098, 
2019. 

66.	ZHAKYPBEK Y., KOSSALBAYEV B.D., 
BELKOZHAYEV A.M., MURAT T., TURSBEKOV S., 
ABDALIMOV E., PASHKOVSKIY P., KRESLAVSKI 
V., KUZNETSOV V., ALLAKHVERDIEV S.I.  
Reducing heavy metal contamination in soil and water 
using phytoremediation. Plants (Basel), 13 (11), 1534, 
2024. 

67.	 LIU N.Q., ZHAO J., DU J.W., HOU C., ZHOU X.F., 
CHEN J.B., ZHANG Y.L. Non-phytoremediation and 



Mingqing Liu, et al.14

phytoremediation technologies of integrated remediation 
for water and soil heavy metal pollution: A comprehensive 
review. Science of the Total Environment, 948, 174237, 
2024. 

68.	AZEVEDO R.P., SILVA L.d.C.M.d., PEREIRA F.A.C., 
PECHE P.M., PIO L.A.S., MANCINI M., CURI N., SILVA 
B.M. Interactions between intrinsic soil properties and 
deep tillage in the sustainable management of perennial 
crops. Sustainability, 15 (1), 760, 2022. 

69.	 KONG F., HU S., WANG R., JIU A., KAN Z., YANG 
H., PALTA J.A., LI F.M. Straw return under deep tillage 
increases grain yield in the rice-rotated wheat cropping 
system. Field Crops Research, 317, 109559, 2024. 

70.	LI J.W., CHEN L., ZHANG C.Z., MA D.H., ZHOU G.X., 
NING Q., ZHANG J.B. Combining rotary and deep 
tillage increases crop yields by improving the soil physical 
structure and accumulating organic carbon of subsoil. Soil 
and Tillage Research, 244, 106252, 2024. 

71.	 XIAO J.M., ZHU S.F., HAN S.J., WEI B.H., HE 
Z.L., LI Z.G., LI R.L., WANG L., CHEN L.Y., LI S. 
Fenlong-ridging deep tillage integrated with biochar 
and fertilization to improve sugarcane growth and yield. 
Agronomy, 13 (9), 2395, 2023. 


