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Abstract

:

To study the complex migration and transformation of trace metal(loid)s in a soil–wheat system, 225 pairs of surface soil and wheat samples were collected from the Taihang Mountains front plain, Hebei Province, northern China. The concentrations and pools (F1, water-soluble; F2, exchangeable; F3, carbonate-bound; F4, humic acid-bound; F5, Fe–Mn oxide-bound; F6, organic matter-bound; and F7, residual) of Cu, Pb, Zn, Cr, Ni, Cd, and Hg, and the soil properties of the samples were analyzed. The sum of the F1, F2, F3, and F4 proportions of Cd was higher than that of the other trace metal(loid)s, implying that Cd has greater mobility. We found a significant correlation (p < 0.01) between pools of trace metal(loid)s and the corresponding elements in wheat and a significant correlation (p < 0.01) between pools of trace metal(loid)s and pH, cation exchange capacity, clay, and total organic carbon. The results of principle component analysis (PCA)indicated that Cr, Ni and As mainly come from natural sources and Cu, Pb, Zn, and Cd from mixed groups related to farming and industry, Hg come from the coal burning. In addition, the total target hazard quotients showed the presence of harmful levels of trace metal(loid)s in wheat.
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1. Introduction


Industrial waste discharge, sewage irrigation, long-term application of chemical fertilizers and pesticides [1,2,3,4], and other human activities have all resulted in the build-up of trace metal(loid)s in exogenous soils, which has affected the environmental quality of agricultural soils [5,6,7,8]. Trace metal(loid)s in contaminated soils are absorbed by crops in various forms under certain physical and chemical environmental conditions, which can affect human health. Studies have found that trace metal(loid)s in soils exist in several forms: water-soluble, exchangeable, carbonate-bound, or humic acid-bound, which may more easily migrate and transform in their environments and, consequently, can be more readily absorbed by crop roots [9,10,11,12,13]. The migration rates and bioavailability of trace metal(loid)s are determined by their differing chemical pools of trace metal(loid)s in soils [14,15,16,17]. Soil physical and chemical conditions, farming practices, and soil fertility all affect the ability of crops to absorb trace metal elements from the soil. High salinity can promote trace metal migration through the complexation of salt ions and ion exchange between cations and metal ions, and the slightly alkaline environment may limit the migration of these trace metal(loid)s to some extent [18]. Organic matter and pH can promote the mobility of pools of trace metal(loid)s [19]. Studies have proven that clay content also impacts As pools [20]. The pH, heat (drying), and cation exchange capacities (CECs) are major factors affecting the pools of trace metal(loid)s [21,22,23]. Research on trace metals(loid)s and soil relationships has focused on experiments involving small pots in ideal conditions or small field trials [7,24,25,26]. The complex relationship between soil and crop trace metal(loid)s has not been explained well from a larger regional scale.



The Taihang Mountains front plain plays an important role in China’s grain production, particularly wheat, and subsequently, in the quality and safety of agricultural products; however, the area has persistently high levels of trace metal(loid)s [11,27,28,29]. The agricultural system in this area is complex, involving straw returning to the field each year’s after harvest as part of its fertilization practices [30,31,32]. To analyze the source of trace metal(loid)s in the soil–crop system, the multivariate statistical analysis method of PCA has been used to effectively establish the source in various fields [33,34,35]. PCA is as a multivariate statistical analysis method in which multiple variables are transformed linearly to select fewer important variables. Thus, the application of PCA can explain multiple variables with fewer variables and further eliminate the collinearity between variables [36,37,38,39,40].



We measured the trace metal(loid)s (As, Hg, Cr, Cd, Cu, Ni, Pb, and Zn) in wheat, surface soils, the physico-chemical indicators of soil, and major elements in the research area. The objectives of the study were to: (1) gain insight into the relationship of the pools of trace metal(loid)s and soil properties, and express the relationship with corresponding wheat; (2) analyze different sources of trace metal(Loid)s using PCA; (3) assess the pollution level of the soils’ trace metal(loid)s; and (4) evaluate the health risk of trace metal(loid)s in wheat using total target hazard quotients (TTHQs). Our findings provide a basis for the sustainable development of agriculture in this region and for the formulation of reasonable technical measures for controlling trace metal pollution in farmland soil.




2. Material and Methods


2.1. Sampling Sites and Research Fields


The Hebei plain is an important part of the North China Plain (Figure 1). It borders Henan and Shandong in the south, Beijing and Tianjin in the north, the Taihang Mountains in the west, and the Bohai Sea in the east. It includes South Langfang, the Baoding Plain, Hengshui, Zhangzhou, the Shijiazhuang Plain, and Xingtai. The total area of the plain is 62,047.29 km2. It was mainly formed by alluvial deposits from the Yellow River and the Haihe River. The terrain is low-lying and the elevation ranges from approximately 100 to 3 m along the coast of the Bohai Sea. There is a wide sediment plain area. The total population is 74.70 million in Hebei.



The area has a warm, temperate monsoon climate with obvious seasonal changes and cold, dry winters. The median temperature in this area is 12.6 °C, the median rainfall is 345.9–767.5 mm per year, and the average annual sunshine is 2400 to 3077 hours. The whole study area is a good region for agriculture with sufficient sunshine. The soil type is dominated by fluvio-aquic soil, cinnamon soil, and coastal saline soil. The main crops are corn and wheat. The wheat yield was 14.33 million tons and the corn yield was 17.54 million tons in 2017.



A total of 225 surface soil samples (within 20 cm of surface) and corresponding wheat samples were randomly collected from the same sampling points during the harvest season. The wheat samples were selected using the diagonal method with four points (greater than 1 m from the farmland). One point was used as the fixed point during sampling, 3–5 sub-samples were collected within 20 m around the fixed point, and these were combined into one sample to ensure the representativeness of the samples; the total sample weight of each sample was greater than 1.0–2.0 kg. Under normal experimental conditions, the gathered samples were reserved in polyethylene bags. The samples were ground with an agate mortar and passed through 200 mesh sieves prior to testing.




2.2. Chemical Analysis


Soil pH was measured in a soil suspension consisting of deionized water (1:2.5), which was based on the acidometer technique. Total organic carbon (TOC) was determined through the potassium dichromate volumetric method. The clay content was determined using a laser analyzer (Malvern Instruments Ltd, Melvin city, UK); the CEC was measured using the ammonium acetate method.



The soil samples were digested by a combination of HF, HNO3, and HClO4 to measure the trace elements. Cr, Cu, Ni, Pb, and Zn in the supernatant fluid were analyzed based on inductively coupled plasma atomic emission spectrometry (Agilent Technologies Inc., Santa Clara, CA, USA). Cd was analyzed with a graphite furnace atomic absorption spectrometer (Agilent Technologies Inc., Santa Clara, CA, USA) and As and Hg in the supernatant were calculated with hydride generation atomic fluorescence spectrometry (Beijing HaiGuang instrument co., LTD, Beijing, China).



The grain samples were ground through 20–40 mesh (0.84–0.42 mm) and the powered samples were then digested by a combination of HNO3 and HClO4, the proportion of which was 3:1 v/v, then the concentrations of trace metal(loid)s were determined using ICP-AES or AFS. More detailed analytical methods are available in the literature [41].



The chemical composition of the trace elements in the 225 representative surface soil samples were analyzed with the guidelines formulated by the Technical Standard of Geological Survey of the China Geological Survey (DD2005-03) in proper order [41]. The seven procedures were conducted step by step as follows: (1) water was used as an extractant to extract the F1 elements; (2) F2 elements were extracted with magnesium chloride (MgCl2) as an extractant; (3) F3 elements were extracted with sodium acetate as the extractant; (4) F4 elements were extracted with sodium pyrophosphate; (5) F5 elements were extracted with hydroxylamine hydrochloride; (6) organic-bound elements were extracted with hydrogen peroxide; and (7) F7 elements were extracted with hydrofluoric acid.



To verify whether the test statistic set was accurate, the total amount of every soil element was considered as a criterion and compared with the sum of each pool of trace metal(loid) to calculate the relative error (RE):


RE = (C1 − C2)/C1 × 100



(1)




where C1 and C2 represent the total metal(loid)s and the sum of the pools of trace metal(loid)s, respectively.



The relative error between the total amount of each element and pools was no more than 40% based on the Technical Standard of Geological Survey of the China Geological Survey [41]. According to the statistics, the relative error of each element was 100% of Cu (3.66%), Zn (6.73%), Ni (5.66%), Cd (7.12%), Cr (8.48%), Pb (9.01%), As (10.50%), and Hg (12.80%). The detection limit (µg/g) for F1, F2, F3, F4, F5, F6, and F7 is Pb: 0.1, 0.5, 0.5, 0.5, 0.5, 0.5, 2; Cd: 0.005, 0.02, 0.02, 0.02, 0.02, 0.02, 0.03; Cr: 0.1, 0.5, 0.5, 1.0, 0.5, 0.5, 5; Cu: 0.05, 0.3, 0.3, 0.3, 0.3, 0.3, 1; Ni: 0.05, 0.3, 0.3, 0.5, 0.3, 0.5, 2; Zn: 0.1, 0.5, 0.5, 0.5, 0.5, 0.5, 2; Hg: 0.001, 0.002, 0.002, 0.002, 0.002, 0.002, 0.005; As: 0.05, 0.1, 0.1, 0.1, 0.1, 0.1, 1, respectively.



The reference soil was GBW 07402 (GSS-2) (China National Center for Standard Materials). The wheat material with authentication used as an accuracy control was GBW08503b (wheat flour). In each batch of the analytical samples, 10% of the samples were repeated to ensure that all analyses were accurate. Internal standard materials and reagent blanks were also used to ensure analytical accuracy. The test data met the requirements of the China Geological Survey’s eco-geochemical survey standards and specifications [41].




2.3. Bio-Accumulative Rate (BR)


The bio-accumulative rate (BR) was applied to evaluate the ability of wheat to absorb and enrich trace elements in a soil–wheat system [5,20,27,29,31]. The BR formula is


BR = Cw/Cs



(2)




where Cw represents the trace element concentrations in wheat and Cs represents the surface soil concentration corresponding to the wheat sites.




2.4. Comprehensive Pollution Assessment


The environmental quality of the soil trace metal(loid)s was evaluated according to the published Chinese Soil Environmental Quality data [42]. The single pollution index method was used to analyze and evaluate the single index by item through the evaluation standard. This method is simple and easy to calculate, can determine the ratio relationship between the evaluation sample and the evaluation standard, and can judge the main pollution factors and pollution status in the evaluation area. The comprehensive pollution index considers the heaviest value of the single factors and avoids the impact of the subjective weight coefficient in the calculation process. This method has been successfully applied to assess heavy metal pollution [27,43,44,45]. According to the standards (GB15618-2018) on the soil contamination of agricultural land based on different pH, the soil risk standard value of trace elements are different at pH < 5.5, 5.5 < pH< 6.5, 6.5 < pH < 7.5, and pH > 7.5, respectively, so we selected the risk standard value according to the study area’s pH [42,43,45].


Psingle=CsampleCstandard



(3)




where Psingle is the single pollution index, Csample is the measured concentration of soil pollutants, and Cstandard is the standard value. If Psingle ≤ 1, it denotes no pollution; if 1 < Psingle ≤ 2, it denotes slight pollution; if 2 < Psingle ≤ 3, it denotes slight–moderate pollution; 3 < Psingle ≤ 5 denotes moderate pollution; and Psingle > 5 denotes heavy pollution.


Pcomprehensive = (Psingle )max2 + (1n∑i = 1nPsingle)22



(4)




where Psingle and Pcomprehensive represent the single pollution index and comprehensive pollution index for trace metal, respectively; Csample and Cstandard represent the measured concentration and standard value, respectively; and (Psingle)max is the maximum value of each single pollution index. The comprehensive pollution index was divided into five pollution classes as follows: Pcomprehensive ≤ 0.7, clean; 0.7 < Pcomprehensive ≤ 1, slightly clean (lowest safe level); 1 < Pcomprehensive ≤ 2, slight pollution; 2 < Pcomprehensive ≤ 3, moderate pollution; and Pcomprehensive > 3, heavy pollution.




2.5. Potential Health Risks


In terms of potential health total hazards by uptake wheat, the total target hazard quotient (TTHQ) is used to assess the health risk degree [46]. In this study, the health risk of wheat was assessed using the TTHQ method, which can simultaneously evaluate the health risk of a single trace metal(loid) and the health risk of the combined exposure to multiple trace metal(loid)s [47]. The TTHQ method, as an evaluation method of human health risk, was established by USEPA (United State Environmental Protection Administration, 2000), according to different populations and corresponding parameters. If the TTHQ value is less than 1, there is no potential health risk; if it is greater 1, then there is a health risk.



The target hazard quotient (THQ) and TTHQ of various trace metal(loid)s are as follows:


THQ = EF × ED × IR × CRfD × BW × AT



(5)






TTHQtotal = ∑i=0nTHQ = THQCu + THQZn +THQPb + THQCd + THQCr + THQAs + THQNi + THQHg



(6)




where EF refers to the exposure rate (365 days/year); ED refers to the exposed time (70 years for adults and six years for children); IR refers to the uptake rate of wheat (kg/person/day); C refers to the concentration of trace metal(loid)s in wheat (mg/kg); RfD refers to the referenced dose (Cd, Cu, Ni, Pb, Cr, Zn, As, and Hg were 0.001, 0.04, 0.02, 0.004, 1.5, 0.03, 0.003, and 0.0003 mg/kg/day, respectively) [46,47]; BW refers to the mean body weight (61.6 kg for adults and 18.7 kg for children) [30]; and AT refers to the mean exposed duration for non-carcinogenic influences (ED × 365 days/year). A THQ ≥ 1 indicates a latent health hazard.




2.6. Data Analysis


All distribution maps were drawn using Kriging methods by ArcGIS 10.5 (Esri, Redlands, CA, USA). The value of skewness and kurtosis were equal to or close to 0, indicating that the data approximately belonged to the normal distribution. [48,49,50]. According to the results of the statistical analysis of the data, some non-normality of the data of trace metal(loid)s were addressed to make them meet the normal distribution by logarithmic transformation. Then, normal distribution was tested by the P–P plot (Figure S1). The correlations between trace metal(loid)s and the soil physical and chemical properties were determined using SPSS 24 (IBM, Armonk, NY, USA). The descriptive statistic, box-plot, and PCA were calculated using SPSS 24. In addition, the distribution map was made using Surfer version 13.0 (Golden Software, LLC. Golden, CO, USA) based on the semivariogram optimal model (Table 1).





3. Results and Discussion


3.1. Pools of Trace Metal(loid)s and Total Amounts of Trace Elements


3.1.1. Trace Elements in the Soil


The soils’ pH values ranged from 7.43 to 9.05, with an average value of 8.3, whereas 76.62% were alkaline soils (ranging from 7.5 to 8.5) and 22.94% were strong alkaline soils (ranging from 8.5 to 9.5). The total organic carbon in the soils ranged from 0.31% to 2.67%, with an average value of 1.04%. The CECs in the soils ranged from 3.76 to 24.2 mg/kg and the clay in the soils ranged from 16.0 to 265.2 g/kg. (Table 2).



Table 1 shows that the mean values for Cu, Pb, Zn, Ni, Cr, As, Cd, and Hg were 25.72 ± 15.52, 24.75 ± 9.98, 74.97 ± 25.5, 28.78 ± 4.97, 67.57 ± 7.27, 9.87 ± 3.09, 0.19 ± 0.30, and 0.06 ± 0.04 mg/kg, respectively. The variable coefficient of trace elements in the soil samples in decreasing order were as follows: Cd (1.60) > Zn (0.74) > Hg (0.64) > Cu (0.50) > Pb (0.40) > As (0.31) > Ni (0.17%) > Cr (0.11).



The soil trace metal(loid)s in the research area were compared with the local background values [48] and the Chinese Soil Environment Environmental Quality Standard risk values [42]. The concentration of Cd was much greater than the local background; Cu, Pb, Zn, and Hg also exceeded the background values, suggesting that these trace elements were affected by an external factor. However, the mean concentration of As, Ni, and Cr were below the local background values. The coefficient of variation suggests that the contents of Cd, Zn, Hg, Cu, and Pb in the soils were largely variable, especially that of Cd. This shows that the five trace elements have been input in soils from outside origins. However, the As, Ni, and Cr in the soils were less variable, suggesting that these trace metal(loid)s mainly came from natural sources.



The results of the trace metal(loid)s in this study compared with other study areas is summarized in Table 3. The concentration of trace metal(loid)s in this study were greater than in Jilin Province, northeast China by comparison; however, the results were smaller than the southern agricultural soil, such as in Zhejiang Province and the Changjiang basin.




3.1.2. Pools of Trace Metal(loid)s Distribution


The pools of trace metal(loid)s present in soil and the proportions of various pools are the key factors that determine their effects on the environment and surrounding ecosystems. Some research results have shown that the heavy metals in F1, F2, F3, and F4 easily transfer in soil and are absorbed by plants, which cause the greatest harm to human beings and the environment [57,58,59,60]. The F5, F6, and F7 of trace metal(loid)s were relatively stable; F7 heavy metals from soil minerals, being stable, can be stable in sediments for a long time, are not easy for plants to absorb, and the potential damage to the whole soil ecosystem is minimal [35,60,61,62,63,64,65,66]. This is summarized in more detail below.



The F1 and F2 of trace metal(loid)s are the metal(loid)s adsorbed in clay, humus, and other components, which are sensitive to environmental changes, are easily transferred, and can be absorbed by plants [35,57].



The F3 of trace metal(loid)s refers to the coprecipitation binding by trace metal(loid)s in soil on carbonate minerals, which is most sensitive to soil environmental conditions, especially the pH value. When the pH value drops, it is easy for F3 to be re-released and enter the environment. In contrast, an increase in pH is conducive to the formation of carbonate [35,58,59].



F4 is important natural organic matter in the soil environment and has a special structure, meaning F4 can occur with metal ion adsorption, ion exchange, and surface ligand complex effects, such as the migration of trace metal(loid)s. Transformation and biological effectiveness play important roles in the soil environment [57,58,59,60].



The F5 Fe–Mn oxide bond to trace metal(loid)s is generally the outside substance on minerals and occurs as fine powder particles with an active Fe–Mn oxide ratio on the surface. F5 is formed by the adsorption or coprecipitation of anions. The changes in the pH value and redox conditions in soil also have an important influence on the binding of Fe–Mn oxides. Higher pH values and redox potentials are beneficial to the formation of Fe–Mn oxides. The Fe–Mn oxide binding reflects the pollution of human activities on the environment [35,60,61].



The F6 of trace metal(loid)s are the chelates of various organic substances such as plant and animal residues, humus, and mineral particles in the soil. Organic-bound heavy metals reflect the results of aquatic biological activities and human emissions of organics-rich sewage [35,61,62,63].



The F7 of trace metal(loid)s generally exists in silicate, primary and secondary minerals, and other soil lattice, and is the result of natural geological weathering processes (under normal natural conditions, it is not easily released, can be stable in the sediment for a long time, and is not easily absorbed by plants). The heavy metals associated with residues are mainly affected by mineral composition, rock weathering, and soil erosion [60,61,62,63].



The descriptive statistics of pools of trace metal(loid)s are summarized in Table S1, where the results of the variable coefficient (CV% > 1) of the F2 and F3 of Cd, F1, and F4 of Cu, and F4 of Pb and Zn showed a greater level of variation (deviation), and a greater pollution risk [47,48]. The percentage for each element, composed of WECH(the concentration’s sum of water-soluble, exchangeable, carbonate-bound and humic acid-bound) in the soil, in descending order, was as follows: Cd (52.15%) > Cu (24.95%) > Pb (21.02%) > As (16.14%) > Hg (15.85%) > Zn (11.65%) > Ni (5.68%) > Cr (3.68%). Cr (3.68%) and Ni (5.68%) had the lowest percentage of WECH, whereas the F7 of Cr (90.88%) and Ni (78.76%) had the highest percentage of WECH.



The F7 part usually implies a non-anthropogenic source because they are merged in a crystalline host lattice of the minerals [63]. Cr and Ni ions are, thus, mainly fixed by mineral lattices with strong stability and low levels of mobility.



Cd (52.15%) had the highest WECH; WECH values were 1.17%, 18.35, 17.79%, and 14.84%, respectively. These values were significantly higher than those of the other trace metal(loid)s, implying that Cd is potentially the most harmful to soil and plants, which further suggests that Cd may pose environmental risks. The effects of Cd pollution on animals, plants, and human health in alkaline soil should not be underestimated in the study area.



Cu and Pb had similar proportions of WECH, 24.95% and 21.02%, and residuals of 55.02% and 56.40%, respectively. The F4 of Pb and F4 of Cu were higher than the other trace metal(loid)s.



As, Hg, and Zn also had similar WECHs of 16.14%, 15.85%, and 11.65%, respectively; the F1 of As and Hg only accounted for 1.02% and 1.13%, respectively, less than the F1 of Cd. However, the amount of organic-matter-bound Hg was higher than that of other trace metal(loid)s due to the strong binding capacity of Hg ions to organics in soil [64].



The WECH distribution of high-value areas of Cd, Zn, Cu, and Pb trace metal(loid)s through the mapping were mainly concentrated in the southeast of Baoding and the southern area of Shijiazhuang (Figure 2). Domestic scholars have confirmed that these are areas of trace metal pollution (including Cu, Pb, Zn, and Cd), caused mainly by toxic substances (dust and sewage) from lead–zinc ore smelters, paper mills, and chemical plants. Via atmospheric deposition and sewage, the metal(loid)s entered the soil and polluted the farmland to varying degrees [65,66]. The main input source of Cd trace elements in the North China Plain is organic fertilizers composed of livestock manure, and the main input source of Hg and As is phosphate fertilizers [31,67].




3.1.3. Trace Metal(loid)s in Wheat


Table 4 shows that the average values of Cu, Pb, Zn, Cr, Ni, Cd, As, and Hg were 4.64 ± 0.99, 0.06 ± 0.04, 31.98 ± 7.49, 0.03 ± 0.01, 0.10 ± 0.04, 0.03 ± 0.02, 0.03 ± 0.02, and 0.002 ± 0.002 mg/kg, respectively. The Hg, As, Pb, and Cd trace metal(loid)s were highly variable in wheat (0.85, 0.78, 0.60, and 0.51, respectively). Compared with the Chinese standard value for food safety [42]: three, three, and one samples of Pb, Cd, and Hg in wheat exceeded the limit value, respectively, whereas Pb, Cd, and Hg in the corresponding soil samples also exceeded the local background values, where these high values may be due to the presence of human activity.



With the comparison of the wheat soils of Huaibei area and Changshu, China, the mean values of trace metal(loid)s in the local areas was smaller than the concentration of As (0.035 mg/kg), Cu (6.16mg/kg) and Zn (34.2mg/kg) in the agricultural soil of Huaibei, China [28], and smaller than the concentration of Cd (0.074), Cu (5.65), Ni (0.39mg/kg), Pb (0.095mg/kg), and Zn (39.4mg/kg) in the agricultural soil of Changshu, Yangtze Delta, China [31].



Figure 3a shows the BR of the trace metal(loid)s in the research area. The average BR values of the trace elements in wheat were: Zn (44.60%) > Cd (19.51%) > Cu (19.51%) > Hg (4.54%) > As (0.31%) > Pb (0.25%) > Cr (0.049%) > Ni (0.004%).




3.1.4. Relationship Among Pools of Trace Metal(loid)s in the Soil–Wheat System


The pools of trace metal(loid)s found in the soils of the research area and the trace metal(loid)s found in the wheat grains were significantly and positively correlated with each other, particularly for Cd, Cr, Pb, and As, as shown in Table 3. The correlation coefficients of the F2 and F4 of Cd levels were 0.320 and 0.300 at p < 0.01, respectively, which have a positive effect on the Cd content in wheat. F1, F3, and F4 of Cr had a significant relationship with Cr in wheat, where the correlation coefficients were −0.185, 0.248, and 0.301, at p < 0.01, respectively. The correlation coefficients of F1 and F4 of Pb in wheat were 0.188 and 0.350, at p < 0.01, respectively. In particular, the correlation coefficients of F1, F2, and F3 of As with Aswheat were 0.214, 0.180, and 0.214, at p < 0.01, respectively. These pools influenced the trace metal(loid)s in wheat. Other pools of trace metal(loid)s were not obviously related with the trace metal(loid)s in wheat and were not easily absorbed by crops, which agrees well with findings in other studies [24,35,68].



Table 5 shows that Cu, Pb, and Zn in the soil were significantly correlated with Cd and Pb in wheat, especially the correlation coefficients between Cu, Pb, and Zn in the soil and Pb in wheat, with a p < 0.01, were 0.216, 0.220, and 0.209. The correlation coefficients Cdwheat were 0.277, 0.173, and 0.197 at p < 0.01 with Cu, Pb, and Zn. Aswheat were 0.311, 0.366, and 0.305 at p < 0.01, with Cu, Pb, and Zn. These results indicated that Cu, Pb, and Zn in the soil could synergistically promote the absorption of Cd and Pb trace metal(loid)s in wheat. Some research has found that Cd2+ is easily absorbed by crops through the transport of divalent ions such as Fe2+, Ca2+, and Zn2+. On the other hand, the synergistic effect of Zn and Cd in the soil–crop system promotes the migration of Cd to the eatable sections of a plant. Zn and Cu, strong essentials for plant growth, show strong migration in soil–crop systems [69,70,71].




3.1.5. Factors Influencing Pools of Trace Elements


The total amount of trace elements in the soil and the physical and chemical properties directly affect the pools of trace metal(loid)s, which affect the accumulation of trace elements in wheat in the future [22,72]. Soil CEC (cation exchange capacity), clay, TOC (total organic carbon) and pools of trace metal(loid)s are significantly and positively correlated with each other, as shown in Table S2. The BR was significantly negatively correlated with CEC, clay, and TOC (Table S3), further indicating that increasing CEC, clay, and TOC is beneficial for the stability of pools of trace metal(loid)s, which do not easily migrate to wheat [20,38,66,73,74].



The relationship between pH and the pools of trace metal(loid)s is more complicated (Table S3), as pH has a stronger effect on the availability of As than on any other trace metal. pH had a significant positive correlation with the F1, F2, F3, and F4 of As and a negative correlation with F2, whereas the F4 of Ni was significantly and negatively correlated with the F2 of Pb and Zn, and was significantly and positively correlated with the F1 and F2 of Hg. However, pH had no obvious relationship with Cu.



The pH and BR of wheat trace metal(loid)s Cu, Cr, and Hg were positively correlated at 0.23, 0.20, and 0.18, respectively (p < 0.01), the result was also positive in the accumulation of trace elements of wheat in the research field. High pH had a positive effect on the soil–wheat system, which was different from the results of other studies [31,36]. This may be because different trace metal(loid)s have their own suitable pH [22,36,75]. The soil physical and chemical properties may play a significant role in controlling the migration of various fractions from the soil to crops.





3.2. Source of Trace Metal(loid)s


The correlation analysis among trace metal(loid)s is summarized in Table 6, indicating the different relationships among trace metal(loid)s. For example, some groups had higher correlation coefficients than 0.6 at p < 0.01: As–Ni, Zn–Cd, Cu–Pb-Zn, and Ni–Cr. Those trace metal(loid)s had very significant correlations with each other. This may be explained by the fact that they come from the same source. However, Hg was not significantly correlated with other elements.



Then, the source of the trace metal(loid)s were determined using PCA. The fundamental rule of principle component analysis (PCA) is that the new variables generated by dimensional reduction can make the information represented by the original variables more concentrated and typical. The PCA successfully explained the source of trace metal(loid)s in some studies [2,33,34,35,40]; for more details on the PCA method refer to References [2,4,33]. The KMO (Kaiser–Meyer–Olkin) test value was 0.55 and the Bartlett’s sphericity test resulted in p < 0.001. Moreover, the extraction of the communalities of each element higher than 0.6 showed that PCA was suitable for the dataset in this study. The total cumulative was 79.853% for the three components extracted based on an eigenvalue > 1, and the constituent loadings were rotated with varimax, which is shown in Table 4. Ni, Cr, and As showed the most significant loadings (extracted loading > 0.6) in PCA1, and the cumulative was 32.813%; Cu, Pb, Zn, and Cd were significant in PCA2, a cumulative of 32.446% as well as Hg belonged to PCA3, with a cumulative 14.594% (Table 7). The scree plot and three component plots in the matrix are summarized in Figure 4. PCA1 was defined as a natural source group, according to the As, Cr, and Ni elements below or similar to the local background value [51]; it was indicated they were not affected by the farming process and other human factors. PCA2 was defined as the human mixed group with traffic, farming, and industry, explaining the relative use of nitrogen and phosphate fertilizers and straw in the studied area and traffic flow. According to Pb, Cu and Zn were reported to mainly come from traffic flow and industry [2,4,76,77,78]. Cd may be explained as being controlled by external factors, such as the use of industrial sewage as fertilizers and water sources leading to Cd input for farmland. To improve crop yield, farmers often use a large amount of fertilizers and organic fertilizers, which leads to excessive cadmium content in soil caused by the long-term accumulation of fertilizers not used by vegetation [79,80,81]. Meanwhile, PCA3 was defined as the coal burning group, due to the Hg element being reported coming from coal burning and cement production [82,83].




3.3. Pollution Levels and Potential Health Risks


Figure 3b shows that the average value for the single factor of each trace metal element in the soil of the study area from high to low was: As > Cd > Cr > Cu > Zn > Ni > Pb > Hg; each trace element was in the range of 0.02 to 0.40, all of which were below one, so there was no pollution of each trace metal in the soil environment. However, the maximum value of Cd (7.53), Cu (2.29), Zn (2.93), and As (1.18) exceeded one, especially that of Cd. Overall, the mean value of the comprehensive pollution index of the soil reached 0.52, which showed that the soil in the research region was safe. However, the high level of trace metal(loid) pollution in the soil directly led to an increase in the trace metal content of the crops, which will impact human health [29,30]. However, the Cd concentration in 3% of the samples local in Baoding (>0.7) exceeded the safety limits. The corresponding samples in wheat exceeded the standard limit, which will require further investigation (Figure 5).



According to the 2018 Statistical Yearbook of Hebei Province, the annual urban and rural population consumption of wheat per person in Hebei Province in 2017 was 72.76 kg and 90.71 kg respectively, which is 199.34 g or 248.55 g per day. The daily consumption of wheat by urban children and rural children was assumed to be approximately one-third that of urban and rural adults [56], which were 66.45 g and 82.85 g, respectively. Table 8 indicates the calculated health risk index for adults and children from the rural and urban regions, respectively.



RA, RC, UA, and UC represent rural adults, rural children, urban adults, and urban children, respectively. The average TTHQ value of every metal(loid) by uptake by wheat in decreasing order was as follows: Cu > Zn > As > Pb > Cd > Hg > Ni > Cr. Average values of the THQ of Cu, Zn, As, Pb, Cd, Ni, and Cr were all less than one; however, 2% of As TTHQs exceeded the safe level of 1. The results from the TTHQs were: RC > RA > UC > UA.



The health risks from the consumption of a single trace metal(loid) in wheat will not cause considerable harm, and the results indicate that large differences exist in the levels of risk associated with the different trace metal(loid)s in wheat. THQ values greater than 0.3 were recorded for Cu, Zn, and As. The national food safety standards do not list Cu and Zn as contaminants. Attention should be paid to As, as it is highly toxic and 2% of the samples were associated with potential health risks. Wheat is a staple food in the study area and its consumption is much greater than in the southern regions of the country (rural adult and urban adult consumption are 102 and 62.5 g per day, respectively) [11,56]. These results show that the accumulation of As in the soils should be controlled or the consumption of wheat in North China should be reduced.



Trace metal(loid)s do not exist alone in wheat. As we examined multiple trace metal(loid)s in this study, multiple trace metal(loid)s may be absorbed from the soil into plants, which will lead to combined health risks for humans via the ingestion of several trace metal(loid)s. Table 8 shows that the TTHQ was greater than 1, indicating that trace metal(loid)s pose significant health risks and TTHQ children > TTHQ adults (Figure 6). Therefore, the combined health risks of trace elements in the research area should receive attention.





4. Conclusions


In this study, we evaluated the Cu, Pb, Zn, Cd, Ni, Cr, As, and Hg concentration in wheat–soil system of Hebei plain, northern China and analyzed the relationship between trace metal(loid)s and soil properties in wheat–soil systems. The sources of trace metal(loid)s were determined by PCA including coal burning, traffic, farming practices, and natural sources. The soil properties significantly affected the accumulation of trace metal(loid)s in wheat–soil systems. The trace metal(loid)s in the soil of the study area were all below the safe limit determined by a comprehensive pollution assessment. In addition, Cr, Cd, Ni, As, and Pb ingestion via wheat poses human health risks for adults and children at the local and region levels, meaning local government should pay more attention to the concentration of trace metal(loid)s Cr, Cd, Ni, As, and Pb in soil–wheat systems. This study provided basic information for improving the accumulation of trace elements in wheat and sustainable soil management for wheat growing regions.
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Figure 1. Map of the sampling sites. 
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Figure 2. The predict map of WECH (the concentration’s sum of water-soluble, exchangeable, carbonate-bound and humic acid-bound) of trace metal(loid)s by Kriging method. 
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Figure 3. Box plots of the (a) bio-accumulation rates and (b) comprehensive pollution levels. (“*” represent the outlier value). 
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Figure 4. The scree plot (a) and three component plots in the matrix (b). 
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Figure 5. The Spatial prediction map of the comprehensive pollution index. 
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Figure 6. The contour map of the total target hazard quotients of rural and urban populations (RA = rural adults, RC = rural children, UA = urban adults, and UC = urban children). 
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Table 1. The statistically optimal model and parameters of semivariogram function of trace metal(loid)s, pollution index, and health risk index.
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	Elements
	Nugget(C0)
	Sill (C0 + C)
	Range (m)
	C0/(C0 + C)
	C/(C0 + C)
	Model
	R2





	P
	0.0054
	0.055
	33900
	0.098
	0.902
	Exponential
	0.74



	Cd
	0.0203
	0.1306
	38700
	0.155
	0.845
	Exponential
	0.71



	Cr
	0.0779
	0.1568
	70200
	0.497
	0.503
	Spherical
	0.84



	Cu
	0.0255
	0.16
	41400
	0.159
	0.841
	Exponential
	0.62



	Ni
	0.0005
	0.0867
	16700
	0.006
	0.994
	Spherical
	0.83



	Pb
	0.0084
	0.1408
	23900
	0.060
	0.94
	Spherical
	0.80



	Zn
	0.0069
	0.059
	24900
	0.117
	0.88
	Exponential
	0.77



	As
	0.08665
	0.10824
	202061
	0.801
	0.199
	Linear
	0.51



	Hg
	0.01196
	0.02402
	831000
	0.498
	0.502
	Exponential
	0.81



	UA
	0.00038
	0.00756
	25000
	0.050
	0.95
	Spherical
	0.79



	RA
	0.00037
	0.00758
	24800
	0.049
	0.951
	Spherical
	0.78



	UC
	0.00038
	0.00761
	24700
	0.050
	0.95
	Spherical
	0.78



	RC
	0.00038
	0.00756
	25000
	0.050
	0.95
	Spherical
	0.78







P represents the comprehensive pollution index. UA, RA, UC, and RC represent the health risk index of adults and children in urban and rural areas. (RA = rural adults, RC = rural children, UA = urban adults, and UC = urban children).
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