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Abstract

:

Phytoremediation, an ecological approach aimed at addressing polymetal(loid)lic-contaminated mining soils, has encountered adaptability challenges. Dominant plant species, well-suited to the local conditions, have emerged as promising candidates for this purpose. This study focused on assessing the phytoremediation potential of ten plant species that thrived in heavy metal(loid)-contaminated mining soils. This investigation covered nine heavy metal(loid)s (As, Cu, Cd, Cr, Hg, Ni, Pb, Sn, and Zn) in both plants and rhizosphere soils. The results revealed a significant impact of mining activities, with heavy metal(loid) concentrations surpassing the Yunnan Province’s background levels by 1.06 to 362 times, highlighting a significant concern for remediation. The average levels of the heavy metal(loid)s followed the order of As (3.98 × 103 mg kg−1) > Cu (2.83 × 103 mg kg−1) > Zn (815 mg kg−1) > Sn (176 mg kg−1) > Pb (169 mg kg−1) > Cr (68.1 mg kg−1) > Ni (36.2 mg kg−1) > Cd (0.120 mg kg−1) > Hg (0.0390 mg kg−1). The bioconcentration factors (BCFs), bioaccumulation factors (BAFs), and translocation factors (TFs) varied among the native plants, indicating diverse adaptation strategies. Low BCFs and BAFs (ranging from 0.0183 to 0.418 and 0.0114 to 0.556, respectively) suggested a low bioavailability of heavy metal(loid)s. Among the species, both J. effusus and P. capitata showed remarkable abilities for As accumulation, while A. adenophora demonstrated a notable accumulation ability for various heavy metal(loid)s, especially Cd, with relatively high BCFs (1.88) and BAFs (3.11), and the TF at 1.66 further underscored the crucial role of translocation in preventing root toxicity. These findings emphasized the potential of these plant species in mine ecological restoration and phytoremediation, guiding targeted environmental rehabilitation strategies.






Keywords:


phytoremediation; polymetal(loid)lic contamination; native dominant plants; adaption strategies; ecological restoration












1. Introduction


Mining operations are integral to the provision of materials and energy for human society; however, they often lead to extensive soil contamination with heavy metal(loid)s, primarily attributed to the disposal of mine tailings and wastewater discharge. This prevalent issue, notably pronounced in China, poses substantial environmental threats characterized by the enduring, concealed, and cumulative nature of heavy metal(loid)s pollution [1]. The consequences extend to adverse effects on soil quality, water resources, crop productivity, and, ultimately, human health through the food chain. Addressing this issue necessitates the blocking and remediation of heavy metal(loid)s-contaminated areas to mitigate their impact on the ecosystem.



Various soil remediation methodologies, spanning physical, chemical, and biological approaches, have been employed [2]. Nevertheless, physical and chemical methods often present drawbacks such as high costs, irreversible alterations to soil properties, and potential secondary pollution. In contrast, phytoremediation emerges as a promising strategy due to its cost-effectiveness, environmental friendliness, minimal secondary pollution, and operational simplicity, making it suitable for large-scale applications [3]. Phytoremediation essentially refers to the utilization of plants and associated soil microbes to lower the concentrations of contaminants in soil or mitigate their adverse effects [4]. This approach can not only address heavy metal(loid)s but also organic pollutants. Phytoremediation also boasts low installation and maintenance costs compared to alternative remediation options. In terms of cost-effectiveness, phytoremediation can be as economical as 5% of the cost of alternative cleanup methods [5]. Notably, plants typically address contaminants without disturbing the topsoil, thereby conserving its fertility and utility, and may even enhance soil fertility through organic matter inputs [6]. It is particularly suitable for implementation on large field sites even where other remediation technologies may not be cost-effective or practical. Phytoremediation encompasses technologies (phytostabilization, phytoextraction, and phytodegradation) utilizing higher plants to remediate contaminated sites and has garnered significant research attention in the past two decades [7]. In phytostabilization, the heavy metal(loid)s in soil are immobilized, minimizing their transport and bioavailability [8]. Phytoextraction involves plants removing contaminants from the soil and storing them in harvestable tissues [9], and a successful phytoextraction strategy typically seeks high translocation factor (TF) values, facilitating the translocation of metal(loid)s into above-ground plant parts for harvest. The choice of plant species is pivotal, with adaptability to local environments, substantial biomass, and the ability to either transfer contaminants to above-ground biomass (for phytoextraction) or exhibit a high tolerance for the contaminants (for phytostabilization) being critical factors. The bioconcentration factor (BCF) and bioaccumulation factor (BAF), as well as the TF of heavy metal(loid)s in plants, are commonly determined to estimate the phytoremediation potential [10,11].



Plants, especially hyperaccumulators, with notable capacities for accumulating contaminants serve as the foundation for phytoremediation, offering practical solutions for decontaminating polluted soils [12]. These plants typically exhibit three key characteristics [10]. Firstly, they possess the ability to accumulate contaminants in their stems and leaves at concentrations notably higher (ranging from 10 to 100 times) than those observed in common plants thriving in uncontaminated soils. Secondly, they demonstrate a TF exceeding 1, indicating the efficient biotranslocation and bioaccumulation of contaminants (usually heavy metal(loid)s) from the roots to the above-ground biomass. Thirdly, these species exhibit robust growth even in environments with elevated concentrations of contaminants. Consequently, dominant plant species have been extensively screened and utilized in phytoremediation, particularly in the restoration of mine tailings [13,14,15].



However, challenges persist in mining areas, ranging from nutrient deficiencies to extreme pH levels, loose and erodible soil, and water retention issues [16]. These factors collectively pose obstacles to the survival and optimal functioning of phytoremediation plants. For instance, while Sedum alfredii exhibits strong tolerance, absorption, and accumulation abilities for Zn, with a bioaccumulation factor ranging from 1.25 to 1.94, its growth may be hindered in cold, high-altitude regions [17]. Similarly, Pteris vittata can effectively absorb high concentrations of As, with a bioaccumulation factor of 4.31–5.23, but its growth is restricted in northern China due to the relatively low temperatures [18,19]. Consequently, it is essential to screen for suitable plants capable of thriving under local contaminated and climatic conditions to ensure the success of phytoremediation efforts. To overcome these challenges, considerable efforts have been directed towards identifying dominant plant species that are well-adapted to local climate conditions while also exhibiting a high accumulating capacity of heavy metal(lodi)s. Native dominant plants, having evolved over millennia in naturally elevated heavy metal environments, are believed to possess inherent traits that confer resistance to heavy metal toxicity. As a result, they play a crucial role in soil restoration endeavors, particularly in heavy metal-contaminated soils in mining areas. Numerous previous studies have underscored the significance of native dominant plants in phytoremediation, highlighting their effectiveness in mitigating heavy metal pollution in mining environments [20,21,22]. For example, Bothe (2011) has demonstrated that metallophytes, plants thriving in metal-rich environments, have a long history of exposure to heavy metal(loid)s [23]. Singh et al. (2022) have identified dominant plant species suitable for the phytoremediation of arsenic-contaminated soil, noting that ten of these plants exhibited a BCF higher than 1, indicating their potential role in As remediation and site restoration [24]. Moreover, previous research has consistently emphasized that traits such as high biomass production, rapid growth, strong resistance, and suitability for remediating various soil types are key criteria in plant selection that also represent challenges in phytoremediation efforts [25,26,27].



In the specific case of Gejiu city, in the Yunnan Province, China, where severe contamination has ensued due to the accumulation of multiple tailings, the utilization of native plants for phytoremediation remains underexplored. This study aims to address this knowledge gap by investigating the spatial distribution of heavy metal(loid)s, exploring vegetation abundance and distribution in proximity to the tailings, measuring metal(loid) contents in native dominant plants, and evaluating their enrichment and migration potentials. The research outcomes are anticipated to guide future phytoremediation projects in similar mine tailing areas, providing insights into the remediation of heavy metal(loid)s-contaminated soil under comparable environmental conditions.




2. Experimental


2.1. Sites and Sampling


The investigated tailings area is situated in Gejiu city, Yunnan Province, China (approximately 1911 m altitude, 103°14′ E, 23°31′ N), predominantly composed of non-ferrous metal(loid)s, with As, Cu, Pb, and Zn as the predominant constituents. The tailings’ storage facility adopts a valley-type configuration. It has been decommissioned since 2018, with a total volume of 31.5 million m3. Currently, the site exhibits the spontaneous growth of numerous herbaceous plants. These species, characterized by a substantial biomass and widespread distribution, are also prevalent in other tailings facilities in Gejiu and are recognized as dominant species in the local ecosystem. The specific sampling locations are presented in Figure 1.



The selection of the plant species was based on three key criteria. Firstly, all the chosen species demonstrate rapid growth and possess a substantial biomass in the tailing dumpsites, indicating their potential for effective phytoremediation. Secondly, these species exhibit a preference for growing abundantly on slag heaps or similar contaminated sites, with limited occurrence in uncontaminated areas (e.g., development land or agriculture land), suggesting their adaptive advantage in contaminated environments and their potential for successful colonization and remediation. Lastly, prior research studies and references have reported on the phytoremediation potential of these selected species, affirming their suitability for this study. Accordingly, samples from ten high-biomass plant species were collected within the tailings area, and Table 1 provides a comprehensive overview of the sampling location and information for each plant species. It should be noted that both below-ground and above-ground parts of the plant species were collected separately. For every plant species, a selection was made of three individual plants, with their samples meticulously combined into one composite plant sample. A minimum of two composite samples were gathered for each plant species. Concurrently, about 2000 g of the corresponding rhizosphere soil of each plant species, located approximately 30 cm deep and around a 2/3 area from the center of vertical crown projection, was excavated using a narrow-bladed trowel. All the plant and rhizosphere soil samples were hermetically sealed in polyethylene bags for their subsequent transport to the laboratory. Upon arrival at the laboratory, the plant samples underwent a meticulous cleansing process. Initial rinsing with water was performed to eliminate surface soil particles, followed by three rinses with ultrapure water. The samples were then air-dried. Subsequently, the dried plant samples were placed in an oven at 105 °C for 30 min to arrest the metabolic processes. Further drying at 80 °C continued until a constant weight was attained. The resulting dried plant materials were finely ground using a stainless-steel grinder, deposited into polyethylene bags with assigned labels for subsequent analysis.



At the same time, the soil samples underwent an initial air-drying phase to remove extraneous materials. They were then subjected to thorough grinding in a mortar and pestle, sieved through a 0.75 μm nylon sieve, and placed into sealed bags.




2.2. Analysis Methods


Both the soil and plant samples underwent acidic digestion before the analyses. In detail, 0.1000 g of the samples was mixed with 8.0 mL of aqua regia solution and subjected to microwave digestion using a MARS6 system (CEM, Charlotte, NC, USA) at a temperature of 190 °C for a duration of 2 h. The resulting solution was diluted to 20 mL by adding 2% HNO3 solution before being analyzed. The concentrations of As, Cu, Cd, Cr, Hg, Ni, Pb, Sn, and Zn were determined using an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES, Avio 500, Perkin Elmer, Hopkinton, MA, USA). Moreover, soil pH measurements were conducted using a pH meter (Five-Easy FE20, Mettler Toledo, Greifensee, Switzerland) with a soil-to-solution ratio of 1: 5. The pH measurement process employed ultrapure water (Milli-Q® IQ Element, Merck Life, Darmstadt, Germany). All the measurement methods were detailed in Table 2.




2.3. Data Analyses


In this study, TF, BCF, and BAF were employed to reflect the ability of plants to absorb heavy metal(loid)s from the soil and the transfer of heavy metal(loid)s from plants’ roots to their above-ground parts. The specific calculation formulas are listed as follows, in Equations (1)–(3).


BCF = Croot/Csoil



(1)






TF = Cshoot/Croot



(2)






BAF = Cshoot/Csoil



(3)




where Cshoot and Croot represent the concentrations of heavy metal(loid)s in the above-ground and below-ground parts of the plant, respectively (mg kg−1), and Csoil represents the concentration of heavy metal(loid)s in the corresponding rhizosphere soil of the plant (mg kg−1).





3. Results and Discussion


3.1. Total Concentration of Heavy Metal(loid)s in the Soil


The concentrations of various heavy metal(loid)s in the rhizosphere soil of the investigated plants are illustrated in Figure 2, and their average concentrations and coefficient variations are listed in Table 3. As noted, the average concentrations of As, Cu, Zn, Sn, Pb, Cr, Ni, Cd, and Hg in the rhizosphere soil were 3.98 × 103 mg kg−1, 2.83 × 103 mg kg−1, 815 mg kg−1, 176 mg kg−1, 169 mg kg−1, 72.2 mg kg−1, 57.5 mg kg−1, 5.69 mg kg−1, and 0.200 mg kg−1, respectively. Site 10 exhibited complex contamination patterns of heavy metal(loid)s, with notably elevated concentrations of As (2.56 × 104 mg kg−1), Sn (372 mg kg−1), Pb (397 mg kg−1), Cr (208 mg kg−1), and Ni (139 mg kg−1), attributed to its proximity to the tailings. The average concentrations of As, Cu, Zn, and Cd exceeded their background values in other soils of the Yunnan Province by 316, 83.3, 10.5, and 49.1 times, while Pb, Cr, Ni, and Hg surpassed them by 4.46, 1.06, 1.59, and 5.02 times, respectively, highlighting the necessity for the remediation intervention. Beyond the elevated concentrations of heavy metal(loid)s, substantial variation exists among different sampling sites. The coefficients of variation across the sites all surpassed 45%, with As and Cr exhibiting the highest coefficients at 182% and 86.7%, respectively. This underscored significant spatial heterogeneity in heavy metal(loid) pollution in the soil, which can be associated with both anthropogenic and natural environmental factors. Specifically, some previous research on five Sn polymetallic deposits in Gejiu, including Malage, Songshujiao, Gaosong, Laochang, and Kafang, showed approximately 300 Mt of Sn ores at a mean grade of 1 wt% Sn, another 300 Mt of Cu ores averaging 2 wt% Cu, and 400 Mt of Pb-Zn ores with a mean grade of 7 wt% Pb/Zn [28] due to a protracted history of mining activities, including a Pb/Zn/Sn smelter, which resulted in the liberation and migration of the polymetallic elements [29,30,31]. Notably, As and Cr, unlike other heavy metal(loid) cations, generally exist in the form of oxygen-containing anions (AsO43− and CrO42−) in the soil [32,33], resulting in a strong affinity to soil mineral surfaces and, consequently, a lower mobilization capacity.




3.2. Concentration of Heavy Metal(loid)s in Plants


The concentrations of heavy metal(loid)s in both the above-ground and below-ground parts of the plants are depicted in Figure 3. Comparatively, the total concentrations of heavy metal(loid)s within the same plants from different sites exhibited minimal variation, consistently maintaining coefficients of variation below 10%. Regarding plant species, P. capitata exhibited the highest heavy metal(loid) uptake, with a total concentration of 689 mg kg−1, followed by B. lindleyana, with 616 mg kg−1. These findings align with some previous research, emphasizing the prevalence of these two plants in areas affected by mining activities, showcasing relatively high concentrations of various heavy metal(loid)s [35,36]. In general, S. bimaculate, J. effuses, and L. formosa shared a similar translocation behavior, with the concentration of all heavy metal(loid)s in below-ground parts higher than those in above-ground parts, while the others presented the opposite trend, possibly due to their well-developed root systems compared to plants, leading to the high biomass of the below-ground parts.



From the elemental perspective, As and Cr display an analogous geochemical behaviors, inclined to form oxygen-based anions in soil, so they shared similar distributions in the plants except for S. bimaculate, J. effuses, and L. formosa. Other plants exhibited a great translocation ability of As and Cr as the concentration of the above-ground part significantly surpassed that of the below-ground part. Previous research indicated that, in alkaline oxidized soils (average pH = 8.28), As and Cr generally existed in the forms of As(V) and Cr(VI), respectively, and were readily absorbed by plant roots [37,38]. It is noteworthy that both As(V) and Cr(VI) can exhibit phytotoxic effects on plant growth, thereby impeding plant development [39,40,41]. To adapt to environments rich in these contaminants, plants transport As and Cr from their below-ground parts to their above-ground parts through compartmentalization to detoxify, resulting in relatively high concentrations in the above-ground tissues. It should be noted that these processes might involve physiological redox transformations of the elements. For example, in Pteris vittata, a plant species known for As hyperaccumulation, several mechanisms have been identified for its detoxification, including efficient uptake in roots via phosphate transporters PvPht1;4, reduction in roots via As(V) reductases, and translocation and metabolism from roots to fronds and storage into frond vacuoles via As(III) antiporters [42]. It has been reported that the reduced translocation of Cr(VI) to aerial plant parts occurs due to the conversion of Cr(VI) to Cr(III) inside the plants, along with the propensity of Cr(III) to bind to cell walls [38,43]. Compared to As, Cu, Zn, and Pb, plants exhibit significantly lower absorption and accumulation of Cd, primarily due to the relatively low total Cd content in the soil environment (with an average value of 5.69 mg kg−1). Only P. affine demonstrates a relatively strong enrichment capability for Cd, with Cd contents in the above-ground and below-ground parts being comparable at 3.03 mg kg−1 and 3.49 mg kg−1, respectively. In other plants, Cd tends to accumulate more in the above-ground parts. Recent research also reported the Cd phytoremediation potential of P. affine [44,45,46].



It is noteworthy that, despite the prolonged history of Sn mining in the area and the notably high average soil Sn content of 176 mg kg−1, the ten predominant plant species displayed only moderate capabilities for absorbing and accumulating Sn, with an average concentration of 3.81 mg kg−1. The highest recorded value was observed in J. effusus, reaching 7.56 mg kg−1 within 1.33 mg kg−1 in the above-ground part and 6.23 mg kg−1 in the below-ground part. This phenomenon may be attributed to the diminished bioavailability inherent in the specific type of Sn ores present. Previous research reported that, with the exception of oxidized Sn ores, the remaining four types of Sn ores were intricately linked to granitic intrusions, resulting in a relatively low bioavailability [28]. Additionally, only a few plants have been reported for Sn accumulation [47,48].




3.3. Bioconcentration and Translocation of Heavy Metal(loid)s in Plants


To explore the biological uptake of heavy metal(loid)s in the sampled plants, the bioconcentration factors (BCFs) of these plants were analyzed, as depicted in Figure 4. Notably, the relatively high concentration of heavy metal(loid)s in the rhizosphere soil did not consistently translate to higher concentrations in the plants. For instance, despite the rhizosphere soil at site 1 owning a total concentration of 7.25 × 103 mg kg−1, the dominant plant P. capitata exhibited a total concentration of 689 mg kg−1, with BCF values of 0.0298. This discrepancy may result from competitive adsorption and a lower bioavailability. For individual heavy metal(loid)s, despite the rhizosphere soil having average concentrations of As, Cu, Cr, and Sn of 3.98 × 103 mg kg−1, 2.83 × 103 mg kg−1, 68.1 mg kg−1, and 176 mg kg−1, respectively, the average BCF values for the dominant plants were lower than 0.05, indicating diverse phytoremediation mechanisms. Among the dominant plants, only J. effusus exhibited exceptional transferability of multiple heavy metal(loid)s, including As, Cu, Zn, Ni, Pb, and Cd, with BCF values of 0.181, 0.106, 0.244, 0.267, and 0.918, respectively. Klaudia et al. similarly observed that J. effuses played a pivotal role as a phytostabilizer for various heavy metals within the research site [14]. Additionally, Ladislas et al. utilized J. effuses for the removal of dissolved heavy metals, noting that Cd and Ni exhibited higher accumulation in roots compared to shoots [49].



The TF values elucidate the transfer and redistribution of heavy metal(loid)s among different plant parts. Plants with strong transferability prefer to absorb heavy metal(loid)s in the rhizosphere soil through their roots and transfer them to their shoots, protecting roots from toxicity. The average TF values decreased in the following order: Hg (3.59) > Pb (1.94) > As (1.59) > Zn (1.53) > Cr (1.48) > Ni (1.39) > Cd (1.30) > Sn (1.11) > Cu (0.84), as illustrated in Figure 5. Among these dominant plants, P. capitata, C. nepalensis, P. fortuneana, P. sequax, A. adenophora, and B. lindleyana exhibited strong transfer abilities for multiple heavy metal(loid)s, with average TF values exceeding 1, indicating their efficacy in bioextracting and biotranslocating heavy metal(loid)s away from the complex soil, to some extent. P. capitata displayed excellent biotransfer abilities for Zn, Cr, Cd, and Sn, with the highest TF values of 2.10, 3.17, 1.92, and 1.49, respectively. B. lindleyana demonstrated some greater biotransfer abilities for As (3.69), Cu (2.30), Ni (3.10), and Pb (3.85). Interestingly, only P. capitata and B. lindleyana exhibited TF values for Cu higher than 1, despite the relatively high concentrations of Cu in rhizosphere soils. Conversely, although the average concentration of Hg in rhizosphere soils was 0.196 mg kg−1, significantly lower than Cu (2.83 × 103 mg kg−1), the average TF values of Hg among the dominant plants were higher than those of Cu, indicating a higher bioavailability of Hg in the soils. A. adenophora exhibited the highest TF values for Hg of 11.5, despite the total concentration of Hg in the corresponding rhizosphere soil being 0.182 mg kg−1. In addition to its capacity to phytoextract Hg, A. adenophora demonstrated significant potential for various heavy metal(loid)s, including As, Zn, Cr, Ni, Pb, Cd, and Sn, with IF values exceeding 1.0. This highlighted the versatility of A. adenophora as a potential candidate for a wide array of heavy metal removal applications. While A. adenophora is classified as an invasive species, it possesses attributes that render it suitable for ecological restoration, particularly in phytoremediation. Several invasive plant species have demonstrated tolerance to environmental stresses and have been identified as prospective candidates for the phytoremediation of contaminated sites. For instance, research has shown that invasive plants like Typha latifolia, Ipomoea carnea, and Ricinus communis have the ability to tolerate and even thrive in degraded environments, such as coal fly ash deposits, making them promising candidates for the restoration of these deposits [50]. Thus, A. adenophora, which possesses hyperaccumulation traits for heavy metal(loid)s, can be considered a potential phytoremediation candidate [51,52]. Nevertheless, it is crucial to implement effective monitoring and management strategies to prevent its spread beyond the intended remediation sites and mitigate any potential negative impacts on surrounding ecosystems. For other species, S. bimaculata and J. effuses displayed TF values of less than 1.0 for all heavy metal(loid)s, along with lower BCFs (<0.05), indicating their resistance and plant-stabilized barrier capabilities, consistent with total concentrations in their corresponding rhizosphere soils of 7.01 × 103 mg kg−1 (Site 6) and 2.12 × 103 mg kg−1 (Site 8). Although previous research reported a relatively high tolerance threshold for Zn in S. bimaculata, up to 56 mg L−1, in this research, the TF and BCF values of Zn in S. bimaculata were 0.551 and 0.110, respectively, emphasizing the habitat-specific variations in heavy metal(loid) accumulation and tolerance among plants.




3.4. Potential Candidates for Phytoremediation


Phytoremediation stands out as an economically advantageous approach when compared to alternative approaches like soil excavation, washing, or disposal. Utilizing dominant plants not only reduces the costs related to maintenance, such as mowing and replanting but also avoids soil disturbance, especially when potentially toxic metal(loid)s accumulate in easily harvestable plant parts, mainly the shoots. The suitability of the identified plants for phytoremediation in discharged mining areas is influenced by various factors. Previous research indicates that the efficiency of phytoextraction depends on two pivotal factors: the capacity of plants to accumulate metal(loid)s and their biomass production. The design considerations for phytoremediation systems involve the BAF, representing the ratio of metal(loid) content in the shoots to that in the soil, and plant productivity, measured by harvestable biomass. Preferably, metal(loid) accumulation in the shoots is more cost-effective than in the roots, as the former allows for straightforward removal through pruning, whereas the latter necessitates uprooting the entire plant. Specific characteristics of the study sites, where shoots accumulate multiple heavy metal(loid)s from the soil, highlight the need for fast-growing plants that are easily harvestable and accumulate significant concentrations of heavy metal(loid)s in their harvestable tissues. Knowledge about plant species with BCFs and BAFs is crucial for selecting the most suitable plants for phytoremediation, potentially reducing operation and maintenance costs.



Figure 6 illustrated various BAF values of the heavy metal(loid)s in the dominant plants. Notably, despite the total Cd concentration in the rhizosphere soil at site 7 of only 0.98 mg kg−1, A. adenophora exhibited the highest BAF value (3.11) for Cd, while the values ranged from 0.0420 to 0.829 for other species, demonstrating the highest accumulation in the shoot. It should be highlighted that the BCF of Cd in A. adenophora was also higher than 1 (1.66), indicating its potential as a phytoremediation candidate for Cd-contaminated soil. Previous research has emphasized the benefits of Cd accumulation against generalist pathogens, particularly under lower Cd levels, suggesting elemental defense as a key mechanism in the invasion success of A. adenophora in areas with prior industrial activity [51]. Moreover, A. adenophora has been widely identified as one of the most efficient hyperaccumulators of Cd, attributing its success to the metabolic pathways and enzymatically catalyzed reactions in hairy roots which contribute to the uptake, transformation, conjugation, and compartmentalization of Cd in vacuoles and/or cell walls, crucial detoxification sites in plants [53]. Therefore, A. adenophora emerges as the most representative species for phytoremediation, characterized by rapid growth, large leaves, and high Cd accumulation, making it suitable for phytoremediation purposes. The adaptability of A. adenophora to eroded and mining soils is evidenced by its rapid growth and substantial Cd accumulation in roots (BCF) and shoots (BAF).




3.5. Prospects


In the studied area, the issue of As contamination has emerged as a significant concern due to its relatively high concentration. Notably, among the collected plant species, both J. effusus and P. capitata showed remarkable abilities for As accumulation. They exhibited the highest BCF and BAF values for As, indicating their superior tolerance to As contamination. While they may not strictly meet the criteria for hyperaccumulation [12], these species possess self-protection mechanisms against As toxicity in the soil, rendering them potential candidates for As accumulation in soil remediation and ecological restoration efforts within mining areas. Additionally, A. adenophora has emerged as a promising candidate for sites contaminated with multiple heavy metal(loid)s, demonstrating excellent accumulation capacities for various heavy metals (except Cu). The high TF values observed for all the elements suggest their potential in immobilizing heavy metal(loid)s from the soil and efficiently transporting them to the above-ground parts of the plant for further harvesting. However, the use of A. adenophora should be closely monitored and managed to prevent its spread beyond the intended remediation site and mitigate potential negative impacts on surrounding ecosystems. Interestingly, the soil in the area contained Cu concentrations second only to the concentrations of As. However, all the dominant plant species exhibited extremely low BCF and BAF values for Cu, indicating a limited bioavailability of Cu in the soil. Therefore, alternative physicochemical methods may need to be considered for remediating Cu-contaminated soil.



Furthermore, based on this investigation, a comprehensive analysis and validation of the correlation between heavy metal concentrations in plants within tailing dumpsites and their speciation in soils will be conducted. Although soil heavy metal risk control currently relies on total concentrations, the speciation of these metalloids is crucial as it dominates environmental risk. Thus, further investigation of the relationship between heavy metal forms and bioavailability is essential, providing a theoretical basis for relevant standards and policies [22].





4. Conclusions


This study, conducted in Gejiu city, Yunnan Province, focused on identifying potential candidates for phytoremediation in polymetallic-contaminated soils. The results highlighted the significant impact of historical mining activities on soil composition, particularly heavy metal(loid) contents in plants and rhizosphere soils. Different plants showed distinct adaptation strategies, including phytoextraction and phytostabilization. This study identified ten dominant plant species as promising candidates for phytoremediation due to their rapid growth, substantial biomass, adaptive advantage, successful colonization, and remediation capabilities. Among them, P. capitata and J. effusus exhibited promising potential for As phytoremediation, while A. adenophora showed efficiency in Cd phytoremediation. However, dominant plant species had a limited capacity for Cu accumulation, suggesting the need for alternative approaches in Cu-contaminated soils. Overall, this study provided valuable insights into the adaptive strategies employed by dominant plants in highly contaminated soils and identified specific plant candidates for effective phytoremediation strategies tailored to prevailing metal(loid) pollution.
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Figure 1. The map of (a) Gejiu city, Yunnan Province, China, and (b) the sampling location. 
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Figure 2. Distribution of different heavy metal(loid)s in the collected soil samples ((a) As; (b) Cu; (c) Zn; (d) Sn; (e) Pb; (f) Cr; (g) Ni; (h) Cd; and (i) Hg). 
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Figure 3. Concentration of heavy metal(loid)s in both above-ground and below-ground parts of the plants ((a) As; (b) Cu; (c) Zn; (d) Cr; (e) Ni; (f) Pb; (g) Cd; (h) Sn; (i) Hg). 
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Figure 4. Bioconcentration factor (BCF) values of different heavy metal(loid)s in dominant plants. 
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Figure 5. Transfer factor (TF) values of different heavy metal(loid)s in dominant plants. 
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Figure 6. Bioaccumulation factor (BAF) values of different heavy metal(loid)s in dominant plants. 
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Table 1. Plant species investigated in this study.
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Pictures of Plants

	
Sites

	
Plant Name

	
Family

	
Location

(Longitude, Latitude, and Altitude)

	
Average Size of Plants

(cm)




	
Above-Ground

	
Underground






	
[image: Processes 12 00833 i001]

	
1

	
Ageratina adenophora (Spreng.) R. M. King & H. Rob.

	
Asteraceae

	
103°9′ E, 23°18′ N

1.90 × 103 m

	
78.5

	
31.5
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2

	
Buddleja lindleyana Fortune

	
Scrophulariaceae

	
103°8′ E, 23°18′ N

1.91 × 103 m

	
87.0

	
45.0
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3

	
Coriaria nepalensis Wall. (Morus calva Coriaria kweichowensis Coriaria sinica)

	
Coriariaceae

	
103°8′ E, 23°18′ N

1.92 × 103 m

	
40.5

	
22.0
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4

	
Juncus effusus L.

	
Juncaceae

	
103°9′ E, 23°18′ N

1.91 × 103 m

	
60.0

	
27.0
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5

	
Leycesteria formosa Wall.

	
Caprifoliaceae

	
103°8′ E, 23°18′ N

1.90 × 103 m

	
101

	
30.0
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6

	
Puhuaea sequax (Wall.) H. Ohashi & K. Ohashi

	
Fabaceae

	
103°8′ E, 23°18′ N

1.92 × 103 m

	
65.0

	
80.5
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7

	
Pseudognaphalium affine (D. Don) Anderb.

	
Asteraceae

	
103°8′ E, 23°18′ N

1.92 × 103 m

	
35.0

	
13.5
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8

	
Pyracantha fortuneana (Maxim.) H. L. Li

	
Rosaceae

	
103°8′ E, 23°18′ N

1.91 × 103 m

	
45.0

	
24.0
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9

	
Persicaria capitata (Buch.-Ham. ex D. Don) H. Gross

	
Polygonaceae

	
103° 8′ E, 23°18′ N

1.91 × 103 m

	
34.5

	
51.0
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10

	
Swertia bimaculata (Siebold & Zucc.) Hook. f. & Thomson ex C. B. Clarke

	
Gentianaceae

	
103°8′ E, 23°18′ N

1.92 × 103 m

	
36.0

	
12.0











 





Table 2. Methods used to determine heavy metal(loid) contents in soil and plant samples.
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	Heavy Metal(loid)s
	Soil Sample Pre-Treatment and Analysis Method
	Plant Sample Pre-Treatment and Analysis Method





	Cu
	HJ 491-2019
	GB 5009.268-2016



	Cr
	HJ 491-2019
	GB 5009.268-2016



	Ni
	HJ 491-2019
	GB 5009.268-2016



	Zn
	HJ 491-2019
	GB 5009.268-2016



	Pb
	GB/T 17141-1997
	GB 5009.268-2016



	Cd
	GB/T 17141-1997
	GB 5009.268-2016



	As
	GB/T 22105.2-2008
	GB 5009.268-2016



	Sn
	USEPA 6020B-2014
	GB 5009.268-2016



	Hg
	GB/T 22105.1-2008
	GB 5009.17-2021










 





Table 3. Static concentrations of heavy metal(loid)s in the soil samples.
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	As
	Cu
	Zn
	Sn
	Pb
	Cr
	Ni
	Cd
	Hg





	Min.

(mg kg−1)
	2.56 × 103
	686
	176
	60.9
	19.3
	6.00
	6.00
	0.980
	0.089



	Max.

(mg kg−1)
	210
	4.53 × 103
	1300
	372
	397
	208
	139
	9.08
	0.396



	Average (mg kg−1)
	3.98 × 103
	2.83 × 103
	815
	176
	169
	72.2
	57.5
	5.69
	0.200



	Coefficient of variation
	182%
	54.8%
	48.2%
	53.1%
	78.9%
	86.7%
	82.8%
	49.0%
	47.4%



	Average contents in Yunnan Province, China [34]
	11.0
	34.0
	77.7
	/
	37.9
	68.1
	36.2
	0.120
	0.0400



	Soil environmental quality–risk control standard for soil contamination of agricultural land (GB 15618-2018) *
	20.0
	200
	300
	/
	240
	350
	190
	20.0
	1.00







* Risk screening value, paddy field, pH > 7.5.
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