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Abstract

:

Metalliferous mining activities generate a large amount of waste. This waste usually has high concentrations of pollutants such as metal(oid)s associated with the extractive processes, which, if not properly treated and reclaimed, put the ecosystem and the population at risk. One of the most used techniques for mine waste reclamation is aided phytostabilization, which is based on the use of plants that immobilize metals in the soil/roots aided by the use of amendments to improve the soil properties to favor plant growth. Although amendments increase nutrients and improve the soil properties, the concentration of these nutrients—especially N, the most limiting plant nutrient—decreases over time. Thus, this study focused on the evaluation of the relationship between different combinations of amendments (compost, biochar, zeolite and limestone) and plant growth (we introduced Coronilla juncea and Piptatherum miliaceum) on the evolution of soil N over time as well as the influence of C. juncea on soil N fixation. The results showed that the addition of amendments improved the soil characteristics in all plots favoring the growth of C. juncea and P. miliaceum. The compost provided higher concentrations of total N, nitrites, nitrates and ammonium due to the nature of this amendment and the biochar was less in measure. The limestone helped to elevate the pH and the zeolite controlled the exchangeable ions. Soils from C. juncea showed higher concentrations of N forms, suggesting that this legume contributes to the enrichment of soil N, likely due to biological fixation. Hence, the combinations limestone-zeolite-compost and limestone-zeolite-compost-biochar were the most suitable treatments for improving the soil fertility and favored plant growth. In addition, C. juncea seems to be a good candidate for reclaiming mining environments.
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1. Introduction


Mine activity is considered to be one of the most environmentally unfriendly anthropogenic activities in the world. It results in negative impacts on public health and the environment because of heavy metals and metalloids that are accumulated in tailings ponds [1]. As a consequence, most of these tailings ponds remain without vegetation and show very low fertility and high toxicity [2]. Therefore, it is necessary to mitigate the environmental impacts such as the transfer of toxic trace elements by water and wind erosion as well as leaching or accumulation in edible plant species [3].



There are several remediation techniques available for tailings ponds. However, aided phytostabilization is considered to be the most promising phytoremediation technique for the site remediation of tailings ponds. It consists of the chemical stabilization of heavy metals and/or metalloids with the combined use of different inorganic or/and organic soil amendments to create a Technosol and appropriately selected plant species [4]. Adequate information on the different types of amendments is vital for the optimum restoration of degraded mining areas. Thus, the incorporation of organic amendments has been proposed as an economically feasible and environmentally sustainable practice because biowaste can improve soil properties and it contains the nutrients necessary for micro-organisms and plants [5,6]. The acidic nature of many tailings ponds makes the use of amendments that increase the pH necessary. Thus, alkaline materials such as carbonates are frequently used to improve the acidic conditions of the tailings as they are able to immobilize metals by precipitation such as oxides, sesquioxides, carbonates or phosphates, thus reducing toxicity [3,7]. In addition, soil amendments help to increase the capacity of the soil sorption complex [8]. The development of Technosols using these amendments may reduce the metal(oid) bioavailability and acid mine drainage (AMD). Moreover, these Technosols allow the establishment of new vegetation, improving the soil fertility and increasing the diversity of microbial communities as well as reducing wind and water erosion [9,10].



In recent years, the use of biochar as a soil amendment in aided phytostabilization for the reclamation of degraded soils and tailings has been widely studied, showing significant potential to immobilize metal(oid)s and increase soil fertility [6,7]. However, owing to the high recalcitrance of biochar, it is necessary to combine its application with a labile source of organic matter to activate the microbial activity that contributes to the formation of aggregates and the biogeochemical cycle [7]. The combined effect of biochar and compost has been demonstrated to be one of the best ways to improve soil quality and agronomic production [11,12]. This combination also helps to obtain a better aggregation of the particles and improves the soil structure to guarantee the correct development of micro-organisms and vegetation. In addition, the use of zeolite as a natural product has been proposed for soil reclamation based on their high cation exchange capacity and high surface adsorption [13]. Thus, zeolites have been proven to be a mobility reducer of metals such as Pb, Cu, Zn or Cd in contaminated soils, decreasing the absorption by plants [14,15]. The use of native species that are adapted to the soil and the climatic conditions of the area to be reclaimed are necessary to create a self-sustaining landscape by the phytoremediation technique and to avoid the introduction of invasive species that could reduce regional diversity [16,17].



Numerous studies have shown that there are many candidate plants to be used as phytostabilizers such as the grass Piptatherum miliaceum, which has good development in mining soils and tailings where amendments have been applied as well as a high ability to immobilize trace elements in the rhizosphere without the transport of metals to aerial parts [3].



The absence of N in tailings ponds is a recurrent issue in all mining environments worldwide [18]; therefore, it is essential to provide N externally with the use of amendments to enhance the creation of a Technosol and provide nutrients for the proliferation of organisms. Many legume and non-legume species have been widely used in phytoremediation; however, fewer studies have been carried out to evaluate the growth and physiological differences between legume and non-legume candidates in heavy metal-enriched soils. Legume plants commonly show a better performance and adaptation than non-legume species due to their wide-ranging capacities for N2 fixation [19]. Nitrogen is one of the key nutrients in the terrestrial ecosystem and it is important in the maintenance of the plant community [20].



To stabilize nitrogen concentrations in tailings ponds after an amendment application, a legume species, Coronilla juncea, was introduced into the field plots of the present research, which allowed us to study if this N-fixer species was able to improve the soil characteristics. C. juncea was selected because it is a shrub native to the semi-arid regions of the Mediterranean basin. In addition, this species has previously been suggested to be included in programs for territorial planning and the rehabilitation of degraded semi-arid to arid ecosystems [21].



The lack of information in the scientific literature about the nitrogen dynamic in mining environments demonstrates the importance of carrying out this study. Therefore, the aim of this study was to assess the variations in soil N concentrations related to the different amendment combinations (limestone, biochar, zeolite and compost). Moreover, this investigation determined the availability of soil N and its relationship with the growing of P. miliaceum and C. juncea over time.




2. Materials and Methods


2.1. Study Area


The study area was located in the former Cartagena-La Unión mining district (southeast of Murcia Province, Spain) (Figure 1).



This area has a long mining history from ~200 B.C. until the middle of the 20th century, favoring the construction of tailings ponds that have originated severe negative impacts on the environment such as the formation of acidic mine drainage. The climate of the region is Mediterranean semi-arid with an average annual temperature of 18.36 °C and average annual rainfall of 315 mm in the last 20 years (SIAM, the agricultural information system of Murcia). The Cabezo Rajao tailings pond (La Unión, 37°37′ N, 0°54′ W) was selected in this study to set up the experimental plots. This tailings pond has an area of 16,000 m2 and an altitude of 92 m. Its mining residues are characterized by a high acidity (pH ~3) and a high total metal(oid)s content: 2873 mg·kg−1 of Zn; 137 mg·kg−1 of As; 9 mg·kg−1 of Cd and 769 mg·kg−1 of Pb. It also has an absence of organic matter and nutrients as well as no plant cover.




2.2. Field Experiment


The field experiment consisted of the implementation of 21 amended plots of 3 m × 3 m ((6 treatments + 1 control) × 3 replicates). The following combination of amendments was used (Figure 2):




	
Control (CT);



	
Limestone + biochar (L + BC);



	
Limestone + compost (L + COM);



	
Limestone + biochar + compost (L + BC + COM);



	
Limestone + biochar + zeolite (L + BC + Z);



	
Limestone + compost + zeolite (L + COM + Z);



	
Limestone + biochar + compost + zeolite (L + BC + COM + Z).








For each plot, the total amount of amendment that could be added was calculated considering the density and volume of the tailings to treat as well as the surface and depth of the plot where the materials would be incorporated; the doses were then calculated. Thus, using these items, these doses could be extrapolated to any tailings pond in the world by making a few adjustments.



The specific doses of biochar (25 g·kg−1 of tailings) and compost (60 g·kg−1 of tailings) were calculated from the initial total carbon content to achieve the same rate of carbon at the plot to the natural soils of the surroundings (~2% of total carbon) [22]. In the case of treatments 4 and 7, which combined compost and biochar, the dose established for both maintained a carbon ratio of 1:1 with a dose of 12 g·kg−1 of biochar tailings and 30 g·kg−1 for compost tailings.



The dose of limestone (200 g·kg−1 of tailings) was calculated by a laboratory test consisting of a curve of neutralization as the amount of lime needed to neutralize all the potential acidity was predicted to reach a pH of 7.03 with 20% limestone. The dose of zeolites (20 g·kg−1 of tailings) was the optimum concentration found in the literature to retain the metals and increase the soil cation exchange capacity [23,24,25,26].



The implementation of the amendments was carried out for four days in February 2019 in the following order: limestone, compost, biochar and zeolite; one each day. After the application of the amendments, all materials were mixed at a depth of 0–40 cm to incorporate the amendments into the tailings and create a Technosol [27]. Once the different plots were created and conditioned, irrigation with 1050 L of water was carried out to favor the chemical reactions. After that, 17 individuals of C. juncea L. and 4 individuals of P. miliaceum were planted in each plot. P. miliaceum was also sown inside the plot in March 2019. Once the planting/sowing was completed, a single initial irrigation with 2100 L of water was applied to favor the adaptation and growth of the plants.




2.3. Sampling and Analytical Methods


The soil samples were collected at different sampling periods (S0, S1, S2 and S3). Sampling 0 (S0) was carried out before the amendment application in February 2019. Sampling 1 (S1) was performed after the amendment application and the sowing/planting of the plant species at each plot in March 2019. The rhizosphere soil (RS), non-rhizosphere soil (NRS) and plant samples were collected 4 and 8 months after the plot building in June 2019 (S2) and in November 2019 (S3). Three NRS samples within each plot were randomly collected (0–30 cm) with the S0, S1, S2 and S3 samplings. Three RS and plant samples (C. juncea and P. miliaceum) within each plot were collected only with the S2 and S3 samplings.



The soil and amendment samples were air-dried, passed through a 2 mm sieve and stored in plastic bags at room temperature prior to the laboratory analysis. A portion of the sample was ground for use in the elemental analysis of C and N.



The pH and electrical conductivity (EC) of the soil and amendments were measured in deionized water (ratio 1:2.5 and 1:5 w/v, respectively) [28,29]. The total nitrogen (TN) and total carbon (TOC) in the soil and amendments were measured with a CNHS-O 628 LECO elemental analyzer (LECO, St. Joseph, MI, USA). The anions and cations (NO2−, NO3−, NH4+) were extracted with deionized water (ratio 1:5 w/v) and measured by METROHM ion chromatography (model 850, Metrohm AG, Herisau, Switzerland).



Every month, the vegetation diversity, structure and plant cover were assessed by taking digital photographs of the marked surface. These images were processed with ImageJ software version 1.8.0 [30,31] and were used to obtain the survival rate, which was calculated as: (final number of individuals × 100)/initial number of individuals.




2.4. Statistical Analysis


The Kolmogorov-Smirnov normality test at p < 0.05 was used to ensure a normality fitting of the data. Data were transformed using logarithms to assure a normal distribution when needed. A one-way repeated measure ANOVA was carried out to assess the evolution of the N content through time and the treatments. The nitrogen-related soil properties at different sampling dates were used as a within-subject factor whereas the different treatments and the control were used as a between-subject factor. The residuals from the ANOVA were studied to confirm the normality fitting. When the null hypothesis was rejected, the separation of the means among the levels was made according to Tukey at p < 0.05. Two-way ANOVAs were carried out to assess the differences in the N content in the rhizosphere and non-rhizosphere soils separately for the S2 and S3 sampling dates with the type of soil and amendment as factors. A two-way ANOVA for S2 and S3 was independently carried out to check the effect of plant species (P. miliaceum and C. juncea) and amendments. Histograms of the residuals from the ANOVA were plotted for each variable to confirm that the normality assumption was plausible. The statistical analysis was performed with IBM SPSS statistics v.23 software.





3. Results and Discussion


3.1. Effect of the Amendment Application on Soil Nitrogen Content


An initial characterization of the amendments was carried out in order to discover their main properties. The amendment pH values ranged from neutral (7.0) in the zeolites to alkaline (11.1) in the biochar (Table 1). The electrical conductivity (EC) of all the amendments was very low except for compost, which reached 12 mS·cm−1; that supposed a contribution of soluble/insoluble salts to the soils where it was added. This high salinity was related to the nature and composition of the starting material, mainly by its salt concentration and to a lesser degree by the presence of ammonium or nitrate ions formed during the process [32]. In this study, the compost was made from manure, which contains a large amount of salt. Manures from concentrated animal feeding operations are usually high in salt content [33,34]. The other amendments (such as zeolite and limestone) had a low EC. Biochar is obtained from the pyrolysis of plant material and, therefore, had a low EC (1.5 mS·cm−1) because plant material generally does not have a high concentration of salt [35]. For the organic amendments, the highest organic carbon content was found in the biochar (71.4%) whereas the compost reported a four-fold lower organic carbon content than the biochar. Conversely, for the total nitrogen content, the compost showed the highest input of N with 1910 mg·kg−1 followed by biochar with 760 mg·kg−1 although the predominant fraction of inorganic N in both amendments was N-NO3 and whose concentration should be monitored to avoid negative impacts in nearby water bodies. With the limestone, acid mine drainage was drastically reduced because it completely neutralized the acidity, reducing the availability of dissolved heavy metals. If we also factored in the action of the zeolites, which retain these metals in their structure, the impact was considerably reduced.



The addition of the amendments, especially the limestone, contributed to a significant increase of the pH in the soil from acidic values in S0 (3.7) to basic pH values reported in S3 (8.2), which was the pH target of the experiment. This pH increment implied better soil environment conditions for the development and proliferation of the plant species used and contributed to the creation of an effective soil structure. It is important to highlight that native soils from the area had a pH of 8 owing to high contents of carbonates and salt; it is essential to achieve this value to promote spontaneous vegetal colonization from the surroundings.



The soil EC was reduced with the addition of the amendments. The values decreased from slightly saline in S0 (3.40 mS·cm−1) to non-saline in S3 (1.95 mS·cm−1) [36,37]. This variation in the salinity was due to the coprecipitation of metallic salts with carbonates from the amendments [38] influenced by geochemical processes and the cation exchange capacity of the zeolite and biochar [39,40]. The TOC content was increased in S3 with an average value of 1.52% in plots where the compost and biochar were applied. The highest TOC value was 4.8% in treatment 7, which was similar to the values of the native forest soils of the area (3.4–4.3%) [41]. This increase in the TOC is vital to achieve the supply of nutrients that enhance the development of plant species. In this way, compost offered a faster mineralization of the organic compounds than the biochar and, therefore, a higher supply of nutrients. In contrast, the lower mineralization of the biochar could avoid a rapid depletion of nutrients by a slow release in the medium and long term.



The TN average content of all the treatments (including the control) increased from S0 (283 mg·kg−1) to S3 (1141 mg·kg−1); no increase was observed in the control treatment. Significant differences in the samplings and treatments were observed with the highest TN values where the compost was applied (treatments 3, 4, 6 and 7). The treatments containing the biochar as the sole carbon source showed a lower TN content than when applying the compost, probably because of the nature of the biochar, which contained 2.5 times less TN than the compost. In addition, it should be noted that the plots with the highest TN content were those with the compost as the only carbon source (treatments 3 and 6) (Figure 3A).



N-NO3− and N-NO2− showed a similar trend to TN. Thus, the N-NO2− and N-NO3− average contents of all treatments (including the control) increased from S0 (0.14 mg·kg−1 for N-NO2−; 3.35 mg·kg−1 for N-NO3−) to S3 (1.51 mg·kg−1 for N-NO2−; 5.73 mg·kg−1 for N-NO3−). Significant differences were observed in the samplings and treatments. The highest N-NO2− and N-NO3− contents were observed with the compost (treatments 3, 4, 6 and 7) whereas the treatments with the biochar as the sole carbon source had the lowest N-NO2− and N-NO3− contents (Figure 3B,C). The increase of N-NO2− and N-NO3− contents in S2 seemed to be related to the nitrification processes associated with the probable proliferation of different bacteria that metabolize or produce nitrites and nitrates; the decrease in content of both anions in S3 could be associated with the plant adsorption and N2 release from the denitrification processes [42,43]. Although the N-NO2− and N-NO3− contents in the last sampling were lower than in the previous ones, the existence of these variations over time in the amended soils implied the release of nutrients that facilitated the growth of the introduced species and the possibility of the natural colonization of the vegetation.



Significant differences were observed for N-NH4+ among the samplings and treatments. The N-NH4+ average content of all treatments (including the control) showed an inverse trend to TN, N-NO2− and N-NO3− during the samplings, decreasing from S0 (0.86 mg·kg−1) to S3 (0.68 mg·kg−1). However, the N-NH4+ content showed a trend similar to the N-NO2− and N-NO3− contents and TN for all the treatments, registering the highest and lowest concentration values in the same treatments. These differences may have been due to the highest content of N-NH4+ in the compost (Table 1) whereas the treatments with the biochar as the sole carbon source had the lowest N-NH4+ content due to their composition (Figure 3D). The differences observed through the samplings may have been due, firstly, to the addition of amendments in S1, which supposed an increase in the N-NH4+ concentration that later decreased in S2 and S3 with the presence of nitrifying bacteria capable of transforming NH4+ into NO2− [44] or absorption by the plants [45]. NH4+ may also have been a source of N losses because of its transformation into NH3− that is quickly degraded to N2.




3.2. Effect of the Soil and Plant Type on Soil Nitrogen Content


To obtain sustainable plant colonization in mining soils, several key factors should be considered such as a non-acid and stable pH, unavailability of heavy metals with toxic concentrations, a good nutrient content (especially N) and a low concentration of salts [46,47,48]. This condition can be achieved by the addition of organic and inorganic amendments. The pH was increased and stabilized with the limestone whereas nutrients were provided by the compost and biochar [49,50] as well as the retention of salts and metals by the zeolite [51]. The amendment application allowed the introduction of plant species with a higher survival rate although a few differences were observed during the colonization process of the plant species because their adaptive capacities and needs were different [52]. Several differences were observed in this study in the development of the planted species. P. miliaceum managed to grow and remained alive over time whereas C. juncea had greater difficulty in surviving (Table 2). As a consequence, the absence of this species in treatments 4 and 6 in the S2 and S3 samplings and the CT was observed. In the other treatments, C. juncea also had problems surviving although the survival rate was higher than in the above-mentioned treatments. The growing conditions were probably inadequate because of one or more of these factors: (a) a short period of development of the soil after the application of the amendments; (b) a slow release of nutrients and/or (c) an elevated content of available heavy metal(oid)s and salts. In plants, phytotoxicity particularly generates a reduction in root growth, biomass, transpiration, chlorosis and leaf necrosis as well as symptoms of senescence and abscission [53,54]. This high mortality rate may also be indicative of inadequate growth conditions for these species and of competitiveness among them (Table 2) [55].



On the other hand, P. miliaceum managed to proliferate with a very good performance, reaching a survival rate of almost 100%. Similar results were observed by researchers in the phytoremediation of mining waste with amendment additions such as compost, biochar and limestone [2,7,56].



The TN content was significantly higher in the NRS than in the RS in S2 for both species—1014 mg·kg−1 and 800 mg·kg−1, respectively—as well in S3, with 971 mg·kg−1 for NRS and 500 mg·kg−1 for RS. There was a significant effect of the treatment factor (T) in the S2 and S3 samplings whereas the interaction of the soil type × T was only significant in S2 (Figure 4A,E). The treatments 3, 5 and 7 showed the highest TN values, likely due to the compost application. It is important to note that the plant species were not significant for the TN variation in either S2 or S3.



Regarding the inorganic forms of N, higher concentrations of N-NO2− were observed in the rhizosphere soil for both species (1.4 mg·kg−1) than in the non-rhizosphere soil (0.33 mg·kg−1) in S2 (Figure 4B). This suggested higher nitrification rates in the rhizosphere were likely due to the symbiotic association between legumes and nitrogen-fixing bacteria [49] or the activation of microbial communities by the root exudates in both species. Moreover, the three factors of study (treatment, soil type and plant species) were significant in explaining the variation in N-NO2− in addition to the interactions between the soil type × treatment and the soil × plant species, suggesting that the different combinations of amendments and plants influenced the denitrification process. Thus, in both S2 and S3 samplings, the treatments 2, 3, 5 and 7 had significantly higher concentrations of N-NO2− than treatment 1 (control). This might have been be due to the contribution and generation of N-NO2− from the amendments, mainly the biochar and compost.



Regarding the type of plant, in S2, significant differences were observed in the concentrations of N-NO2− in the rhizosphere soil of C. juncea, which acted as a nitrogen-fixing species and reported a higher concentration in all treatments except in treatment 1 (control). However, in S3, significant differences were only observed between the treatments and not between the soil types or species (Figure 4F). This might have been due to the lower concentrations of N-NO2− presented by treatment 1 (control) compared with the other treatments (with amendments) that presented similar concentrations because N-NO2− originates mainly from organic amendments (in this case, the compost and biochar).



The factors of soil type and treatment were significant in explaining the variation in N-NO3− in S2 as well as the interaction between the soil type × treatment. Significantly higher values of N-NO3− were found in the rhizosphere soil (65 mg·kg−1) than in the non-rhizosphere soil (17 mg·kg−1), which suggested that the ammonium adsorbed in soil or provided by the organic amendments (compost or biochar) was nitrified by micro-organisms, accumulated and available as a nutrient for plant uptake [57]. Differences between the treatments in S2 seemed to be mainly related to the highest N-NO3− content in the compost composition (treatments 3 and 7) whereas the treatments with the biochar (treatments 2 and 5) had the lowest N-NO3− contents due to the low concentration. The high N-NO3− content observed in S2 (Figure 4C) may have been related to the nitrification processes, which, as mentioned above in the case of N-NO2−, was largely provided by the amendment (in this case, compost). Nitrifying bacteria may also have been acting, which transforms the ammonium in the soil into nitrites and nitrates, offering one of the main nutrients to the plant [58].



The factors of soil type and treatment were not significant in explaining the variation in N-NO3− in S3. Only the interactions of the soil type × treatment and the soil type x plant type were significant. We observed mean values (for all treatments and the two plant species including the control) of 4 mg·kg−1 of N-NO3− in all treatments in S3 (Figure 4G). The decrease of N-NO3− in S3 could be associated with the plant absorption and the release of N2 by denitrification processes. The existence of these variations over time (S2–S3) in the amended soils implied the release of nutrients that facilitated the implantation of the sown species as well as the colonization of spontaneous species in the rainy season where opportunistic species of the first ecological succession were growing.



The mineralization of organic matter may lead to the formation of NH4+ in the soil from organic N. The factors of soil type and plant type were significant in explaining the variation in N-NH4+ in addition to the interactions between the soil type × plant type both in S2 and S3. We observed mean values (for all treatments and the two plant species including the control) of 0.85 mg·kg−1 of N-NH4+ for the rhizosphere soil and 0.65 mg·kg−1 for the non-rhizosphere soil in S2 and S3 (Figure 4D,H). In addition, it was observed that the rhizosphere soil of C. juncea showed significantly higher concentrations of N-NH4+ than the rhizosphere soil of P. miliaceum or the non-rhizosphere soil, which was noticeable in all treatments except in treatment 1 (control), as expected. This difference between the plant species may be due to the action of C. juncea as a nitrogen-fixing species (legume) that is able to supply nitrogen-based nutrients to the soil, which has a significant importance in the soil biological cycle [45]. This is even more important in Technosol created from tailings with very low fertility because the supply of nutrients depends on the type of materials used in the mixture, which may be exhausted with time. Thus, the presence of legumes should be highly encouraged to foster the maintenance of an adequate N level in the soil so the ecosystem can be self-sustaining [59,60].



The TN and the different inorganic fractions studied showed a slight decrease in their levels from S2 to S3, together with a homogenization of the S3 contents for all the treatments. It indicated that stabilization was achieved in the plots and, therefore, more stable concentrations of TN and inorganic fractions were obtained that could facilitate and guarantee the viability of the formation processes in these mining soils.





4. Conclusions


All the Technosols created increased the pH, TOC and TN contents and decreased the EC. NO2−, NO3− and NH4+ were mainly provided by the compost whereas in the biochar, these compounds demonstrated a greater retainment due to its high recalcitrance. For the organic amendments, the compost performed better than the biochar in terms of the total N, NO2−, NO3− and NH4+ whereas for the time evolution, higher values of NO2−, NO3− and NH4+ were observed in the soil sampling when P. miliaceum and C. juncea were planted or sown in the plots. These nutrients tended to decrease over time, likely due to the growth of the plant species. The best combinations of amendments were limestone + compost + zeolite and limestone + compost + biochar + zeolite, owing to the presence of compost and zeolite. Thus, compost is preferable to biochar to provide soil fertility and foster plant development in Technosols created with tailings. P. miliaceum showed better behavior and adaptation in all treatments than C. juncea. Nonetheless, C. juncea showed a high content of ammonium in the rhizosphere soil, suggesting biological nitrogen fixation, which may help the soil evolution and development of micro- and macrobiota. The results obtained during the studied period (9 months) suggested the need to provide a labile source of organic matter (in our study, compost) to promote the development of plant species. It is possible that C. juncea required better soil conditions or a longer time between the application of the amendments and sowing/planting to ensure its survival. P. miliaceum is a good, resistant and robust plant species to effectively reclaim tailings ponds.



The results of this study showed that a combination of organic amendments rich in N with the leguminous C. juncea could enhance the concentration and availability of nitrogen compounds for plant uptake, leading to a faster vegetal colonization of the reclaimed ponds in the future. The applied methodology could be implemented in any mining area with similar tailings characteristics and weather conditions.



Monitoring activities are necessary to evaluate the evolution of these parameters over time and to promote the integrated reclamation of mining areas.
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Figure 1. Location of the study area. 
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Figure 2. Detail of the experimental plots. 
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Figure 3. Mean concentration of TN (A), N-NO2− (B), N-NO3− (C) and N-NH4+ (D) in the different treatments (1–7). 1: control; 2: limestone and biochar; 3: limestone and compost; 4: limestone, biochar and compost; 5: biochar, limestone and zeolite; 6: limestone, compost and zeolite; and 7: limestone, biochar, compost and zeolite. S0: sampling 0, S1 sampling 1, S2: sampling 2; and S3: sampling 3. Error bars denote standard deviation (n = 3). F values and significance of the two-way repeated measures ANOVA are shown in each graph. S: sampling; T: treatment. Significant at * p < 0.05, ** p < 0.01 and *** p < 0.001; ns: not significant (p > 0.05). (A) Mean concentration of TN in the different treatments (1–7). (B) Mean concentration of N-NO2− in the different treatments (1–7). (C) Mean concentration of N-NO3− in the different treatments (1–7). (D) Mean concentration of N-NH4+ in the different treatments (1–7). 
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Figure 4. Mean concentration of total TN (A,E), N-NO2− (B,F), N-NO3− (C,G) and N-NH4+ (D,H) in the different treatments (1, 2, 3, 5 and 7): 1: control; 2: limestone and biochar; 3: limestone and compost; 5: biochar, limestone and zeolite and 7: limestone, biochar, compost and zeolite. S2: sampling 2; S3: sampling 3. NR: non-rhizosphere soil; RS: rhizosphere soil; P: P. miliaceum; C: C. juncea. Error bars denote standard deviation (n = 3). F values and significance of the two-way repeated measures ANOVA are shown in each graph. S: soil type; T: treatment; P: plant type. Significant at * p < 0.05, ** p < 0.01 and *** p < 0.001; ns: not significant (p > 0.05). (A) Mean concentration of TN in the different treatments (1, 2, 3, 5 and 7). (B) Mean concentration of N-NO2− in the different treatments (1, 2, 3, 5 and 7). (C) Mean concentration of N-NO3− in the different treatments (1, 2, 3, 5 and 7). (D) Mean concentration of N-NH4+ in the different treatments (1, 2, 3, 5 and 7). (E) Mean concentration of TN in the different treatments (1, 2, 3, 5 and 7). (F) Mean concentration of N-NO2− in the different treatments (1, 2, 3, 5 and 7). (G) Mean concentration of N-NO3− in the different treatments (1, 2, 3, 5 and 7). (H) Mean concentration of N-NH4+ in the different treatments (1, 2, 3, 5 and 7). 
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Table 1. Geochemical parameters analyzed in the amendments used in the different treatments.
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	pH
	EC

(mS·cm−1)
	TOC (%)
	TN

(mg·kg−1)
	N-NO2− (mg·kg−1)
	N-NO3− (mg·kg−1)
	N-NH4+

(mg·kg−1)





	Biochar
	11.1
	1.5
	71.4
	760
	0.89
	12.5
	0.7



	Compost
	9.5
	12.1
	17.7
	1910
	10.3
	107.3
	26.6



	Zeolite
	7.0
	0.14
	*
	*
	*
	*
	*



	Limestone
	8.7
	0.04
	*
	*
	*
	*
	*







EC: electrical conductivity; TOC: total organic carbon; TN: total nitrogen; N-NO2−: nitrogen-nitrite; N-NO3−: nitrogen-nitrate; N-NH4+: nitrogen-ammonium; *: non-significant (ns).
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Table 2. The % C. juncea survival in all the treatments (1–6 and control).
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	Treatment
	T-Control
	T-1
	T-2
	T-3
	T-4
	T-5
	T-6





	% survival
	0.0
	5.9
	5.9
	0.0
	15.7
	0.0
	11.8
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