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Abstract

:

Soil amendments may decrease trace element accumulation in vegetables, improving food security and allowing the recovery of contaminated farmlands. Despite some promising results in the laboratory, validation of soil amendments in field conditions are scarce, especially in aerobic soils. Here, we assessed the effect of different potential soil amendments on arsenic (As) accumulation in lettuces. Then, we compared them in terms of food security and the associated investment (efficacy and efficiency, respectively). We also hypothesized that the soil amendments do not lead to side effects, such as yield decrease, phytotoxicity of Cu, or undesired changes in soil properties. Thereby, we assessed lettuces grown on untreated contaminated soils (C+), treated contaminated soils, and untreated uncontaminated soils (C−) in two contrasting soil types (sandy and loamy soils). The treated contaminated soils consisted of multiple soil amendments. Soil amendments were: diammonium phosphate (DP), iron sulfate (IS), ferrous phosphate (FP), calcium peroxide (CP), and organic matter (OM). We found that phosphate amendments (DP and FP) reduced the As in edible tissues of lettuce in both areas, while CP only reduced As accumulation in the sandy soils area. The As intake through lettuces grown on these amended soils was about 30% lower than on the unamended ones. Cu concentrations in lettuces above 25 mg kg−1 grown in contaminated soils without reducing growth were found, a result that differed from non-field studies.
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1. Introduction


The intake of arsenic (As) in people by food consumption is an issue of global concern since it can induce several deleterious effects on human health [1]. To date, most As remediation efforts have focused on rice grown on soils under anaerobic conditions, where As is predominantly like arsenite ((AsO2)−) [2,3]. However, remediation experiences on crops grown in soils under aerobic conditions, where arsenate ((AsO4)3−) is the most common speciation of As (e.g., [4]), are much fewer in number. This knowledge gap is seen in Mediterranean areas such as central Chile despite their global importance due to the high diversity of food produced.



Chile, the world leader in copper (Cu) production [5], has developed its mining activities with several externalities to the environment, including contamination of agricultural soils [6]. Chile holds seven copper smelters, of which two are in the Valparaíso Region of central Chile: Ventanas Smelter (hereafter VS) and Chagres smelter (hereafter CS), both coexisting with agricultural activities. VS and CS have functioned constantly since 1964 and 1959, respectively, until nowadays. During this period, smelter atmospheric emissions have increased trace element concentrations in the surrounding agricultural soils, especially with As and Cu. During the 1990s, the smelters implemented significant environmental improvements [7], but chronic contamination of the surrounding soils is still a problem [8,9].



Our previous results showed that As concentrations in the edible tissues of vegetables grown near VS and CS are generally higher than in control areas (without copper smelter activities) [10,11,12]. The As concentration in lettuces surrounding VS and CS were 4.8- and 8.2-fold higher, respectively, than in control areas. Thus, the consumption of vegetables grown in these contaminated areas can be considered a human health risk [13]. In contrast, Cu has an improbable human health risk by food consumption [10,11,12]. While Cu is an essential micronutrient in plants, high concentrations could produce phytotoxicity, reducing farmers’ agricultural productivity [14,15].



The high concentration of As and Cu in the soils surrounding copper smelters should be remediated to restore agricultural activities. Arsenic is predominantly present as arsenate in soils, an oxyanion. Arsenate solubility could be reduced by soil acidification [16]. However, such management would increase Cu2+ availability and its potential phytotoxicity to crops [15]. Thus, the co-contamination of As and Cu makes the challenge of finding a solution more complex.



Some potential solutions to decrease As accumulation in vegetables are phosphate or iron soil amendments. Phosphate additions can decrease the absorption of arsenate by competition in plants (e.g., [17]). However, the opposite may occur [18] by anion exchange competition, complexation reactions, or by retention of oxides in the soil [19]. The latter mechanism could also be obtained by applying iron oxide precursors, such as iron sulfate [20]. In a recent field experiment, the use of an iron amendment diminished As extraction by plants (65% decrease). However, it also decreased their fresh biomass (decrease of 57%) due to nutrient immobilization (61% decrease of P in plants tissues) [21]. As an alternative, we hypothesized that ferrous phosphate (vivianite) would act with the effect of phosphate and iron oxides. However, to date, no studies aimed to analyze the effect of ferrous phosphate as a soil amendment to decrease As accumulation in plants.



Another potential alternative is the addition of calcium peroxide or organic matter. Calcium peroxide could stabilize As by oxidizing arsenite to arsenate (less toxic) and forming insoluble calcium arsenate precipitates [22]. On the other hand, the use of organic matter addition as a compost in agricultural soils can increase soil adsorption capacity, favoring As immobilization [23]. However, the effect of organic matter on As accumulation in plants has been inconsistent in previous studies [24].



To be adopted by farmers, soil amendments should reduce As accumulation in vegetables without side-effects on crop productivity. In this sense, field experiments are crucial but scarce [3]. Wan et al. [25] recently found two research gaps: (1) the number of laboratory experiments is still substantially higher than that of field trials, and (2) the evaluation or comparison of different soil remediation technologies, which is essential for decision-making. These knowledge gaps are relevant in the case of Chile, where mining and agricultural activities need to be balanced. However, evidence has revealed the vulnerability of agriculture in this mining country. Despite the consequences of soil contamination on food safety being referred to in our recent reports [10,11,12] and the existence of national funds for the recovery of degraded soils [26], there is no study concerning this issue.



Therefore, our research aimed to assess and compare the performance of multiple soil amendments to improve food safety without side effects on the productivity of crops grown on contaminated soils from central Chile. We used lettuce as a study model crop in two contrasting soils (sandy and loamy). We selected the following amendments: diammonium phosphate (DP), iron sulfate (IS), ferrous phosphate (FP), calcium peroxide (CP), and organic matter (OM). These soil amendments differ in the potential mechanisms of action, which is a crucial contribution of the present study.



We hypothesized that soil amendments could reduce As accumulation in lettuce. Then, we compared the soil amendments in terms of food security and the associated investment (efficacy and efficiency, respectively). On the other hand, we also hypothesized that the studied soil amendments do not lead to side effects, such as yield decrease, phytotoxicity of Cu, or undesired changes in soil properties.




2. Materials and Methods


2.1. Characterization of the Study Areas


Our research was assessed in two contrasting areas from the Valparaíso region in central Chile (Figure 1). The first area is the Puchuncaví Valley, where the VS is located (Figure 1a) and is characterized by a coastal area with predominantly sandy soils. The second area is in Catemu, where the CS is (Figure 1b) located near the Aconcagua River with predominantly loamy soils.



Considering the importance of soil texture, as clay has a higher sorption capacity than coarser particles [27], we labeled the plots surrounding the VS as sandy soil plots and the plots surrounding the CS as loamy soil plots. These plots also differ in climatic characteristics [28] and the contamination magnitude and source; VS emissions have been characterized [29] but not CS. Thus, we will refer to sandy soil plots as contrasting compared to the loamy soil plots. Both study areas were selected based on previous knowledge of As accumulation in vegetables when no soil amendments are applied [10,11,12].



For each study area, two experimental plots were assessed. A contaminated (C-SS) (32°44′0″ S, 71°26′43″ W) and an uncontaminated one (U-SS) (32°38′32″ S, 71°25′28″ W) for the sandy soil, located at 4.6 and 14 km, respectively, from the VS, and a contaminated (C-LS) (32°47′22″ S, 70°56′13″ W) and an uncontaminated soil plot (U-LS) (32°53′43″ S, 71°12′24″ W) for the loamy soil, located at 2.5 and 25 km, respectively, from the CS. The potential impact of VS and CS is through atmospheric deposition [7]; thus, C-SS and C-LS were located to the northeast of the smelters (in the direction of the dominant winds). Before starting the experiment, all plots were characterized by analyzing three composite soil samples (≈25 cm depth) at each one (detailed later in Section 3.1).




2.2. Design of the Experiment


The field experiment included four experimental plots of 126 m2 (7 m × 18 m) corresponding to U-SS, C-SS, U-LS, and C-LS. Two rows were placed at the edges of each plot to grow lettuces without any treatment (to avoid edge-effect). Between those, six rows were used for the treatments, randomly placed and separated 1 m from each other (Figure S1). The treatments were an unamended row (C), and the other five were amended.



The amendments were diammonium phosphate ((NH4)2HPO4) (DP), iron sulfate (FeSO₄·7H₂O) (IS), ferrous phosphate (Fe3(PO4)2 8H₂O) (FP), calcium peroxide (CaO2) (CP), and organic matter addition as compost (OM). The chemical characteristics of compost are shown in Table S1. DP, IS, FP, and CP treatments were applied at 0.05% w/w (300 kg/ha), while OM treatment was applied at 4% w/w (120 t/ha). This amount of compost is recommended by US EPA to remediate soils [30], and it promoted the long-term revegetation of contaminated soils surrounding VS, as we observed in a previous field experiment [31]. However, the As accumulation in plants was not assessed in that study.



Soil amendments were purchased at a local farm supplies store, but FP was prepared in a laboratory mixing DP and IS according to Rosado et al. [32]. Amendments were added to the soil through manual tillage (≈0–25 cm depth). Then, soils were watered weekly for seven weeks to react soil As with the amendments.



Seedlings of “Victoriosa” var lettuce were used as a model plant. They were sown in the School of Agriculture, Pontificia Universidad Católica de Valparaíso, and transplanted to each plot 45 days after sown. The farmers grew lettuces according to traditional local management but without pesticides. A single nitrogen corrective fertilization was applied, detailed later (Section 4.1), but without additional fertilization.




2.3. Soil and Vegetable Sampling at the End of the Experiment and Sample Preparation


Lettuces were harvested 75 and 85 days after transplanting in the sandy and loamy soil areas, respectively. The rows of each experimental plot were divided into seven sub-areas of 1 m in length. Then, a composite sample of four lettuces was taken in each of the five middle subareas. At the same time, a composite soil sample was obtained by collecting soil adhered to the roots of the harvested lettuces (≈ 0–25 cm depth). This procedure was performed in both contaminated plots (C-SS and C-LS), whereas only the control rows were sampled in the uncontaminated plots (U-SS and U-LS).



Vegetables were immediately weighed (to register the fresh biomass under each treatment) and washed no later than 24 h afterwards. Specifically, lettuces were thoroughly washed in the following sequence: tap water, 0.1 M HCl, distilled water, 0.05 M EDTA, distilled water, and distilled water again [33]. HCl and EDTA were used to assure soil particles remotion from lettuces leaves, which is particularly complex for field-collected plants. Although we used an aggressive washing method, this is useful for analyzing only the trace elements within the plant tissues, which we aimed for in this and in previous research [10,11]. Then, the samples were put into paper bags and dried in an oven at 70 °C for 72 h. Later, the samples were weighed, ground, sieved through 18-mesh (aperture size 1 mm), and homogenized. On the other hand, soil samples were separated from vegetal and animal residues, put into paper bags, and dried in an oven at 40 °C for 48 h. The dry soil samples were ground, sieved through 10-mesh (aperture size 2 mm), and then homogenized.




2.4. Laboratory Analyses


Soil samples collected for the initial characterization of the plots were analyzed according to national standard procedures [34]. In contrast, soil samples collected at the end of the experiment were analyzed as follows: Soil pH was measured in a 1:2.5 w:v solution with CaCl2, electrical conductivity was measured in a saturated paste extract, and soil organic matter content was determined by the potassium dichromate method [35,36]. The concentrations of As and Cu of the collected soil samples at the end of the experiment were estimated using a portable X-ray fluorescence spectrometer (XRF, S1 Titan Bruker with GeoChem method) to check the homogeneity of the soil contaminants among treatments. Soil samples were prepared in the laboratory following US EPA protocol, method 6200 [37]. Each soil sample was analyzed in triplicates, and results were previously calibrated with soils from the studied area and previously measured through Flame-AAS.



The concentrations of As and Cu in lettuce were measured using standard methods [38]. Samples were digested in boiling nitric acid, followed by perchloric acid [39]. To prevent volatilization of As during the digestion process, a Teflon stopper with a 30-cm-long glass reflux tube was used (adapted from [40]). Then, total As concentration was determined by hydride generation–atomic fluorescence spectrometry (HG–AFS) under experimental conditions detailed in Vargas et al. [4]. On the other hand, the total concentration of Cu was determined by atomic absorption spectroscopy (Flame–AAS).



Quality was assured by analyzing duplicate certified reference samples obtained from Wageningen University, Netherlands. ISE-973 and ISE-859 were used for soil analyses, while IPE-907 (Spinach) and IPE-951 (Aubergine (leaf + fruit)) were used for plant analyses. The obtained results for the standard reference materials were within 10% of the certified values. Quality control was assured by introducing standards and blanks every 20 samples.




2.5. Statistical Analysis


Before starting the experiment, the parameters of soil samples collected in each studied plot were compared to characterize their differences. Parameters of soil and plant samples collected at the end of the experiment were compared to test the effect of the amendments. This analysis was performed separately for each studied area (sandy and loamy soils areas). For each studied area, we compared the results among the unamended row of the contaminated soil plots (C+ = contaminated control), the unamended row of the uncontaminated soil plots (C− = uncontaminated control), and the amended rows of the contaminated soil plots. Comparisons were performed using ANOVA, with Tukey’s post hoc test to compare means (p-value < 0.05).



Since the field experiment was carried out in farmers’ plots, a Mantel test was performed to check the spatial homogeneity of soil As and Cu concentrations inside each of the contaminated plots (C-SS and C-LS) at the end of the experiment. On the other hand, we correlated the fresh weight and the foliar Cu concentration of lettuces to assess if yield decreased as foliar Cu of lettuces increased in the contaminated plots.



ANOVA and correlation analyses were carried out using Minitab 16 software, and figures were created using the Microsoft Excel 365 software. The Mantel test was performed using the haversine formula of the geosphere package in RStudio.




2.6. Contamination and Food Safety Assessment


The As and Cu concentrations were assessed using each plot’s contamination factor analysis (Cf) (Equation (S1)). To assess the efficacy of the treatments in terms of food safety, we estimated the chronic daily intake for As (CDI) [41]. CDI was calculated for children (1–5 years old) since this is the most vulnerable age group due to the high rate between consumption and bulk bodyweight to dilute the contaminants [12]. CDI was determined based on measured concentrations of As in the leaves of lettuces.


  C D I =   C × I R × F I × E F × E D   B W × A T    



(1)




where CDI is the average daily intake of As by consumption of lettuce (mg kg−1 of body weight-day); C is the concentration of As in lettuce (mg kg−1 fresh weight); IR is the ingestion rate of lettuces (kg meal−1); FI is the fraction ingested, EF is the exposure frequency (meals per year); ED is the exposure duration (years), BW is the average body weight of the studied population; and AT is the average exposure time (days), i.e., the number of days exposed.



The As concentration in lettuces (on a fresh weight basis) was obtained according to the measured concentrations in this experiment and the corresponding dry matter contents. In contrast, the studied population’s dietary habits and exposure scenarios were obtained from Lizardi et al. [12].



Then, the human health risk was assessed through the Hazard Quotient index (HQ) [41] by dividing CDI by the reference dose (RfD), which is 0.0003 for As [42]. Thereby, a value of HQ ≥ 1 represents a potential health risk [41].


  H Q =   C D I   R f D    



(2)









3. Results


3.1. Characterization of Soils at the Beginning of the Experiment


Table 1 shows the main difference among the soils from the four experimental plots clustered by their corresponding geographic area. Soils collected in plots from the same study area showed similar characteristics. The most relevant differences were the higher available N, total Cu, and total As in C-SS than in U-SS, and the higher total Cu and total As in C-LS than in U-LS. C-SS and C-LS were considered contaminated by As and Cu according to contamination factor analysis (Cf) (Table S2). Specifically, soil total As and Cu concentrations were 1.5- and 3.6-fold higher than the background concentrations, respectively, in the C-SS plot. In contrast, they were 2.2- and 9.0-fold higher in the C-LS plot.



Table 1 also compared soils from the contaminated plots of both studied areas (i.e., C-SS vs. C-LS). Soils from the C-SS plot were sandy loam and slightly acidic, while those from the C-LS were silty loam and slightly basic. We also found higher soil total As and Cu concentrations but lower SOM and available P in C-LS than in C-SS.




3.2. Food Safety Assessment: As Concentration in Lettuces


For the sandy and loamy soil plots, the As concentration in lettuces grown on C+ soils were 1.9- and 2.7-fold higher than those grown in C- soils. DP, FP, and CP significantly decreased the foliar As concentration in the C-SS plot (Figure 2a). Even the As concentration in lettuces grown on these treated soils was similar to C- treatment. In the loamy soil plots, only DP and FP decreased the foliar As concentration significantly compared to C+ treatment. However, only lettuces on the FP treatment reached a similar As concentration to lettuces grown in C- (Figure 2b).



The consumption of lettuces grown on contaminated soils could supply 26% and 30% of the HQ for the C-SS and C-LS plots, respectively (Table S3). However, the amendments reduced the HQ values compared to the respective C+ treatments. The best amendment for C-SS was CP, and the best for C-LS was FP (reductions of 45% and 39%, respectively). However, DP and FP showed the best efficiency considering the investment.




3.3. Phytotoxicity Assessment: Yield and Cu Concentration in Lettuces


No amendment produced a significant change in yield and foliar Cu concentration of lettuces grown in C-SS (Figure 3a,c). In contrast, the yields of lettuces grown in C-SS were higher than the reference U-SS. On the other hand, the yield of lettuces grown in C-LS increased by applying DP (average increment of 79% regarding C+). Foliar Cu concentration of lettuces grown in C-LS was statistically higher in the OM treatment (Figure 3d). Other amendments did not generate a statistically significant effect (Figure 3b).



The relation between yield (measured as fresh weight) and the foliar Cu concentration of lettuces grown in the contaminated plots (C-SS and C-LS) is shown in Figure 4. We also showed the effective concentrations (EC) stated by Verdejo et al. (2015) [43] using similar soils. These effective concentrations are 11, 16, and 21 mg kg−1, which would imply reductions in the lettuces’ shoot length of 10%, 25%, and 50%, respectively.




3.4. Soil Parameters after Amendments Application


The total concentrations of As and Cu in the contaminated soils were similar among the treatments except for soil Cu concentration in the C-LS plot (Table S4). Mantel test showed that no significant spatial autocorrelation was found between the total concentrations of As and Cu in the contaminated soils of the samples collected in C-SS and C-LS (p-value > 0.05) (Table S5).



The comparison of pH, electrical conductivity, and soil organic matter content in soils treated with different amendments is shown in Figure S2. Soil pH was only modified by the DP treatment in the C-LS plot (~0.4 units on average) (Figure S2b). On the other hand, electrical conductivity was not affected by any amendment, and only OM treatment in C-LS showed a significantly higher SOM content than the other treatments (Figure S2c–f).





4. Discussion


4.1. Comparison of the Studied Soils before the Application of Amendments


According to previous baselines [8,9], the high concentration of As and Cu found in soils of contaminated plots was as expected. Thus, our results confirm that soil contamination is still latent despite the environmental improvements in ore processing taken more than 20 years ago [7]. The higher SOM and available contents of N and P in C-SS than in U-SS are attributed to the farmer’s constant addition of manure in the soil. However, most of these differences were agronomically negligible as they do not suppose a limitation or excess [44]. The only exception was the potential nitrogen deficit in U-SS, U-LS, and C-LS plots. Consequently, they were fertilized with urea to reach up to 20 mg kg−1 of available nitrogen, the minimal adequate concentration for Chilean agricultural soils [45]. Thus, we obtained four plots representing two areas and two conditions (contaminated and uncontaminated).



Differences between C-LS and C-SS showed that they not only differ in soil texture but also in the nutrient content and the trace element concentration. These differences condition plant responses. Therefore, results from both cases should be understood as contrasting cases.




4.2. Effect of the Amendments on as Concentration in Lettuces and the Implications on Food Safety


Figure 2 showed significant differences in the As accumulation in lettuces among the treatments. These differences are attributed to the effect of the amendments, considering that we discarded a potential effect of the spatial pattern on soil conditions (Table S5). Phosphate amendments (DP and FP) decreased As concentration in the edible tissues of lettuce. These amendments were effective in both studied areas, even with different soil pH. This result disagrees with Wang et al. [46], who found that phosphate addition reduced As accumulation in lettuces grown in artificially spiked soils (with Na2HAsO4 solution) only in soils with a high pH. Our results also contrast with Cao and Ma [47], who studied the As accumulation in lettuce grown in field contaminated soils (with chromate copper arsenate) after adding phosphate. Cao and Ma [45] found that adding phosphate to soils increased As accumulation in lettuces by 2.4–10 due to increased soil water-soluble As. Differences between our results and Cao and Ma can be attributed to P concentration. Specifically, high P concentration in soil solution can facilitate the As translocation from root to shoot [48]. However, in the study of Cao and Ma [47], P addition was extremely high (about 4 g of P per kg of soil), which is at least 40-fold the dose of P we added.



FP was the unique amendment decreasing foliar As concentrations to a similar level of C- in both studied areas (Figure 2). Nevertheless, we could not find previous reports in the literature with the use of FP as a soil amendment to remediate As in agricultural soils (using WoS database). We only found iron phosphate (FePO4), but it was ineffective in reducing As availability [49]. Fe(II) (present in FePO4) does not act as a reactant but rather as a catalyst which is supported by the studies of Roberts et al. [50] and Hug and Leupin [51]. Specifically, they found that Fe(II) but nto Fe(III) catalyzed oxidation of As(III) to As (V) in the presence of oxygen. This reaction could explain our findings. However, those studies were done in water systems, and hence, further research should be performed to assess the mechanism in field experiments in agricultural soils.



Another promising amendment was CP (Figure 2). CP can form insoluble As-Ca complexes [52] and release H2O2 which favors the stabilization of As(V) instead of As(III) [53]. However, why did CP decrease As concentrations in lettuces grown on C-SS but not in C-LS? We propose three possible explanations to this finding: (1) C-SS has lower exchangeable Ca than the C-LS plot (Table 1). Hence, the addition of Ca would have a higher effect where Ca was less available. (2) C-SS plot had a lower soil pH than C-LS (Table 1), and soluble As(V) reaches a minimum around pH 6 at high concentration of major bivalent cations (e.g., Ca2+) [54], and (3) C-SS plot was constantly amended with manure, which constitutes a bulk of soil reduction capacity. Thus, the effect of H2O2 stabilizing As(V) would be higher in C-SS than in C-LS ([55], and references therein).



The IS and OM treatments were insufficient to decrease the As concentration in lettuces. IS has been widely studied as soil amendments for decreasing As availability in soils, even in a wide range of soil pH [20]. However, most studies are performed in laboratory conditions and/or with very high doses (≥1% w/w) with low feasibility for being used in field conditions ([20], and references therein). On the other hand, OM was ineffective in decreasing As accumulation in lettuces. In contrast, it seemed to increase it in the C-LS, which can be associated to dissolved organic matter mobilizing As from all solid phases [56]. However, this effect was not significantly higher than C+. The inefficacy of OM is a relevant result for proper land management. In previous research, we recommended the application of compost in soils from the sandy soil area to promote revegetation [31]. However, this management would not be helpful in farmlands.



HQ values of Table S3 imply a critical threat considering that people are also exposed to other food (e.g., list in [57]) and other multiple exposition sources (e.g., [58]). Lizardi et al. [12] stated that HQ value surpasses 1.0 for inorganic As considering the uptake of vegetable consumption and other sources (considered in [59]) for the inhabitants of between 1–5 years old from the Puchuncaví valley (where C-SS plot is located). As shown by HQ analysis, amendments improved the food security of lettuces grown in contaminated soils. We found that CP and FP were the best amendments in the sandy and loamy soils, respectively. Although, if we added the economic criteria, DP and FP would be the best alternative for contaminated agricultural areas of central Chile, while CP would be less affordable.



The present research remarks on the importance of studying multiple amendments in field conditions. It is necessary to consider that soils contaminated with As (V) are not only in Mediterranean areas but also in mild and semiarid areas. Thus, we encourage more field studies to test the efficacy of soil amendment in other regions, especially using FP. FP was remarkable as it showed significant efficacy and economic efficiency to manage As agricultural contaminated soils. However, this compound had never been studied before as a soil amendment.




4.3. Effect of the Amendments on Yield. Is There Phytotoxicity in Field Conditions?


Cu is an essential trace element for plant growth, but it can lead to phytotoxicity symptoms in plants grown of soils from the studied area [15]. However, the yield of lettuces was not affected by Cu contamination (Figure 3). Even, we found a higher fresh weight of lettuces grown in C-SS than in U-SS, although the highest macronutrient availability explains this in C-SS soils (Table 1).



The fresh weight and foliar Cu content of lettuces grown in loamy soil plots showed high heterogeneity. The highest average of foliar Cu in lettuces grown on C-LS was found in OM treatment, which is related to the increment of dissolved organic complexes with Cu [60]. However, the lowest yields were not the lettuces with the highest foliar Cu concentration. Surprisingly, these variables were positively correlated in both areas (Figure 4), showing no phytotoxicity symptoms. These results strongly contrast with those of Verdejo et al. [43], which evaluate lettuce performance on similar soils to those of the present study but in a growth chamber. Verdejo et al. [43] found a substantial decrease of biomass at higher foliar Cu concentrations, stating that lettuces lower a 50% shoot length with foliar Cu concentrations of 21 mg kg−1 dw. Nevertheless, our field-conditions results showed that lettuces’ growth did not diminish by the foliar Cu concentration. We even obtained a higher foliar Cu concentration than 21 mg kg−1 without changes in the biomass.



According to Kalra [38] and the reviewed references, a foliar Cu concentration of 25 mg kg−1 dw can be considered adequate. However, Broadley et al. [61] stated that for most crop species, the critical toxicity level of Cu in the leaves is above 20 to 30 mg kg−1 dw. These inconsistent statements are explained by the roots being affected before the aboveground plant tissues [62]. Therefore, the correlation seen in Figure 4 could be seen in the contrary sense, i.e., the higher plant growth allows more Cu accumulation in leaves. If this is the case, phytotoxicity thresholds of Cu stated in Verdejo et al. [43] for lettuce could be misleading. The concentration of Cu in leaves would not be a promising biomarker in field conditions. Consequently, it can over-alarm a situation with no food safety or phytotoxicity risks. This issue should be analyzed in further studies, remarking that a correlation does not imply causation.



The application of DP in the loamy soils was the only treatment that increased yield compared to the C+ treatment. High As concentration in plants trigger the replacement of phosphate in biomolecules like adenosine triphosphate (ATP), with negative impacts on the growth and metabolism of plants [63]. Therefore, the added phosphate in the DP treatment would mitigate the inhibitory effect of As. To assess the latter, we measured the foliar concentration of P in lettuces. DP treatment increased foliar P concentrations in C-LS (Figure S3). The results of Figure S4 also support this hypothesis. We found a negative correlation between fresh weight and foliar As concentrations in C-LS at the margin of statistical significance (p = 0.06), and significant positive relations between fresh weight and foliar P concentrations (p = 0.002). This effect would be seen only in the C-LS plot since it has a higher As concentration and lower available P in soils than the C-SS plot (Table 1). Also, the effect of the amendment on yield would be significant only in DP treatment due to the higher contribution of P than FP at the same rate of 0.05% w/w (P content of 23.4% and 14.1%, respectively).




4.4. Side-Effects of the Amendments Application


DP treatment acidified the C-LS, which is attributed to the high incorporation of ammonium in soils [64]. This side effect can be critical considering DP showed promising efficacy in reducing As accumulation and increasing the fresh weight of lettuces. For example, the effect on soil pH could modify the interaction between arsenic and other soil components [54]. Moreover, DP application can lead to environmental impacts associated with ammonium overfertilization and its volatilization capacity [65]. Although only slight changes were found in soils, long-term experiments are necessary to assess their persistence and discern if repeated applications are needed.




4.5. Towards a Holistic Remediation Approach


The present study is one of the first attempts to evaluate amendments to remediate contaminated soils in critical agricultural areas coexisting with the mining industry in central Chile. We obtained promising results, but these are not enough to fulfill a holistic remediation approach as is required nowadays by research programs and legislation worldwide [66,67]. A holistic remediation approach must consider the potential human health risks, the interlinks between contaminant exposure, the remediation technology, and the ecological effects, including climate change. Similarly, it must consider the soil-food-environment-health nexus to maintain soil health [68] and the environmental externalities associated with the production and distribution of the different amendment alternatives. Pending assessments are the potential leaching of contaminants, the side effects on soil functioning [69], and the potential CO2 sequestration after amendment application [70]. Thus, we expect our research to promote interdisciplinary efforts (laboratory and field studies) to remediate contaminated soils with a holistic approach.





5. Conclusions


The phosphate amendments (diammonium phosphate and ferrous phosphate) decreased the foliar As concentration in edible tissues of lettuce grown in contaminated soils in two contrasting areas (sandy and loamy soils). Calcium peroxide only decreased it in the sandy soils. Accordingly, a diet based on the consumption of lettuces grown in amended soils would decrease about 30% of the As intake than the unamended ones.



The use of diammonium phosphate involved good efficacy on decreased As accumulation in lettuce, increased productivity, and low investment cost. However, caution should be taken with this amendment due to soil acidification. In contrast, ferrous phosphate showed good efficacy with apparently no side effects, and the investment would be just a bit higher. We determined that ferrous phosphate is a promising compound that has never been studied before as a soil amendment.



We did not find Cu phytotoxicity despite the high concentrations of Cu in soils and lettuce leaves. This result differed from similar research developed in a growth chamber. Thus, we conclude that soil amendments would allow food security and productivity in agricultural soils with long-term contamination of arsenic and copper. The present study is one of the first studies aiming to improve food security in central Chile, an important agricultural area. It tried to unravel food safety and agricultural productivity uncertainties while opening scientific questions.
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Figure 1. The geographical location of the studied areas and the main trace element sources: (a) sandy soils area; and (b) loamy soils area. U-SS = uncontaminated sandy soil plot; C-SS = contaminated sandy soil plot; VS = Ventanas smelter; U-LS = uncontaminated loamy soil plot; C-LS = contaminated loamy soil plot; and CS = Catemu smelter. 






Figure 1. The geographical location of the studied areas and the main trace element sources: (a) sandy soils area; and (b) loamy soils area. U-SS = uncontaminated sandy soil plot; C-SS = contaminated sandy soil plot; VS = Ventanas smelter; U-LS = uncontaminated loamy soil plot; C-LS = contaminated loamy soil plot; and CS = Catemu smelter.



[image: Agronomy 12 00221 g001]







[image: Agronomy 12 00221 g002 550] 





Figure 2. Arsenic concentration in the edible tissues of lettuces (in dry weight basis) grown in (a) sandy soils and (b) loamy soils. Bars are means ± SD (n = 5). Different letters above the means indicate significant differences between treatments based on Tukey multiple comparison test (p ≤ 0.05). Black bars represent contaminated soil under different treatments: C+ = Contaminated soil without amendment; DP = diammonium phosphate; FP = ferrous phosphate; IS = iron sulphate; OM = organic matter addition; CP= calcium peroxide. White bar represents uncontaminated soil: C- = uncontaminated soil without amendment. C-SS = contaminated sandy soil plot; U-SS = uncontaminated sandy soil plot; C-LS = contaminated loamy soil plot; and U-LS = uncontaminated loamy soil plot. 
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Figure 3. Fresh weight of lettuces at harvest time and the corresponding copper concentration in their edible tissues (on a dry weight basis): (a,c) are the results of lettuces grown on sandy soils, while (b,d) are those for lettuce grown on loamy soils. Bars are means ± SD (n = 5). Different letters above the means indicate significant differences between treatments based on Tukey multiple comparison test (p ≤ 0.05). Black bars represent contaminated soil under different treatments: C+ = Contaminated soil without amendment; DP = diammonium phosphate; FP = ferrous phosphate; IS = iron sulfate; OM = organic matter addition; CP= calcium peroxide. White bar represents uncontaminated soil: C− = Uncontaminated soil without amendment. C-SS = Contaminated sandy soil plot; U-SS = Uncontaminated sandy soil plot; C-LS = contaminated loamy soil plot; and U-LS = Uncontaminated loamy soil plot. 
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Figure 4. Scatterplot between the fresh weight of lettuce and the Cu concentration in leaves, in the sandy soil plots (a), and the loamy soil plots (b). Dashed lines represent the theoretical phytotoxicity thresholds for foliar Cu according to Verdejo et al., 2015 [43]; yellow = EC10, orange = EC25, and red = EC50. 
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Table 1. Average ± SD of general physicochemical properties of the studied soils before amendment application (n = 3).
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Average ± SD




	
Soil

	
Unit

	
Sandy Soil Plots

	

	
Loamy Soil Plots

	




	
Parameter

	

	
U-SS

	
C-SS

	

	
U-LS

	
C-LS

	






	
Clay

	
%

	
9.00 ± 0.47 a

	
8.67 ± 0.47 a

	
B

	
16.67 ± 0.94 b

	
20.33 ± 0.94 a

	
A




	
pH

	
-

	
6.54 ± 0.07 a

	
6.49 ± 0.08 a

	
B

	
7.85 ± 0.11 b

	
8.12 ± 0.06 a

	
A




	
EC

	
dS m−1

	
1.15 ± 0.06 a

	
1.24 ± 0.03 b

	
B

	
1.64 ± 0.09 a

	
1.73 ± 0.12 a

	
A




	
SOM

	
%

	
3.50 ± 0.03 b

	
4.39 ± 0.01 a

	
A

	
3.15 ± 0.04 b

	
3.76 ± 0.08 a

	
B




	
Macro-nutrients

	

	

	

	

	

	

	




	
Nav

	
mg kg−1

	
8.21 ± 0.7 b

	
54.53 ± 1.24 a

	
A

	
7.91 ± 0.45 a

	
10.08 ± 0.98 a

	
B




	
Pav

	
mg kg−1

	
105.08 ± 0.94 b

	
206.61 ± 5.31 a

	
A

	
74.34 ± 2.03 a

	
40.37 ± 0.50 b

	
B




	
Kav

	
cmol+ kg−1

	
0.73 ± 0.02 b

	
4.01 ± 0.03 a

	
A

	
0.88 ± 0.05 a

	
0.32 ± 0.01 b

	
B




	
Caex

	
mg L−1

	
15.60 ± 0.28 a

	
14.86 ± 0.57 a

	
B

	
17.74 ± 0.29 b

	
30.30 ± 0.12 a

	
A




	
Mgex

	
mg L−1

	
2.65 ± 0.04 b

	
3.55 ± 0.16 a

	
A

	
3.91 ± 0.06 a

	
3.04 ± 0.05 b

	
B




	
Trace elements

	

	

	

	

	

	

	




	
CuT

	
mg kg−1

	
61.65 ± 1.46 b

	
244.64 ± 3.36 a

	
B

	
75.50 ± 2.49 a

	
609.58 ± 9.11 a

	
A




	
AsT

	
mg kg−1

	
11.14 ± 0.78 b

	
20.70 ± 0.60 a

	
B

	
13.46 ± 0.56 b

	
29.55 ± 1.03 a

	
A








EC = electrical conductivity; SOM = soil organic matter; Nav = available nitrogen; Pav = available phosphorus; Kav = available potassium; Caex = exchangeable calcium; Mgex = exchangeable magnesium; CuT = total copper; and AsT = total arsenic. For each area (sandy or loamy soils), different lower-case letters in the same row indicate significant differences between the uncontaminated and contaminated plots (p ≤ 0.05). Different capital-case letters in the same row indicate significant differences between the soils of the contaminated studied plots (C-SS vs. C-LS) (p ≤ 0.05). U-SS = Uncontaminated sandy soil plot; C-SS = contaminated sandy soil plot; U-LS = uncontaminated loamy soil plot; and C-LS = contaminated loamy soil plot.
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