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The application of cattle slurry to agricultural soils contributes to the circular economy, while enriching the soil in macro and micronutrients and organic matter. However, this practice can have deleterious environmental effects, by adding toxic metals and other contaminants. The pseudo-total concentrations of nine potentially toxic and trace metals (Fe, Mn, Zn, Cu, Ni, Co, Cr, Cd and Pb) as well as metals extracted by DTPA, Mehlich 3 and 0.01 M CaCl2 were determined in Galician (NW Spain) grassland soils regularly receiving cattle slurry. Four soil depths (0–5, 5–10, 10–20 and 20–40 cm) were sampled and analysed. The pollution condition was assessed by comparing the pseudo-total concentrations with generic reference levels for Galician soils and by using pollution indices. The results indicated the absence of soil pollution by Fe, Ni, Co, Cr and Pb and a situation of no pollution to moderate pollution by Mn, Zn and Cu. Cd was the element most frequently enriched in the studied soils according to the pseudo-total, DTPA and Mehlich-3 concentrations, while the extraction by CaCl2 pointed to no environmental risk. The study supports the lithogenic character of Fe, Ni, Co and Cr, the mixed lithogenic and anthropogenic nature of Mn, Zn and Cu and the anthropogenic origin of Cd in these soils. The latter element can be added by both the application of cattle slurry and inorganic phosphate fertilisers.
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INTRODUCTION
The term “heavy metals” has been used to refer to metals (sometimes metalloids are included) that in the elemental state have a density greater than 5 g cm−3 and can be toxic to organisms or ecosystems. Many of these elements are present in soils and the lithosphere in tiny concentrations (<0.1%) and are known as “trace elements.” Some trace elements are micronutrients for plants or animals, while others do not have any known biological function. The use of the term “heavy metals” has been questioned, especially in recent years (Nieboer and Richardson, 1980; Duffus, 2002; Hodson, 2004) and the terms “trace elements,” “toxic elements,” “potentially toxic elements,” “soft acid metal ions” or “class B metal ions” are preferred by some authors (Nieboer and Richardson, 1980; Madrid, 2010; Pourret and Hursthouse, 2019; Zhang et al., 2022). However, the term “heavy metals” is often found in current publications and other authors support continuing to use it, as a well-established expression utilised for decades in the environmental field (Batley, 2012; Gustin et al., 2021).
Potentially toxic metals are present in natural soils, usually at trace levels, originating from the parent material. Anthropogenic activities can contribute potentially toxic metals to the soil, promoting the build-up of these elements. Among the anthropogenic sources of potentially toxic metals in soils, mining, metal smelting, burning of fossil fuels, waste disposal and incineration, and traffic of vehicles are worth mentioning. Agricultural activities can also add potentially toxic metals to the soil.
Potentially toxic metals can be found in soil in various chemical forms, those that are soluble or mobile being the most worrying from an environmental point of view in the short/medium term. The soil is often capable of effectively retaining potentially toxic metals and other pollutants, preventing their passage into water bodies and vegetation (Nunez-Delgado et al., 2002). A polluted soil no longer plays a protective role of other environmental compartments, becoming instead a source of pollutants (Richter et al., 1997).
Human being exerts a series of disturbing actions on agricultural soils, among them the addition of fertilisers and pesticides. Various agricultural practices contribute potentially toxic metals to the soil. Many traditionally used fungicides and insecticides supply Cu, Hg, Mn, Pb and Zn (Nicholson et al., 2003). Other agricultural practices contribute potentially toxic metals to the soil from fuels, lubricants, tires and sewage sludge (Nicholson et al., 2003; Antoniadis et al., 2008; Proshad et al., 2021; Li et al., 2022). Manures and slurries from livestock activities may contain significant amounts of Zn, Cu and other heavy metals, which come from additives in animal feed (Mantovi et al., 2003; Jakubus et al., 2013). Zn and Cu are essential elements to plants, but they are toxic at high concentrations. Also chemical fertilisers, in particular phosphates, can contain toxic metals as impurities (Loganathan et al., 2008; Cakmak et al., 2010). Heavy metals can be toxic to soil microorganisms, plants and animals as well as be exported to water bodies and to the food chain (Liang and Tabatabai, 1977; Fernandez-Calvino et al., 2010; Nagajyoti et al., 2010; Antunes et al., 2011; Kabata-Pendias, 2011).
The use of livestock manures and slurries as fertilisers is a sound way of disposal of these animal wastes and allows the use of synthetic fertilisers to be reduced, improving soil properties and crop yields while contributing to a circular economy (Poulsen et al., 2013; Xia et al., 2017). Despite their overall benefit for agriculture, their contribution of potentially toxic metals as well as pathogens and antibiotics residues requires careful management of the application of manure and slurry to agricultural soils. The application of slurry to soil has been reported to be a cause of toxic metal contamination (Del Castilho et al., 1993; Baize, 1997; L'Herroux et al., 1997; Smith, 1997; Romkens and Salomons, 1998; De la Torre et al., 2000; Aldrich et al., 2002; Moreno-Caselles et al., 2002; Wilcke et al., 2002; De Temmerman et al., 2003). The metal toxicity in soils depends not only on their total concentration but, especially, on the concentration of soluble or easily mobilisable forms (McBride, 1989; Alloway and Jackson, 1991; Gupta et al., 1996). In addition, soil contamination can lead to contamination of aquifers as well as contamination of the food chain through vegetation. In relation to the possible contamination of other media, the soil can play a filter role, retaining heavy metals and preventing their passage to groundwater or vegetation (L'Herroux et al., 1997; Nunez-Delgado et al., 2002).
In Galicia (NW Spain), the application of cattle slurry to pastureland is a common practice (Franco-Uria et al., 2009), which provides the soil with macro and micronutrients as well as organic matter. Few published data exist relative to the presence of toxic and trace metals in Galician soils treated with cattle slurry (Paz-González et al., 2000; Caridad-Cancela et al., 2002; Lopez-Mosquera et al., 2005; Franco-Uria et al., 2009; Seco-Reigosa et al., 2015).
Franco-Uría et al. (2009) studied the total concentrations of heavy metals in the surface horizons of grassland soils in the river Magdalena basin (Lugo, Galicia, Spain), which usually receive dairy cattle slurry, with the main aim of identifying the sources of the different heavy metals. The present study addresses the occurrence and quantification of different forms of heavy metals at various soil depths in the same basin, to assess the soil pollution degree, the vertical distribution of metals and the risk of toxic metals mobilisation. Among the studied elements, iron (Fe) is not a trace element in geochemistry (its concentration in the Earth’s crust is 5%), but is a trace element in biochemistry (IUPAC, 2022) and a plant micronutrient.
MATERIALS AND METHODS
Study Area
The study was carried out in the basin of the river Magdalena, in A Pastoriza, province of Lugo, Spain (43° 16′44″N, 7° 20′50″W). The basin (Figure 1) covers an area of 2,250 ha and is mainly occupied by grasslands (84% of the surface). The principal economic activity in the area is dairy farming. The basin can be considered representative of the zones of intensive cattle breeding in Galicia (NW Spain). The climate is humid temperate, with an annual average temperature of 12°C and average annual precipitation of 1,350 mm (MeteoGalicia, 2022). The soils, developed from tertiary and quaternary sediments and quartz-rich slates, are classified as Umbrisols (IUSS Working Group WRB, 2022). The grassland soils, acid and rich in organic matter (Franco-Uria et al., 2009), are regularly fertilised with cattle slurry, coming from the farms, and inorganic fertilisers. The average contribution of slurry to the soils of the basin is 90 m3 ha−1 year−1. The soil textures range from sandy loam to silt loam and clay loam.
[image: Figure 1]FIGURE 1 | Location of the studied soils in Spain, Galicia and A Pastoriza.
Soil Sampling and Analysis
Twenty farms were selected in the river Magdalena basin, where representative soils were sampled at four depths (0–5, 5–10, 10–20 and 20–40 cm). Each soil sample was made up of 10–15 sub-samples, taken at random from the whole area of each plot with a split-tube sampler. Samples were air-dried and sieved (<2 mm) before analysis. The soil pH in water was 5.42 ± 0.34 at 0–5 cm and 5.28 ± 0.29 at 20–40 cm. The concentration of organic carbon was 7.76% ± 2.01% at 0–5 cm and 3.64% ± 1.20% at 20–40 cm.
Various forms (pseudo-total, DTPA-extractable, Mehlich 3-extractable and 0.01 M CaCl2-extractable) of iron (Fe), manganese (Mn), zinc (Zn), copper (Cu), chromium (Cr), cobalt (Co), nickel (Ni), cadmium (Cd) and lead (Pb) were analysed. All of them are class B or mostly borderline metal ions (Nieboer and Richardson, 1980; Duffus, 2002). Fe, Mn, Zn, Cu and Ni are plant micronutrients. They can all be toxic above a concentration threshold.
Pseudo-total metals were determined by microwave-assisted digestion, with concentrated HNO3 and HCl (HCl:HNO3 ratio 1:3), according to the EPA 3051A method (USEPA, 2007) (Supplementary Data Sheet S2). Available metals were extracted by DTPA (Lindsay and Norvell, 1978) (Supplementary Data Sheet S2). The soil samples were also extracted by Mehlich 3 reagent (Mehlich, 1984) (Supplementary Data Sheet S2) to compare the results obtained with those from DTPA extraction. DTPA and Mehlich 3 reagent are commonly used to determine available trace elements in soils. The Mehlich 3 extraction is less time-consuming than the DTPA extraction and allows the determination of available macronutrients, such as phosphorus, in the same extract. Soluble (mobile) metals were extracted by 0.01M CaCl2 at a soil:solution ratio of 1:10 (Houba et al., 1990). The digestion and extraction methods are described in Supplementary Data Sheet S2. In all cases, the metals were determined in the digestate or extract by ICP-MS. The limits of detection were calculated as 3 times the standard deviation of blank values and are presented in Table 1.
TABLE 1 | Limits of detection (LOD) for the analysed metals.
[image: Table 1]Pollution Assessment
The pseudo-total metal concentrations were compared with the generic reference levels (GRL) for trace elements in Galician soils (Table 2) (Macías-Vázquez and Calvo de Anta, 2009). These levels represent the “concentration of a contaminating substance in the soil that does not carry a risk greater than the maximum acceptable for human or ecosystem health.”
TABLE 2 | Generic reference levels (GRL) for various metals in Galician soils (Macías and Calvo de Anta, 2009), including the specific values for soils on slates and the average concentration of iron in the Earth’s crust.
[image: Table 2]We used two indices to assess pollution in the studied soils. The first one is the enrichment factor (EF) developed by Buat-Menard and Chesselet (1979), which allows to compare a metal concentration in soil with the background concentration, both standardised against a reference element (Al, Fe, or Ti). In the present study Fe was chosen as the reference element, following the recommendations of Daskalakis and Oconnor (1995), Acevedo-Figueroa et al. (2006) and Rodriguez-Seijo et al. (2017), so that EF was calculated as follows:
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where X is the metal of interest; EFX, the enrichment factor of the element X; CX, the total concentration of X; CFe, the total concentration of iron (a lithogenic reference element); “soil” refers to the assessed soil, and “background” to the situation of natural unpolluted soils in the study area, taken as a reference. In the present study, the edaphogeochemical background (lithological GRL) values for Galician soils (Table 2) were used as references. EF values below 2 indicate minimum enrichment; values between 2 and 5 represent moderate enrichment; values between 5 and 20 denote significant enrichment; EF values higher than 20 show very high enrichment; values above 40 reveal extremely high enrichment (Rodriguez-Seijo et al., 2017).
The second index used is the geoaccumulation index (Igeo) (Müller, 1979), calculated as:
[image: image]
where CX is the total concentration of the element X and BX is the background concentration of the element X. The factor 1.5 is used to minimise the effect of potential variations in the background value because of lithological variations. We used as background the edaphogeochemical backgrounds for Galician soils (Table 2) and the average concentration in the Earth’s crust for iron. The Igeo values allow to classify the soils into seven categories: <0 = practically unpolluted, 0–1 = unpolluted to moderately polluted, 1–2 = moderately polluted, 2–3 = moderately to strongly polluted, 3–4 = strongly polluted, 4–5 = strongly to extremely polluted, and >5 = extremely polluted (Rodriguez-Seijo et al., 2017).
Statistical Analysis
The analysis of variance was used to assess the influence of depth on the concentrations of the various forms of metals. Correlation analysis was performed between the different forms of each metal. The statistical analysis was performed using the IBM SPSS Statistics 28.0.
RESULTS
Pseudo-Total Metal Concentrations
The concentrations of pseudo-total metals at various depths (means and standard deviations) are presented in Figure 2. Table 2 shows the generic reference levels (GRL) for the studied metals in Galician (NW Spain) soils (Macías-Vázquez and Calvo de Anta, 2009). The specific (exceptional) values for soils on slates are presented when they exist. For iron the average concentration in the Earth’s crust is presented (there is no generic reference level for Fe).
[image: Figure 2]FIGURE 2 | Concentrations of pseudo-total metals for different soils as a function of depth. Different letters denote significant differences (p < 0.05) among depths.
The Fe concentrations (Figure 2) ranged between 17.63 and 58.70 g kg−1, being below or very close to its average concentration in the Earth’s crust. The Mn concentrations, ranging from 184 to 2,276 mg kg−1, were above the GRL of 850 mg kg−1 at all depths in seven soils and in the surface (0–5 or 0–10 cm) of four other soils. The Zn concentrations, ranging from 20 to 146 mg kg−1, were above the edaphogeochemical background (100 mg kg−1) with some frequency, but never reached the risk-based GRL (300 mg kg−1). The Cu concentrations, ranging from 2 to 72 mg kg−1, were below the edaphogeochemical background (45 mg kg−1) and the risk-based GRL (50 mg kg−1), excepting two soils. The Cr concentrations ranging from 26 to 134 mg kg−1, exceeded the reference value for slate soils (85 mg kg−1) in various cases, particularly in samples at greater depth. The concentrations of Co (4–29 mg kg−1) and Ni (6–74 mg kg−1) were always below the reference values (40 and 80 mg kg−1, respectively). The Cd concentrations, ranging from 0.05 to 2.12 mg kg−1, were often above the edaphogeochemical background of 0.25 mg kg−1; only one outlier (at 5–10 cm depth) exceeded the risk-based GRL of 2 mg kg−1. The Pb concentrations, ranging from 3 to 32 mg kg−1, were always below the edaphogeochemical background (55 mg kg−1) and the risk-based GRL (100 mg kg−1).
Only for Ni the pseudo-total concentration varied significantly with depth (p < 0.05), being highest in the deepest sampled layer (20–40 cm) and lowest at 0–10 cm (Figure 2). For most metals there was a trend to decrease with depth, although the differences were not significant, or to remain stable (Figure 2). For Ni, Co and Cr there was a trend to increase with depth, the differences being significant only for Ni (Figure 2).
Pollution Indices
The enrichment factors (EF, Table 3) of Co (0.20–1.35), Ni (0.17–1.22) and Pb (0.08–0.88) were always lower than 2, indicating minimum enrichment with respect to the edaphogeochemical background (lithological GRL). The Mn EF values ranged between 0.28 and 5.50. Various soils had Mn EF between 2 and 5, indicating moderate enrichment with respect to the edaphogeochemical background; one sample had EF = 5.50, denoting significant enrichment. The EF values varied in the ranges 0.32–2.46, 0.09–2.37 and 0.37–2.03 for Zn, Cu and Cr, respectively. One to three samples from 10–20 or 20–40 cm depth had Zn, Cu and Cr EF slightly higher than 2, indicating moderate enrichment with respect to the edaphogeochemical background. The highest enrichment factors were found for Cd (0.20–8.70), often showing moderate enrichment (EF from 2 to 5) and significant enrichment (EF from 5 to 20) at all depths in one soil. The enrichment factor (Table 3) showed a trend to decrease with depth for some metals, while for other no visible trend was observed. However, the differences among depths were significant (p < 0.05) only for Ni, whose EF increased with depth, in accordance to the variation of its pseudo-total concentration.
TABLE 3 | Enrichment factors (EF) of metals (mean ± standard deviation) at various depths.
[image: Table 3]The indices of geoaccumulation (Igeo, Table 4) were always negative (practically unpolluted) for Fe (−2.09 to −0.35), Zn (−2.88 to −0.04), Co (−3.85 to −1.05), Ni (−3.92 to −0.41) and Pb (−4.78 to −1.39). This index was between 0 and 1 (unpolluted to moderately polluted) for Cu (range −4.84 to 0.09) and Cr (range −2.18 to 0.16) in one sample (in the case of Cr coinciding with the sample identified by EF as having moderate enrichment). The Mn Igeo (−2.79 to 0.84) was often between 0 and 1 (unpolluted to moderately polluted), in most cases coinciding with values of EF between 2 and 5 (moderate enrichment). The same as for EF, the highest values of Igeo were found for Cd (−2.82 to 2.50), with frequent values between 0 and 1 (unpolluted to moderately polluted); in one case the value was between 1 and 2 (moderately polluted); Igeo values between 2 and 3 (moderately to strongly polluted) were determined for the soil showing significant enrichment (EF from 5 to 20). The trends of variation of Igeo with depth were similar to those of pseudo-total concentrations and EF. The differences in Igeo values among depths were significant only for Cd, showing the highest values at 0–10 cm (Table 4).
TABLE 4 | Geoaccumulation indices of metals (mean ± standard deviation) at various depths.
[image: Table 4]Available and Soluble Metals
Available metal concentrations (DTPA and Mehlich 3) are shown in Figure 3. Metal concentrations determined by DTPA and Mehlich 3 extractions correlated significantly (p < 0.001) for all metals except Cr (Table 5).
[image: Figure 3]FIGURE 3 | Concentrations of available (extractable by DTPA and Mehlich 3) and soluble (extractable by 0.01M CaCl2) metals for different soils as a function of depth. Different letters denote significant differences (p < 0.05) among depths.
TABLE 5 | Regression equations between Mehlich 3 and DTPA extractions. The concentration determined by DTPA extraction is the dependent variable (y) and that determined by Mehlich 3 extraction is the independent variable (x).
[image: Table 5]DTPA concentrations (mg kg-1) varied widely in the ranges: 36–455 for Fe, 0.63–119 for Mn, 0.14–11.36 for Zn, 0.11–5.12 for Cu, 0.000–0.054 for Cr, 0.021–0.767 for Co, 0.169–1.413 for Ni, 0.008–0.180 for Cd, and 0.176–2.663 for Pb. Mehlich-3 concentrations (mg kg-1) varied widely in the ranges: 13–388 for Fe, 0.74–118 for Mn, 0.19–15.21 for Zn, 0.04–7.06 for Cu, 0.000–0.185 for Cr, 0.010–1.260 for Co, 0.106–0.949 for Ni, 0.000–0.186 for Cd, and 0.083–3.215 for Pb. As a general trend, the available metal concentrations decreased with depth, although the differences were not always significant (Figure 3). An exception is chromium extracted by Mehlich 3 reagent, which increased significantly with depth.
The fraction of the available metal in relation to the pseudo-total metal varied widely among the different metals, from negligible values for chromium to very high values for cadmium or lead (Supplementary Tables S4, S5). The ranges of variation were: 0.10%–1.07% for DTPA Fe, 0.04%–1.54% for Mehlich-3 Fe, 0.19%–12.65% for DTPA Mn, 0.19%–13.39% for Mehlich-3 Mn, 0.24%–39.60% for DTPA Zn, 0.40%–53.11% for Mehlich-3 Zn, 0.48%–49.19% for DTPA Cu, 0.21%–73.03% for Mehlich-3 Cu, 0.00%–0.13% for DTPA Cr, 0.00%–0.29% for Mehlich-3 Cr, 0.14%–18.48% for DTPA Co, 0.06%–30.36% for Mehlich-3 Co, 0.43%–18.19% for DTPA Ni, 0.34%–14.61% for Mehlich-3 Ni, 1.08%–61.45% for DTPA Cd, 0.00%–59.24% for Mehlich-3 Cd, 1.98%–43.49% for DTPA Pb, and 1.80%–58.07% for Mehlich-3 Pb. The values showed for all metals a trend to decrease with depth, that is, the fraction of available metal is highest at soil surface, except for Mehlich-3 Cr, which increased with depth. Significant differences among depths were found for the fractions of DTPA Fe, Mn, Zn, Ni and Cd and for the fractions of Mehlich-3 Fe, Mn, Zn, Cr, Ni and Cd.
The concentrations of metals soluble in 0.01M CaCl2 (Figure 3) were a tiny fraction of pseudo-total or available metals (Supplementary Table S6), ranging from 0 μg Pb kg−1, 0–2 µg Cd kg−1 or 0–4 µg Cr kg−1 to 0–339 µg Zn kg−1, 0–352 µg Fe kg−1 or 0–6,902 µg Mn kg−1. Iron and manganese were the most soluble metals, the soluble fraction being on average 0.16% and 0.17% of pseudo-total metal, respectively. The soluble fraction of cadmium was on average 0.35% of pseudo-total metal. Lead concentrations in the CaCl2 extracts were always below the limit of detection. The concentrations of metals soluble in 0.01M CaCl2 often correlated significantly with DTPA and/or Mehlich 3 extractions. Correlations with DTPA extractions are shown in Table 6. Only in the case of Cr significant (p < 0.05) differences in soluble metal were observed among soil depths (Figure 3).
TABLE 6 | Regression equations between CaCl2 and DTPA extractions. The concentration determined by DTPA extraction is the dependent variable (y) and that determined by CaCl2 extraction is the independent variable (x).
[image: Table 6]DISCUSSION
Pseudo-Total Metal Concentrations and Pollution Indices
The pseudo-total iron concentrations were below or very close to the average iron concentration in the Earth’s crust, and the iron geoaccumulation indices (Igeo) were always negative. This indicates the absence of iron pollution. Thus, iron will be considered mainly in its micronutrient condition. The concentrations were higher than the total concentrations, determined by X-ray fluorescence, reported by Seco-Reigosa et al. (2015) for four pasture soils of the same area. In the case of manganese, 39% of the samples analysed, mainly in the surface soil, had a pseudo-total concentration higher than the GRL. The values were higher than those reported by Seco-Reigosa et al. (2015) for pasture and forest soils of the same area and similar to those reported by Caridad-Cancela et al. (2002) for natural soils in Galicia. Moreover, the maximum allowable concentration range for Mn (1,500–3,000 mg kg−1, according to Kabata-Pendias and Szteke (2015)) was never exceeded. The EF values of 14% of the samples indicated moderate enrichment and that of one sample (out of 80) indicated significant enrichment. The Igeo values indicated an unpolluted to moderately polluted situation in 18% of the samples. Although Mn is a relatively abundant element in the Earth’s crust, the data indicate in some cases a moderate anthropogenic enrichment, which can be related to the application of slurry or inorganic fertilisers. Slurry from the river Magdalena basin has a pseudo-total Mn concentration of 574 ± 138 mg kg−1 dry matter (Calvo-Rodríguez, 2003). Given that manganese is not a highly toxic element, the situation relative to this element in the river Magdalena basin does not appear to be of concern.
Thirty two percent of the samples analysed presented pseudo-total zinc concentrations higher than the edaphogeochemical background for Galician soils (100 mg kg−1), but the values were always much lower than the risk level (300 mg kg−1) and lower than the maximum allowable concentration (MAC) range for agricultural soils (100–300 mg kg−1) according to Kabata-Pendias (2011). Twelve percent of the samples analysed exceeded the edaphogeochemical background for copper in Galician soils (45 mg kg−1) and three samples (4%) exceeded the risk level (50 mg kg−1) but did not exceed the MAC range for agricultural soils (60–150 mg kg−1) according to Kabata-Pendias (2011). Most samples presented zinc and copper EFs lower than 2 and negative Igeo values. Three samples presented zinc EF slightly higher than 2, while two samples presented copper EF slightly higher than 2 (moderate enrichment). One sample presented a slightly positive copper Igeo (0.09). These results support the mixed lithogenic and anthropogenic nature of Zn and Cu in the soils of the river Magdalena basin (Franco-Uria et al., 2009). The strong correlation between the pseudo-total Zn and Cu concentrations (Supplementary Table S1) is in accordance with a common origin of these elements. In a similar way, Sterckeman et al. (2006) reported the association of Zn and Cu in soils developed from sedimentary materials in Northern France. The concentrations of zinc and copper are moderate in the cattle slurry from farms in the river Magdalena basin (260 ± 117 mg Zn kg−1 dry matter and 43 ± 18 mg Cu kg−1 dry matter (Calvo-Rodríguez, 2003)), although low compared to published values (300–410 mg Zn kg−1 and 74–100 mg Cu kg−1) for Dutch farms (Jakubus et al., 2013). These values are well below the maximum concentrations of Zn and Cu (2,500 mg Zn kg−1 and 1,000 mg Cu kg−1) in materials allowed to be applied to agricultural soils according to the Spanish legislation, even though manure is excluded from this limitation (MINISTERIO DE LA PRESIDENCIA, 2022). Despite the Zn and Cu contribution from slurry, the soils of the basin did not show significant enrichment or contamination by these metals. Unlike our results, Seco-Reigosa et al. (2015) reported values of the Zn and Cu total concentrations below the GRL. The pseudo-total concentrations of Zn and Cu in the present study were comparable to those reported by Paz-González et al. (2000), Caridad-Cancela et al. (2002) and Lopez-Mosquera et al. (2005) for Galician soils.
Twelve percent of the samples exceeded the GRL for Cr (85 mg kg−1). Seco-Reigosa et al. (2015) reported Cr concentrations above the GRL for pasture and forest soils of the same area. The GRL for Co and Ni (40 and 80 mg kg−1, respectively) were never exceeded, consistently with Seco et al. (Seco-Reigosa et al., 2015). The MAC ranges for Cr and Co in agricultural soils according to Kabata-Pendias (2011) (50–200 and 20–50 mg kg−1, respectively) were not exceeded either, while the MAC range for Ni in agricultural soils (20–60 mg kg−1) was exceeded by one sample (20–40 cm depth). In soils with a pH below 7, Cr is found predominantly in the form of Cr3+ (Bartlett and Kimble, 1976), a much less mobile and less toxic form than CrO42- (Fendorf, 1995). The EF values for these three elements indicated minimum enrichment in all cases, consistently with the situation reported by Sterckeman et al. (2006) for soils derived from sediments in France, while the Igeo values indicated a situation of no pollution. These results are in accordance with the identification of a lithogenic origin for these elements in the river Magdalena basin (Franco-Uria et al., 2009). The significant increases of Ni pseudo-total concentration and EF with depth (Figure 2; Table 3) also indicate a lithological origin. Similarly, the (not significantly) higher values at depth of Cr and Co concentrations, EF and Igeo and Ni Igeo are in accordance with the lithological origin of these metals. Moreover, this origin is supported by the strong bivariate correlations of the pseudo-total concentrations of Ni, Cr and Co with those of Fe, a lithogenic element (Supplementary Table S1). Consistent with our results, Cr, Co, and Ni were associated with Fe and Al in soils developed from sedimentary materials in northern France (Sterckeman et al., 2006). The pseudo-total concentrations of Cr, Co and Ni were comparable to those reported by Paz-González et al. (2000), Lopez-Mosquera et al. (2005) and Seco-Reigosa et al. (2015) for Galician soils.
Cadmium was the element whose pseudo-total concentrations most frequently exceeded the edaphogeochemical background for Galician soils (0.25 mg kg−1; 56% of the analysed samples), only one sample exceeded the risk level (2 mg kg−1), and the MAC range for agricultural soils (1–5 mg kg−1) according to Kabata-Pendias (2011) was never exceeded. The values were in accordance with those reported by Lopez-Mosquera et al. (2005) for pasture soils of Galicia. Sterckeman et al. (2006) reported Cd total concentrations in the range 0.01–8.98 mg kg−1 for soils derived from sediments in France. EF indicating moderate enrichment were found in 27% of samples, while 5% of samples (all depths from one soil) showed significant enrichment. The Igeo indicated unpolluted to moderately polluted soils in 27% of samples, moderately polluted soil in one sample and moderately to strongly polluted soil at all depths of the soil presenting significant enrichment. Cd is an element very toxic to plants, animals and humans (Alvarez-Ayuso, 2008) and has an anthropogenic origin in the river Magdalena basin (Franco-Uria et al., 2009). It is rather mobile and available in soils, having a high potential of transfer from soil to plants (McLaughlin et al., 1996; Pereira et al., 2011). The cadmium concentrations in the slurry from the basin were 23.4 ± 4.7 mg kg−1 dry matter (Calvo-Rodríguez, 2003), what is higher than the maximum concentration (10 mg Cd kg−1 dry matter) in materials allowed to be applied to agricultural soils according to the Spanish legislation (MINISTERIO DE LA PRESIDENCIA, 2022), although manure is excluded from this limitation. Furthermore, Cd is contributed to soil with inorganic phosphate fertilisers (Williams and David, 1976; McLaughlin et al., 1996; Nziguheba and Smolders, 2008; Cakmak et al., 2010). The pseudo-total Cd concentrations in the present study were slightly higher than those reported by Andrews et al. (1996) and Loganathan and Hedley (1997) for New Zealand pasture soils with a phosphate fertilisation history. According to McLaughlin et al. (1996) and Loganathan et al. (2008), Cd is the element of most concern among the contaminants present as impurities in inorganic fertilisers. As stated by Sterckeman et al. (2006), the high Cd concentrations can also be related to Cd enrichment of sedimentary parent materials relative to the average Earth’s crust. The significantly higher Cd Igeo in surface soil (Table 4), as well as the (non-significant) trend to decrease at depth of Cd concentration and EF (Figure 2; Table 3), are in accordance with the anthropogenic origin of this metal. The Cd enrichment in surface soils is consistent with the results for soils developed from sediments in northern France (Sterckeman et al., 2006), including forest, agriculture and grassland soils. That study reported higher enrichment in permanent grassland than in cultivation or forest soils. Contrary to Loganathan and Hedley (1997) and Loganathan et al. (2008), that reported limited Cd downward movement in pastoral soils, in the present study enrichment factors above 2 and positive geoaccumulation indices were found in a few soils at a depth of 20–40 cm. In contrast to Loganathan and Hedley (1997) and Loganathan et al. (2008) results, Sterckeman et al. (2000) found traces of Cd and Zn contamination at a depth of 2 m in the vicinity of lead and zinc smelters and reported that Cd is more mobile than Pb and Zn. The Cd mobility is attributed to the rather weak adsorption to silicate clays, oxides and organic matter in acid soils (Sterckeman et al., 2006; Alvarez-Ayuso, 2008; Pereira et al., 2011). Only one soil in the present study showed high pseudo-total Cd concentrations at all depths (1.64–2.12 mg kg−1, displayed as extreme values in Figure 2), close to the risk level, with enrichment factors between 6.72 and 8.70 (significant enrichment) and Igeo values between 2.13 and 2.50 (moderately to strongly polluted). Excepting this soil, the Cd pseudo-total concentrations were below 1 mg kg−1. There is no currently generalised risk associated to Cd pollution in the basin. However, if the application of slurry and superphosphate continues, the cadmium build-up may grow. Moreover, there is a risk of downward movement of Cd. It is necessary to monitor the concentration of cadmium in the soil and to determine cadmium in the fertilisers applied, limiting the application of slurry and avoiding the application of cadmium-rich phosphates.
The pseudo-total lead concentrations were always below the edaphogeochemical background for Galician soils (55 mg kg−1) and the MAC for agricultural soils (20–300 mg kg−1; Kabata-Pendias, 2011). The EF always indicated minimum enrichment, while the Igeo indicated that the soils were practically unpolluted. Although Pb in soils is mainly anthropogenic (Franco-Uria et al., 2009; Kabata-Pendias, 2011), the rural nature of the river Magdalena basin explains the absence of Pb pollution. The concentrations were similar to those reported by Lopez-Mosquera et al. (2005) and Seco-Reigosa et al. (2015) and lower than some of the values presented by Paz-González et al. (2000) for agricultural topsoils in Galicia, Spain.
The pseudo-total Zn, Cu and Pb concentrations at 0–5 cm depth were lower than those reported by Guo et al. (2018) for the same depth in Chinese crop soils treated with pig manure. Ni concentrations were slightly lower, while Cr and Cd concentrations were similar to those reported by Guo et al. (2018).
Available and Soluble Metal Concentrations
The total element concentrations in soils do not allow predicting their mobility and plant availability, which depend on soil properties such as pH, clay content and type, contents of Al, Fe and Mn oxyhydroxides or organic matter. In the short and medium term, metals extracted by appropriate reagents are a better estimation of their bioavailability. For trace metals, EDTA (Trierweiler and Lindsay, 1969), DTPA (Lindsay and Norvell, 1978) and Mehlich 3 (Mehlich, 1984) are reagents usually employed to extract bioavailable forms. CaCl2 solutions can be used to estimate soluble forms (Lebourg et al., 1996). These reagents are useful to assess the availability of micronutrients to vegetation and the risk associated to the presence of toxic elements in soils. Some studies reveal medium to good correlations between the concentrations of trace metals determined with DTPA and Mehlich 3 reagents. Their use in the present study aims to compare both extractions and check if there is a good correlation between the concentrations of trace metals determined with both reagents in acid soils of NW Spain.
The concentrations of DTPA Fe (Figure 3) were always well above the threshold value of 4.5 mg kg−1 reported by Lindsay and Norvell (1978) for Fe deficiency. Similarly, the concentrations of DTPA Mn were well above the threshold value of 0.2 mg kg−1 reported by Sims and Johnson (1991). The Zn concentrations at 0–10 cm depth were above the threshold value of 0.8 mg kg−1 (Lindsay and Norvell, 1978), but were often below this value at 10–20 and especially at 20–40 cm depth. The Cu concentrations at 0–5 cm depth were above the threshold value of 0.2 mg kg−1 (Lindsay and Norvell, 1978); at 5–10, 10–20 and 20–40 cm depth, the Cu concentrations were below the threshold value in two to four soils.
The Mehlich-3 Mn concentrations (Figure 3) were always above the deficiency threshold of 3.9 mg kg−1 (Sims and Johnson, 1991) in 0–5 and 5–10 cm samples and in most 10–20 and 20–40 cm samples. The Mehlich-3 Zn concentrations were always above the critical deficiency range of 1.15–1.62 mg kg−1 (Sims and Johnson, 1991) in 0–5 and 5–10 cm samples and often in 10–20 cm samples, while the samples at 20–40 cm depth were often below this threshold. For Mehlich-3 Cu, Sims and Johnson (1991) reported the critical deficiency range of 1–10 mg kg−1. The value of 1 mg kg−1 was exceeded by most of the 0–5 cm samples, while at higher depths most samples were below this value.
In short, the micronutrients Fe and Mn were available at sufficiency levels in most of the studied soils at all depths (0–40 cm), while Zn and Cu were at sufficiency levels at 0–5 cm and below these levels with increasing frequency at higher depths.
The critical level of 200 mg kg−1 extracted by DTPA reported by Monterroso et al. (1999) for Fe toxicity was exceeded by six samples at 0–5 cm depth and with decreasing frequency at 5–10 and 10–20 cm depth (Figure 3). The critical level of 60 mg kg−1 for Mn toxicity (Monterroso et al., 1999) was exceeded by six samples at 0–5 cm depth and by two samples at 5–10 cm depth.
The critical level of toxicity for Zn (2 mg kg−1, Sims and Johnson, 1991) was exceeded by all the soils analysed at a depth of 0–5 cm and with decreasing frequency at greater depths. For Cu, the toxicity threshold of 2 mg kg−1 (Sims and Johnson, 1991) was exceeded by two soils at all depths (Figure 3).
The available Ni and Pb concentrations were within the ranges of critical levels of toxicity (0.03–5.34 mg kg−1 for DTPA Ni; 0.04–5.93 mg kg−1 for Mehlich-3 Ni; 0.44–39 mg kg−1 for DTPA Pb; 0.66–29 mg kg−1 for Mehlich-3 Pb) reported by Silva et al. (2020), despite the lithogenic origin of these elements and the absence of pollution indicated by the total concentrations and the pollution indices. However, according to Silva et al. (2020), the critical levels for these elements vary widely among soils and might not apply to the soils in the present study. Therefore, the absence of Ni and Pb pollution appears most plausible.
The available Cd concentrations (extracted either by DTPA or Mehlich 3) were above or close to the critical levels of toxicity (0.01–0.04 mg kg−1) reported by Silva et al. (2020). However, contrary to pseudo-total Cd (Figure 2), the concentrations of DTPA and Mehlich-3 Cd (Figure 3) decreased significantly with depth, indicating a decreased risk by Cd pollution.
In summary, the toxicity thresholds for Fe and Mn were exceeded by a few samples, mainly at low depths. Given that these metals are not highly toxic, the situation regarding these elements does not seem worrisome, as already indicated by the data on pseudo-total concentrations and the values of the pollution indices. The toxicity threshold for Zn was often exceeded, mainly at low depths. It is worth highlighting the short distance between published Zn deficiency and toxicity thresholds. Taking into account the rapid decrease with depth (Figure 3), the situation does not seem worrisome for Zn either. As for Cu, only two soils could be at risk of toxicity (Figure 3). No risk of Ni or Pb toxicity appears either. As for Cd, the results show decreased toxicity with depth.
The significant decrease with depth in the concentrations of most metals in available form (Figure 3; Supplementary Tables S4, S5) points to a greater availability of metals of anthropogenic origin (abundant in surface soils), while metals of lithological origin (abundant in deep soils) would be largely in non-available form. An exception is Mehlich-3 Cr, which increases with depth, in a way similar to pseudo-total Cr (Figure 2), although it is a very small fraction of the pseudo-total Cr. In fact, the Cr presented a very low availability in all samples. The opposite variations with depth of DTPA Cr and Mehlich-3 Cr indicate that these reagents extract different pools of Cr.
The Mehlich 3 reagent extracted more Fe, Zn, Cu, Co and Pb, less Ni and similar quantities of Mn and Cd compared to DTPA. According to Monterroso et al. (1999), the acidity of Mehlich 3 reagent (pH 3) is responsible for its higher extracting power. The regression equations in Table 5 allow to estimate the DTPA concentrations from the Mehlich-3 concentrations (or vice-versa), the Mehlich 3 extraction being less time-consuming and allowing the determination of available macronutrients in the same extract. The lack of significant correlation between DTPA Cr and Mehlich-3 Cr is in accordance with the fact that the two reagents extract different pools of chromium.
Significant bivariate correlations, in most cases positive, were found among different metals extracted either by DTPA or Mehlich 3 reagent (Supplementary Tables S2, S3), suggesting associations between the metals presenting the strongest correlations. It is worth mentioning that DTPA Cr correlated significant and positively with most other metals (excepting Fe and Pb), while Mehlich-3 Cr correlated negatively with most other metals. This is consistent with the fact that these reagents extract different pools of Cr and suggests that DTPA is more suitable than Mehlich 3 to estimate available Cr.
The available metal concentrations (determined either by DTPA or Mehlich 3) as percent of pseudo-total concentrations (Supplementary Tables S4, S5) indicate that most chromium is in a non-available form, while a considerable proportion of Cd and Pb are in available form.
The available Zn, Cu, Co, Ni and Pb were comparable to the values reported by Paz-González et al. (2000) for the same metals extracted by EDTA from agricultural topsoils in Galicia, Spain.
The DTPA and Mehlich-3 extracted Fe, Mn, Zn and Cu were similar or slightly higher than those reported by Caridad-Cancela et al. (2002) for the same elements extracted by the same reagents from natural soils of Galicia, Spain. This is consistent with the fact that the soils of the river Magdalena basin are representative of Galician pasture soils.
The DTPA Zn, Cu and Pb concentrations at 0–5 cm depth were much lower, those of Cd and Ni were lower and those of Cr were similar to those reported by Guo et al. (2018) for the same depth in Chinese crop soils treated with pig manure, in accordance with the much lower Cu and Zn concentrations in cattle manures compared with pig manures.
The analysis of soluble metals (extractable with 1 M CaCl2) will provide complementary information on the downward movement of heavy metals. As expected, 0.01 M CaCl2 extracted much less metals than DTPA and Mehlich 3 reagents (Figure 3). Fe, Mn and Cd were the elements extracted in highest proportion (Supplementary Table S6). The variation with depth is significant only in the case of chromium.
CaCl2 has been suggested as the best predictor of phytoavailable metals, especially Cd, in soils (Whitten and Ritchie, 1991; Andrews et al., 1996; Lebourg et al., 1996; McLaughlin et al., 2000; Adamo et al., 2018). The CaCl2-extractable Cd concentrations were well below the critical value of 80 μg kg−1 proposed by Podlešáková et al. (2002). Despite the slightly higher concentrations of pseudo-total Cd, the soils in the present study had much lower concentrations of Cd extracted by 0.01 M CaCl2 than those reported by Andrews et al. (1996) and Loganathan and Hedley (1997) for New Zealand pasture soils with a phosphate fertilisation history and similar pH and organic carbon (0.009–0.034 mg Cd kg-1). This suggests that Cd in the soils of the river Magdalena basin is much less available than in the New Zealand soils studied by Andrews et al. (1996) and Loganathan and Hedley (1997). It is worth noticing that in those New Zealand soils the reported values of Cd extracted by EDTA are very close to total concentrations. Cadmium contributed by cattle slurry seems to be less mobile than that supplied by soluble phosphate fertilisers. Contrary to other forms of Cd, the concentrations of Cd extracted by 0.01 M CaCl2 indicate that there is no risk of cadmium transfer from soil to plants or to water bodies. Chelating agents, such as DTPA or Mehlich-3 reagent, can extract organically bound metals and metals specifically adsorbed by the clay fraction, so overestimating the bioavailable fraction of some elements (Adamo et al., 2018).
In a similar way to Cd, the CaCl2-extracted Mn, Zn, Cu, Co, Cr, Ni and Pb were well below the critical values proposed by Podlešáková et al. (2002) (30, 2, 0.2, 0.5, 0.05, 100 and 7.5 mg kg−1, respectively). This confirms the general non-problematic situation regarding these metals indicated by the results of total and available concentrations.
The values of pseudo-total Cd as well as the cadmium extracted by chelating agents make it advisable to limit the contribution of phosphate fertilisers in coarser textured soils and to apply limestone as an amendment to reduce the cadmium mobility in those soils with higher concentrations (Andrews et al., 1996; Loganathan and Hedley, 1997; Gray et al., 1999; Alvarez-Ayuso, 2008).
CONCLUSION
The study reveals the absence of pollution by the lithogenic Fe, Ni, Co and Cr. Most samples presented minimum enrichment in the mixed-origin Mn, Zn and Cu, while a few samples showed moderate enrichment, resulting in unpolluted to moderately polluted soils. The soils of the river Magdalena basin were unpolluted by Pb.
Cadmium was the element that most frequently presented situations of pollution (moderate in most cases), revealed both by the values of pseudo-total and available (extracted by DTPA or Mehlich 3) concentrations. Furthermore, it appeared to be moderately mobile in these acid soils, even though the concentrations in available form decreased more significantly with depth than the pseudo-total concentrations. Despite the high values of pseudo-total Cd and Cd extracted by chelating agents, the extraction by 0.01 M CaCl2 pointed to very low environmental risk related to Cd pollution.
The micronutrients Fe and Mn were at sufficient levels for plant growth, while Zn and Cu were above the sufficiency level in the surface soil (0–5 or 0–10 cm) but deficiency situations might appear in some cases below 10 cm depth.
It is shown that the application of cattle slurry to grassland soils in Galicia, NW Spain, does not entail an environmental risk associated to the contribution of toxic metals, excepting Cd, for which precautions are advised to avoid possible future risk situations in the event that cadmium continues to be added to the soil.
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