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Abstract:



Herbicide leaching is influenced by soil physical and chemical properties as well as the prevailing climatic conditions. However, little is known about leaching of mixture of herbicides in the soil, especially in tropical regions like Brazil. The objective of this study is to evaluate the leaching of 14C-mesotrione (cyclohexane-2-14C-mesotrione) alone and in a mixture with S-metolachlor and terbuthylazine in seven tropical soil columns under laboratory conditions. These soils represented a wide range of properties with varying textures, cation exchange capacity (44 to 154 mmolc kg−1), pH (6.0 to 7.7), organic carbon content (0.58 to 27.32 g kg−1) and clay mineral contents (50 to 605 g kg−1), which are typical of tropical soils. Mesotrione residues were observed across all soil column layers (0–30 cm) in all evaluated soils by simulating 200 mm of water for 48 h. The application of mesotrione, alone or in a mixture, does not influence the leaching of this herbicide. Leaching of mesotrione ranged from low (up 15 cm) to very high (up 30 cm and leachate) in the tropical soils and may pose a potential groundwater contamination risk. In sand and loamy sand soil, the mesotrione was quantified in the leachate at all sampling times as above 80% of the amount initially applied. Thus, mesotrione application without the prior knowledge of the soil physical and chemical properties can result in inefficient weed control on field condition due to high leaching potentials.
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1. Introduction


Regardless of the application mode (alone or in a mixture), herbicides will eventually reach the soil. Thus, it is necessary to identify and understand herbicide-soil interactions as influenced by soil physical and chemical properties. Herbicide movement in the soil system occurs in all directions and it is dependent on the direction and rate of water infiltration and flow. Leaching is the name given to the downward movement of the herbicide into the groundwater [1,2].



Mesotrione, belonging to the family of triketones and pigment inhibitors, was one of the first agricultural herbicides to replace atrazine and thereby quickly became widely used by farmers for weed control [3]. In addition, mesotrione is effective at controlling weeds resistant to other herbicides (e.g., ALS—acetolactate synthase enzyme inhibitors and triazines). Mesotrione is generally applied in a mixture with other herbicides, such as S-metolachlor and terbuthylazine [4,5]. However, mixtures of herbicides can alter sorption as well as microbial degradation rates, which lead to alterations in the rates of leaching [6]. This behavior help explaining observations of mesotrione in surface water and groundwater [7,8,9,10].



Mesotrione sorption is positively correlated with the soil organic carbon content (OC) and inversely correlated with the soil pH [11]. This correlation can be attributed to herbicide is a weak acid [pKa = 3.1]. These two parameters make mesotrione more available for transport by leaching and less bioavailable in the soil solution for microbiological degradation [11,12,13].



Leaching of the commercial product Lumax®, composed of mesotrione, S-metolachlor and terbuthylazine was evaluated in soil from Italy [4,5]. However, the potential interactions between herbicides when compared with the application of each herbicide alone were not fully investigated. Many interactions are possible, including those related to changes in the amount and species diversity of the microbial population from different soils, effects on the specific enzymatic reactions, or those related to physical and chemical effects, such as competition for sorption sites, which interfere directly with leaching [14,15].



Thus, the objective of this study is to evaluate the leaching of mesotrione alone and in a mixture with S-metolachlor and terbuthylazine in seven tropical soil types under laboratory conditions.




2. Materials and Methods


2.1. Soil Samples


Tropical soil samples were collected from the surface layer (0–10 cm depth), after removing the vegetated layer, from areas cultivated with corn in Brazil. All soils had not been treated with the mesotrione, S-metolachlor and terbuthylazine for the past 2 years. The soil samples were air-dried for 7 day and then sieved through a 2.0 mm mesh and stored at room temperature until use (~1 month). Soil samples were sterilized by gamma irradiation (30 kGy) to inhibit microbial activity for potential degradation during the leaching experiments [12]. The physical and chemical properties of the samples and classification of soils are shown in Table 1.



Table 1. Physical and chemical properties of tropical soils (0–10 cm of depth) cultivated with corn in Brazil studied in this experiment.







	
Soil

	
Origin (City, State, Geographic Coordinates)

	
Soil Classification—Symbology a

	
K

	
Ca2+

	
Mg2+

	
BS

	
H + Al

	
CEC




	
(mmolc kg−1)




	
BR1

	
Rio Paranaíba, MG

(19°12′29″ S; 46°07′57″ W)

	
Oxisol—Rhodic Hapludox

(Latossolo Vermelho distroférrico—LVdf)

	
11

	
70

	
16

	
97

	
57

	
154




	
BR2

	
Barra do Bugres, MT

(15°07′25″ S; 57°17′21″ W)

	
Entisol—Typic Quartzipsamments

(Neossolo Quartzarênico órtico—RQo)

	
1

	
11

	
3

	
15

	
29

	
44




	
BR3

	
Barra do Bugres, MT

(15°04′39″ S; 57°10′51″ W)

	
Entisol—Typic Quartzipsamments

(Neossolo Quartzarênico órtico—RQo)

	
2

	
47

	
6

	
55

	
29

	
84




	
BR4

	
Tangará da Serra, MT

(14°39′01″ S; 57°25′54″ W)

	
Oxisol—Typic Hapludox

(Latossolo Vermelho distrófico—LVd)

	
4

	
25

	
11

	
40

	
67

	
107




	
BR5

	
Tangará da Serra, MT

(14°39′55″ S; 57°28′05″ W)

	
Oxisol—Typic Hapludox

(Latossolo Vermelho distrófico—LVd)

	
14

	
39

	
23

	
76

	
40

	
116




	
BR6

	
Piracicaba, SP

(22°42′34″ S; 47°37′18″ W)

	
Alfisol—Paleudult

(Nitossolo Vermelho eutroférrico—NVef)

	
11

	
51

	
26

	
88

	
41

	
129




	
BR7

	
Piracicaba, SP

(22°42′52″ S; 47°37′10″ W)

	
Ultisol—Typic Hapludalf

(Argissolo Vermelho-Amarelo distrófico—PVAd)

	
1

	
18

	
7

	
26

	
29

	
55




	
Soil

	
pH (H2O)

	
P (mg kg−1)

	
V (%)

	
OC (g kg−1)

	
Sand

	
CM

	
Silt

	
Texture Class




	
(g kg−1)




	
BR1

	
6.4

	
67

	
63

	
27.32

	
294

	
509

	
196

	
clay




	
BR2

	
7.7

	
9

	
34

	
0.58

	
932

	
50

	
18

	
sand




	
BR3

	
7.3

	
19

	
65

	
4.07

	
853

	
124

	
23

	
loamy sand




	
BR4

	
6.0

	
4

	
37

	
22.09

	
282

	
605

	
113

	
clay




	
BR5

	
6.7

	
55

	
66

	
12.21

	
617

	
324

	
59

	
sandy clay loam




	
BR6

	
6.4

	
18

	
68

	
18.02

	
466

	
376

	
158

	
sandy clay




	
BR7

	
6.9

	
15

	
47

	
5.23

	
816

	
151

	
33

	
sandy loam








a According to Soil Taxonomy and Brazilian Soil Science Society [16]. BS = base saturation; CEC = cation exchange capacity; V = base saturation levels; OC = organic carbon and CM = clay mineral. Source: Soil Science Department—ESALQ/USP, Piracicaba, SP, Brazil.









2.2. Experimental Design


The methodology was established according to the guidelines of the Organization for Economic Co-operation and Development—312, Leaching in Soil Columns [17]. We used a completely randomized design with three replications, which was then distributed into 2 × 7 × 6 factorial, where the factors were: two types of mesotrione application (alone and in a mixture), seven types of tropical soils cultivated with corn (BR1 to BR7) and six different soil column heights (0–5, 5–10, 10–15, 15–20, 20–25 and 25–30 cm).




2.3. Preparation of Glass Columns Packed with Soil


Glass columns 50 cm in height and 5 cm in diameter were used for each sub-sample of soil (three replications). The lower portion of the columns was filled with quartz wool, followed by a washed quartz sand layer before being dried in an oven at 100 °C. Thereafter the soil samples were packed to a height of 30 cm, weighed to check the reproducibility of the packing process of columns and the dose of mesotrione, with soil samples of BR1 (620.95 g), BR2 (1003.73 g), BR3 (869.85 g), BR4 (670.95 g), BR5 (675.85 g), BR6 (791.00 g) and BR7 (921.74 g).



The soil columns were placed inside a 2.0 L beaker and were slowly wetted with an upward flow of CaCl2 0.01 mol L−1 solutions. The columns were flooded for about 30 min. Subsequently, the columns were removed from the beaker and installed on a support and left for 2 h to drain the CaCl2 solution.




2.4. Chemicals and Application


Non-radiolabeled solutions were prepared using analytical standards of mesotrione, S-metolachlor and terbuthylazine of 99.9%, 98.2% and 98.8% purity, respectively (Sigma Aldrich; St. Louis, MO, USA). The 14C-mesotrione (cyclohexane-2-14C-mesotrione) had a 98.4% radiochemical purity and specific activity equal to 3.45 MBq mg−1 (Izotop; Budapest, Hungary). The solutions were prepared containing mesotrione (non-radiolabeled and radiolabeled) with 0.01 mol L−1 CaCl2, applied alone and in a mixture, to prepare a 5.0 mg L−1 (1.13 Bq L−1) mesotrione, S-metolachlor (41.7 mg L−1) and terbuthylazine (25 mg L−1) solution. Herbicide concentrations were selected to reflect recommended label dosage rates for corn, assuming soil bulk density = 1200 kg m−3, incorporation depth = 0.10 m. An aliquot of 200 μL (16.98 kBq radioactivity) of the herbicide solution was applied directly to the soil at the top of each column with an automatic pipette.




2.5. Leaching Experiments


After application of the herbicides, a flow of 0.01 mol L−1 CaCl2 solution at rate of approximately 8 mL h−1 was added for 48 h, resulting in a rain simulation of approximately 200 mm water depth. After 12, 18, 24, 30, 36, 42 and 48 h three aliquots of 10 mL of the leachate solution were collected and added to 10 mL of solution scintillation liquid (Instagel) for measurement for 15 min in the liquid spectrometer scintillation (LSS) with Tri-Carb 2910 TR LSA counter (PerkinElmer, Hong Kong, China).



After 48 h of the herbicide application, the soil material was removed from the columns by injecting air into the top of the column, which was subsequently cut into six equally sized sections (0–5, 5–10, 10–15, 15–20, 20–25 and 25–30 cm). The soil samples were air-dried, weighed, grinded and homogenized. Three sub-samples (0.2 g) of each dried soil section were biologically oxidized in an OX500 oxidizer (R. J. Harvey Instrument Corporation, Tappan, NY, USA) for determination of total radioactivity.



The results are expressed as % of the radioactivity detected in the leachate and in each column soil section, relative to the radioactivity initially applied of mesotrione. The recovery of the experiments was evaluated by the sum of 14C-mesotrione percentages found in each soil segment and leachate. To verify the repeatability and analytical sensitivity of the method, samples of oxidized soil and leaching were performed in triplicate.




2.6. Statistical Analysis


Data were subjected to analysis of variance (ANOVA). When significant, the means were compared by Tukey test (p < 0.05). Figures were plotted using the Sigma Plot program (version 10.0 for Windows, Systat Software Inc., Point Richmond, CA, USA).



For data related to the leachate in the CaCl2 solution, regression equations were adjusted (p < 0.01) by the F test, using the non-linear model with three parameter Gaussian equation: ŷ = a exp(−0.5((x − x0)/b)2), in which a corresponds to the maximum percentage of leachate mesotrione, x refers to the time of mesotrione determination, x0 to the time after application of the maximum percentage of leached mesotrione and b refers to the opening of the peak of the curve.





3. Results and Discussion


3.1. Mass Balance


The mass recovery (sum of 14C-mesotrione percentages found in soil depths and leachate) was 94 to 107% and 92 to 108% for the application of the herbicide alone and in mixture, respectively. These values are in accordance with the guidelines of the OECD [17], which states that recovery experiments with radiolabeled substances can range from 90 to 110%.




3.2. Leaching Mesotrione Alone and in a Mixture


The triple interaction between the two preparations of mesotrione (alone and in mixture), the seven types of tropical soil and the six soil depths was not significant; indeed, significance was only observed for the double interaction between soil types and depths (Figure 1). The mesotrione preparation in mixture with S-metolachlor and terbuthylazine did not interfere with the leaching when compared with the application of mesotrione alone. This confirmed the results reported by Mendes et al. [18], whereby the sorption coefficients with the same types of soils, showed no differences in mesotrione retention, regardless of application type.


Figure 1. Percentage 14C-mesotrione applied alone and in mixture with S-metolachlor and terbuthylazine in glass columns at different column heights (0–5, 5–10, 10–15, 15–20, 20–25 and 25–30 cm) and packed with tropical soils, represented by BR1 (a), BR2 (b), BR3 (c), BR4 (d), BR5 (e), BR6 (f) and BR7 (g) with simulation 200 mm of water for 48 h after application. The horizontal bars associated with each column represent the standard deviation (± SD) of each mean value (n = 3). Means followed by the same tiny letter in each depth soil and capital in type soil do not differ by Tukey test (p < 0.05). LSD, least significance difference (depth) = 3.2916, LSD (soil) = 3.4634 and CV (application type) = 1.60%, CV (soil) = 3.23% and CV (depth) = 12.66%.
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All soils displayed observable sorption and leaching of mesotrione. Independent of application type, the leaching of mesotrione in soil is described in following order as: BR2 = BR3 (very high) > BR7 > BR1 (high) > BR6 > BR5 (moderate) > BR4 (low). Furthermore, the maximum percentage of mesotrione residues was found in the same layer according to the soil studied (Figure 1). These data are consistent with Milan et al. [5] and Marín-Benito et al. [19] that reported mesotrione had high leachabilityin the soil.



In BR1, leaching of mesotrione was distributed between depths but was found in greater amounts (~37%) in the intermediate layer of 10–15 cm (Figure 1a). This was also the case in the same layer of the BR7 sample (~35%) (Figure 1g). This may be because despite having different sorption coefficients (Kd), they are both low (BR1 = ~1.05 kg L−1 and BR7 = ~0.54 kg L−1) and the desorption of mesotrione is known to be similar in these soils (approximately 25%) [18]; therefore, the mesotrione was more available to leach. In other soils, mesotrione residues were distributed differently throughout the column.



The data corroborate with Milan et al. [5], that found the leaching of mesotrione applied in mixture with S-metolachlor and terbuthylazine averaged from 24 to 39% of that initially applied to columns of 0–40 cm of sandy soil [4] and can be detected at up to 1.8 m depth silt loam soil, although this was not quantified because of the low-dose application (150 g ha−1) and rapid dissipation (DT50 = 3–7 days).



In BR4, which is a clay soil with high CM content (605 g kg−1), high OC content (22.09 g kg−1) and low pH (6.0) (Table 1), the concentration of mesotrione remained high (~74%) in the surface layer (0–5 cm) (Figure 1d). Moreover, in BR2 (sandy texture) and BR3 (loamy sand texture) with lower CM contents (0.5% and 12.4%, respectively), lower OC contents (0.58 and 4.07 g kg−1, respectively) and higher pH (7.7 and 7.3, respectively) (Table 1) leaching was favored at all depths not exceeding 5.6% in each layer (Figure 1b and Figure 1c, respectively). The behavior of these soils can be explained by the small value of Kd (<0.24 kg L−1) [18], which implies the interaction with the physical and chemical properties of soil on the leaching of mesotrione (Figure 1). Dyson et al. [11] and Shaner et al. [12] found that the sorption of mesotrione was positively correlated with the OC content of the soil.



These results corroborate Pinna et al. [4], who found that mesotrione had a weak affinity with the surface of the soil, which was predominantly negatively charged due to the pH range of the analyzed soil (5.58 to 6.48) and thus was leached faster. Dyson et al. [11] and Shaner et al. [12] found that the sorption of mesotrione was negatively correlated with pH. However, van der Linden [20] found that the mobility of mesotrione and its two metabolites (MNBA and AMBA) in soil, increased with increasing soil pH.



The data described above can be explained by the fact that mesotrione is a weak acid and has a pKa of 3.1. Thus, its molecular form has the ability to donate protons and form negatively charged ions in higher pH environments. Passos et al. [21] showed that increasing the pH value above the pKa of the herbicide may increase the leaching of sulfentrazone, being a weak acid, as well as mesotrione. In soil pH levels ranging from 6.0 to 7.7, as is the case in this experiment, the mesotrione molecules are in a dissociated form and thus are more available in the soil solution. Therefore, there is a greater possibility of leaching of mesotrione may contaminate the deeper layers of soil and groundwater even and consequently the surface water, if rains after herbicide application.



Rouchaud et al. [6] reported that mesotrione was leached in a uniform distribution in sandy soil and displayed similar concentrations in all 2 cm layers, up to a depth of 10 cm and that a low amount of mesotrione (6–10 µg kg−1 dry soil) reached a depth of 10–15 cm fastest in clay and sandy texture soils compared with loam soil and sandy loam.



Leaching of mesotrione was similar in BR5 and BR6 soil samples, where it remaining concentrated in the surface layer (0–5 cm) with quantities of approximately 55% and 44%, respectively (Figure 1e and Figure 1f, respectively) but increased with the depth of the soil so that decreased amount of mesotrione and only traces of herbicide (<0.22%) reached the deepest layers (20–30 cm).



The leaching of herbicides in the soil surface layer (to a depth of 20 cm) is of fundamental importance in agronomic practices, as this is the layer that contains the weed seeds with germination potential, so the chemical control would be more effective.




3.3. Leachate Mesotrione Alone and in a Mixture


In BR2 and BR3 soil samples, the mesotrione was quantified in the leachate at all sampling times as 87.41% and 81.40%, respectively, of the initially applied mesotrione preparation alone (Figure 2a). This fact corroborates the small amount of mesotrione found at different depths in the BR2 and BR3 samples, which is justified by the texture (sand and loamy sand, respectively) and pH (7.7 and 7.3, respectively) of these soils (Table 1). In the same soils, the mesotrione preparation with S-metolachlor and terbuthylazine displayed a total of 85.69% and 80.56%, respectively, at every sampling time, demonstrating that the combination of chemicals does not influence the leaching of mesotrione (Figure 2b). Marín-Benito et al. [19] also detected and quantified, only 19 days after application, mesotrione alone in leachate at 1 m depth in lysimeters containing clay loam soil, with 32.3 to 43.8% CM, 1.38 to 0.24% OC and 6.68 to 07.87 pH in an irrigated maize monoculture system in Toulouse (France).


Figure 2. Percentage of leached 14C-mesotrione applied alone (a) and in mixture with S-metolachlor plus terbuthylazine (b) in glass columns (0–30 cm) packed with tropical soils, represented by BR1, BR2, BR3, BR4, BR5, BR6 and BR7 with simulation 200 mm of water and collected at 12, 18, 24, 30, 36, 42 and 48 h after application. The vertical bars associated with each column represent the standard deviation (±SD) of each mean value (n = 3). ** p < 0.01 by the F test.
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In other soils, in both mesotrione preparations, the value of herbicide found in the leachate was minimal (<1.45%) and showed similar behavior (Figure 2a,b). However, higher concentrations of mesotrione in these soils were reported at different depths, as described above. According to Rouchaud et al. [6], the mesotrione mainly remains in the topsoil (0–10 cm). This low mobility and penetration depth, in conjunction with mesotrione degradation in soil, explains why there is no movement of the mesotrione to the deeper soil layers.



In BR2 soil, the maximum amount of mesotrione found in the leachate was 48.97% and 46.81% 36.3 h after application of the herbicide alone and in mixture with S-metolachlor and terbuthylazine, respectively (Figure 2a and Figure 2b, respectively). In BR3, the maximum amount of mesotrione found in the leachate was 28.61% and 29.05% 35.0 h after application of the herbicide alone and in mixture, respectively (Figure 2a and Figure 2b, respectively). Given the above, we understand that the type of mesotrione application did not interfere in the behavior in the leachate.



Therefore, depending on the type of cultivatable soil with corn, the mesotrione can be easily leached and cause environmental damage as a result of its mobility in the soil profile. Alferness and Wiebe [7] detected the presence of mesotrione and two metabolites (4-methylsulfonyl-2-nitrobenzoic acid-MNBA and 2-amino-4-methylsulphonylbenzoic acid-AMBA) in groundwater, surface seawater and rivers.





4. Conclusions


The application type of mesotrione alone and in a mixture with S-metolachlor and terbuthylazine does not influence the leaching of this herbicide. Leaching of mesotrione ranged from low (up 15 cm) to very high (up 30 cm and leachate) in the evaluated tropical soils and thus can present potential groundwater contamination risks and therefore surface water in areas producing corn. Thus, mesotrione application without the prior knowledge of the soil physical and chemical properties can result in inefficient weed control on field condition due to high leaching potentials.
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