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Quantity and quality of dispersed fine particles after low-energy water-dispersible soil test: impact of the initial soil matrix potential
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Transfer of <2 µm soil particles is a key process in the dispersion of pollutants and the textural differentiation of soil. Dispersion tests involving low-energy water-dispersible clay (LEWDC) are commonly used to indicate the stock of particles <2 µm that can be mobilized. However, notable differences in LEWDC protocols exist. We discuss the impact of the initial soil matrix potential on the dispersion sensitivity of <2 µm particles and the nature (mineralogy and particle size) of the dispersed particles. The dispersion sensitivity was more differentiated among soils with a high initial water content, which allows better soil discrimination. The nature of dispersed <2 µm particles was closer to that of the bulk <2 µm soil when moist initial conditions are considered, whereas enrichment in coarse clay minerals (with a particle size mode around 2 µm) was observed with dry initial conditions. Performing the LEWDC test under both moist and dry initial conditions can be used to interpret soil functioning.

Introduction

Transfer of <2 µm soil particles is a key process in the dispersion of pollutants, as the fine particles act as vectors for many pollutants [START_REF] Mccarthy | Subsurface transport of contaminants: Binding to mobile and immobile phases in groundwater aquifers[END_REF], and in the textural differentiation of soil (Pedro et al., 1978). However, depending on the nature of the particles various types of contaminants could be adsorbed and transported, as previously demonstrated for radionuclides, metals, pesticides, and bacteria (e.g., [START_REF] Mccarthy | Lanthanide field tracers demonstrate enhanced transport of transuranic radionuclides by natural organic matter[END_REF][START_REF] Karathanasis | Subsurface migration of copper and zinc mediated by soil colloids[END_REF][START_REF] Gouy | Influence of adsorptiondesorption phenomena on pesticide run-off from soil using simulated rainfall[END_REF]Ryan et al., 1999, respectively). In addition, textural differentiation of soil is considered to result from a preferential transport of either smectites (e.g., [START_REF] Worrall | A study of suspended and colloidal matter in the leachate from lysimeters and its role in pesticide transport[END_REF] or other mineralogical clays [START_REF] Cornu | Experimental approach of lessivage: Quantification and mechanisms[END_REF]. Thus, determining the nature of dispersed particles is the first step in assessing the environmental impacts in such systems.

In parallel, laboratory dispersion tests have been developed to estimate soil aggregate stability or soil erodibility [START_REF] Brubaker | Estimating the water-dispersible clay content of soils[END_REF][START_REF] Emerson | A classification of soil aggregates based on their coherence in water[END_REF][START_REF] Bissonnais | Aggregate stability and assessment of soil crustability and erodibility: I. Theory and methodology[END_REF][START_REF] Pojasok | Assessment of a combination of wet sieving and turbidimetry to characterize the structural stability of moist aggregates[END_REF][START_REF] Yoder | A direct method of aggregate analysis of soils and a study of the physical nature of erosion losses[END_REF]. A large variety of dispersion protocols exist and have been extensively reviewed by [START_REF] Amézketa | Soil aggregate stability: A review[END_REF]. These tests were also used as indicators of the stock of <2 µm particles that can be mobilized from a given soil, as suggested by [START_REF] Kjaergaard | Water-dispersible colloids: Effects of measurement method, clay content, initial soil matric potential, and wetting rate[END_REF] or, [START_REF] Dexter | Clay dispersion from soil as a function of antecedent water potential[END_REF] and could thus also be used to determine the nature of the mobilized particles, i.e., their mineralogy and size. However, these dispersion tests have never been used for the latter determination to our knowledge. [START_REF] Kjaergaard | Water-dispersible colloids: Effects of measurement method, clay content, initial soil matric potential, and wetting rate[END_REF] showed that the use of lowenergy during the dispersion phase better represents the stock of particles less than 2 µm that can be dispersed compared to the protocol based on a classical high mechanical energy. These authors proposed a "low-energy water-dispersible clay" (LEWDC) protocol that may mimic in situ particle mobilization from the upper soil horizon. [START_REF] Dexter | Clay dispersion from soil as a function of antecedent water potential[END_REF] confirmed the importance of the initial matrix potential on the result of this test and underscored the benefit of using two initial matrix potentials: a low potential pF 2.5 to mimic soil conditions at the end of a humid period and a high potential pF 6 [-100000 kPa] to mimic the dry topsoil at the surface.

In that context, our objective was to identify the nature of the particles released by a low-energy dispersion test considered as a proxy for clay transfer in soils and to determine if the initial matrix potentials of the soil act on the nature (mineralogical composition and size distribution) of the dispersed particles. For that purpose, we propose here a LEWDC adapted to address this objective.

Materials and Methods

Studied soils and total soil analysis

Seven arable soils were sampled from the A-horizon for 6 of them (Villamblain, Boigneville A, Boigneville B, Brosse, Cercottes, Mont-près-Chambord, and Faux-Perche) and from the Ehorizon (Brosse) for the latter. Boigneville A and B were two plots of the same soil that experienced different agricultural practices, resulting in a higher organic carbon (OC) content in Boigneville B. According to the USDA texture classification, most soils had a silty loam texture ranging from silty clay loam and silt loam, except for Cercottes and Mont-près-Chambord, which had sandy loam and sandy clay textures, respectively (Table 1). These soils were chosen to represent a large span of content of <2 µm particles (from 12 to 37%) and organic carbon content (0.3 to 3%) with a focus on loamy soils that are considered as the most sensitive soils to clay transfer (Pedro et al., 1978). Their cation exchange capacity (CEC) ranged from 77 to 309 mmol + kg -1 , and their pH ranged from 5.4 to 8.3. More than 80% of their CEC was due to Ca 2+ and less than 2.5% to Na + . For each soil, large undisturbed soil blocks were cut off the soil, along a pit, with a knife and stored in box (30cm x 20cm x 15cm) at 4 °C before LEWDC test. Depth of sampling was 0-10 cm, except for the Brosse site where sampling took place between 35 and 45 cm depth.

Particle size distribution was determined on the whole soil according to the normalized protocol NF X 31-107 (by sieving and the Robinson pipette method); water pH, according to the normalized protocol NF ISO 10390; CEC and exchangeable cations, using the cobaltihexamine chloride method according to the normalized protocols NF ISO 23470 and NFX 31-130, respectively; and OC, according to the normalized protocol NF ISO 10694 with combustion at 1000°C.

Dispersion test protocol

LEWDC protocol consists of 3 steps which vary among authors. We built up our own protocol based on the most used settings.

• Pretreatment: The soil samples were equilibrated at a given matrix potential to control their water content. Two pretreatments were chosen: "pF 2.5" to obtain soil samples close to field capacity and "pF 6" [-100000 kPa] to obtain soil samples with a water content close to that of the soil surface during summer. The whole undisturbed soil samples were manually split into centimeter-size clods, saturated by capillarity on foam for 24 hours, and placed in a Richards apparatus [START_REF] Richards | Sample retainers for measuring water retention by soil[END_REF] for 7 days for equilibration at a water potential for pF 2.5 . For pF 6 [-100000 kPa], the disturbed soil samples were oven dried at 35 °C for 5 days.

• Wetting: Two approaches exist in the literature, either immediate immersion after pretreatment [START_REF] Emerson | A classification of soil aggregates based on their coherence in water[END_REF][START_REF] Bissonnais | Aggregate stability and assessment of soil crustability and erodibility: I. Theory and methodology[END_REF][START_REF] Seta | Water dispersible colloids and factors influencing their dispersibility from soil aggregates[END_REF][START_REF] Dexter | Clay dispersion from soil as a function of antecedent water potential[END_REF][START_REF] Vendelboe | Colloid release from differently managed loess soil[END_REF] or slow resaturation [START_REF] Kjaergaard | Water-dispersible colloids: Effects of measurement method, clay content, initial soil matric potential, and wetting rate[END_REF]. This last pretreatment being less common we chose an immediate immersion after pretreatment: the clods were placed in a glass bottle with osmosed water at a soil:water ratio of 1:8 (ratio classically used in the literature).

• Dispersion: For low energy dispersion the most classical approach consists in a ten fold manual inversion [START_REF] Kjaergaard | Water-dispersible colloids: Effects of measurement method, clay content, initial soil matric potential, and wetting rate[END_REF][START_REF] Vendelboe | Colloids and phosphorus leaching from undisturbed soil cores sampled along a natural clay gradient[END_REF]. In this study the soil suspension in the glass bottle was manually inverted 10 times, over 1 minute. Then, the suspension was allowed to settle for 6 hours and 14 minutes for collection of <2 µm particle according to Stokes law, the upper 8cm were then collected.

Analysis of dispersed <2 µm particles

The particle concentrations of the LEWDC suspensions were measured by turbidimetry (Hach model 2100AN, Hach Compagny, Loveland, CO) after calibration. The uncertainty of the measurements was estimated at 5%. Particle size was analyzed by a laser particle sizer (Malvern S) after further dispersion by NaPO 3 addition. The mineralogical composition of the <2 µm particles was determined by X-ray diffraction (XRD; Bruker-AXS, D8 Advance) on oriented slides by deposition of 1 mL of a 7.5 g L -1 suspension that was air dry; samples were analyzed after the application of two treatments, following the methodology of [START_REF] Robert | Méthode de préparation des argiles des sols pour des études minéralogiques[END_REF]: air drying and ethylene glycol (EG) solvation.

The particle size and mineralogy were measured for (1) the <2 µm fraction of the bulk soils obtained by the Robison's pipette method and (2) the <2 µm fraction obtained after the LEWDC tests at the two initial matrix potentials. The nature of the dispersed particles at the Mont-près-Chambord and Cercottes sites was not analyzed due to limited sample quantities.

Data treatment: statistical analysis

For each LEWDC test replicates were performed. Results were presented with mean and standard deviation except for XRD (all replicates presented).

For each site, an ANOVA at the 5% confidence level (Fisher pair-wise mean comparison method) was used to assess the effects of soil properties and initial matrix potential on the amount of LEWDC dispersed particles.

Results

Quantity of dispersed particles at different initial soil matrix potentials

The quantity of LEWDC dispersed particles was significantly higher at pF 2.5 [-30 kPa] than at pF 6 [-1000000 kPa] in all the tested soils except for Mont-près-Chambord (Fisher's test at the 95% confidence level considering the two initial matrix potential together-Figure 1). The greatest variation between the pF 6 [-1000000 kPa] and pF 2.5 [-30 kPa] pretreatments was observed for Brosse. The difference in particle dispersion among the sites was greater at pF 2.5 [-30 kPa], ranging from 37.2 g.kg -1 to 5.7 g.kg -1 , than at pF 6 [-1000000 kPa], ranging from 5.8 g.kg -1 to 1.4 g.kg -1 .

While comparing the quantity of particles LEWDC-dispersed by the different studied soils, i.e. their sensitivity to dispersion, the soils did not follow the same sensitivity sequence for the two initial matrix potential i.e., pF 6 [-1000000 kPa] and pF 2.5 [-30 kPa] (Fisher's test at the 95% confidence level). Nevertheless, for both pretreatments, the site most sensitive to dispersion was Brosse (Supplementary file, S1). Thus, the quantity of dispersed particles at a given matrix potential is not proportional to that at the other matrix potentials.

Nature of the LEWDC dispersed <2 µm particles

The nature of the LEWDC particles, defined by their mineralogical composition and particle size distribution, was compared at the two initial matrix potentials and with the nature of the total <2 µm fraction of the soils for the five following sites: Brosse, Villamblain, Boigneville A, Boigneville B and Faux-Perche.

Mineralogical composition

The LEWDC dispersed <2 µm particles were richer in quartz at pF6 [-1000000 kPa] than at pF 2.5 [-30 kPa] and at pF 2.5 [-30 kPa] than in the total <2 µm soil fraction. Concerning clay minerals, three patterns were observed. For Brosse, the LEWDC dispersed <2 µm particles were poorer in smectite than was the total <2 µm fraction (Figure 2 a and b). This deficit was greater for the pretreatment at pF 6 [-1000000 kPa] than for that at pF 2.5 [-30 kPa]. For Boigneville A and B and Villamblain, the mineralogical composition of the LEWDC dispersed <2 µm particles at pF 2.5 [-30 kPa] was not different from that of the total <2 µm fraction; however, the LEWDC dispersed <2 µm particles were deficient in smectite relative to the total <2 µm fraction at pF 6 [-1000000 kPa] (Figure 2c and d-only Boigneville A is presented). For Faux-Perche, the LEWDC dispersed <2 µm particles had the same mineralogical composition as the total <2 µm fraction of the soil, irrespective of the initial matrix potentials (Figure 2e andf).

Particle size distribution

The particle size distribution of the total <2 µm fraction was bimodal for Brosse, Boigneville A and Villamblain, with two modes of similar proportion at approximately 0.2 µm and 2 µm (Figure 3a, c, ande). The mode at approximately 0.2 µm is related to the presence of smectite, while the second mode is due to either larger clay minerals (illite, kaolinite, chlorite, quartz, and feldspars) or microaggregates of smectites, as shown by [START_REF] Hubert | Unraveling complex <2 µm clay mineralogy from soils using X-ray diffraction profile modeling on particle-size subfractions: Implications for soil pedogenesis and reactivity[END_REF].

For Faux-Perche, the particle size distribution of the <2 µm fraction exhibited a unique mode at approximately 2 µm (Figure 3b), which is consistent with the absence of smectite in this soil (Figure 2e andf). For Boigneville B, the particle size distribution of the <2 µm fraction also exhibited a main mode at approximately 2 µm but with a slight shouldering at approximately 0.53 µm (Figure 3d). The absence of a 0.2 µm mode in the particle size distribution may have been due to the presence of microaggregates of smectite stabilized by organic bonds. This is consistent with the higher OC content in Boigneville B than in Boigneville A (Table 1).

While comparing the particle size distribution of the LEWDC dispersed <2 µm particles to that of the total <2 µm fraction of the soils, four patterns were observed. For Brosse, the LEWDC dispersed <2 µm particles presented a bimodal particle size distribution comparable to that of the total <2 µm fraction but with slight shifts in the positions of the modes and their proportions (Figure 3a). After the LEWDC test, the proportion of fine particles decreased, while the proportion of coarse particles increased, especially at pF 6 [-1000000 kPa].

Regarding Boigneville A and Villamblain, the LEWDC dispersed <2 µm particles pretreated at pF 2.5 [-30 kPa] exhibited a bimodal distribution with a smaller fine particle mode (and larger coarse mode) than that of the total <2 µm fraction, while the LEWDC particles pretreated at pF 6 [-1000000 kPa] had a monomodal distribution centered at the same position as the coarse mode of the total <2 µm fraction (Figure 3c ande).

Concerning Faux-Perche, the LEWDC dispersed <2 µm particles had a monomodal particle size distribution similar to that of the total <2 µm fraction of the soil but with a slight increase in the mode at pF 6 [-1000000 kPa] (Figure 3b).

For Boigneville B, the LEWDC dispersed <2 µm particles exhibited a monomodal distribution comparable to that of the total <2 µm fraction but with a smaller shouldering at pF 2.5 .

At pF 6 [-1000000 kPa], this shouldering disappeared, and the mode was shifted toward coarser particles, with a large proportion of particles >2µm probably due to aggregation processes after sampling (Figure 3d).

As smectites are the finest clay mineral particles, the decrease in the 0.2 µm mode corresponds to the decrease in smectites observed in the XRD data, while the increase in the 2 µm mode corresponds to an increase in other clay minerals, e.g., feldspars and quartz.

Discussion/Conclusion

Our results demonstrated that the amount of LEWDC dispersed <2 µm particles vary strongly with the initial matrix potential of the sample, and this variation differs in amplitude from one soil to another. As emphasized by Amézketa in 1999, we also support the need for protocol standardization. The air-drying pretreatment is probably easier to standardize; nevertheless, the sensitivity of soils to particle dispersion by the LEWDC test was more pronounced at pF 2.5 [-30 kPa], as observed by [START_REF] Dexter | Clay dispersion from soil as a function of antecedent water potential[END_REF]. Therefore, to determine the sensitivity of different soils to particle dispersion, we recommend a controlled, moist initial condition equal to pF 2.5 .

We showed that the nature (mineralogical composition and particle size distribution) of dispersed <2 µm particles is not similar to that of the total <2 µm fraction and is a function of the initial matrix potential. The nature of the dispersed <2 µm particles was generally more similar to that of the total <2 µm fraction at pF 2.5 than at pF 6 [-1000000 kPa] and always accompanied by a slight enrichment in coarser minerals. Depending on the soil type, this particle segregation is more or less pronounced. Therefore, we propose applying the LEWDC test at two contrasting initial matrix potentials with a systematic determination of the nature of the dispersed <2 µm particles in order to interpret the results in terms of soil processes such as soil textural differentiation or soil contamination via particle transfer. 
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Figure 1: Concentrations of dispersed 0-2 µm particles for the different studied soils for the two pretreatments. Circles correspond to the pF 2.5 pretreatment, and squares to the pF 6 pretreatment. Letters correspond to a Fisher's mean comparison test performed for all the samples with the two pretreatments at the 95 % confidence level. For each site, we present the total 0-2 µm fraction of the soil (black) and the 0-2 µm fraction extracted in the LEWDC tests at pF 6 (red) and pF 2.5 (blue). Multiple curves of the same color represent replicates. For each site, the total 0-2 µm fraction (black) and the 0-2 µm particles dispersed in the LEWDC test at pF 6 (red) and pF 2.5 (blue) are reported.
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 2 Figure 2: XRD patterns of the 0-2 µm fractions of some of the studied soils: a and b-Brosse, c and d-Boigneville A, and e and f-Faux Perche. a, c and e-air dry treatment; b, d and f-EG solvation.For each site, we present the total 0-2 µm fraction of the soil (black) and the 0-2 µm fraction extracted in the LEWDC tests at pF 6 (red) and pF 2.5 (blue). Multiple curves of the same color represent replicates.
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 3 Figure 3: Particle size distribution of the 0-2 µm fractions of the studied soils: a) Brosse, b) Faux Perche, c) Boigneville A, d) Boigneville B and e) Villamblain.For each site, the total 0-2 µm fraction (black) and the 0-2 µm particles dispersed in the LEWDC test at pF 6 (red) and pF 2.5 (blue) are reported.
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Table 1 :

 1 Pedological characteristics of the total soils.

	Site		Particle size (g.kg -1 )	OC	pHH2O	CEC	Ca 2+ Mg 2+	K +	Na +
		0-2	2-50	50-2000	(g.kg -1 )				(mmol + /kg)	
			µm								
	Brosse	307	587	106	3.5	6.2	178	155 11	0	4
	Villamblain	328	648	24	14.6	7.8	210	186	8.6	5.9	0.6
	Boigneville A	295	633	72	12.1	6.9	147	134	6.9	4.3	0.4
	Boigneville B	247	657	96	30	5.4	142	116	7.1	8.8	0.5
	Faux Perche	125	825	50	11.1	7.9	77	95	4.4	4.3	0.2
	Cercottes	197	143	660	12.7	8.2	140	140	4.6	11.9	0.19
	Mont-près-Chambord	366	158	476	14.3	8.3	309	278 15.6	10.2	0.4

OC: organic carbon, CEC: cation exchange capacity

Acknowledgments

This work was performed in the frame of the French ANR Blanc-AGRIPED project (ANR-10-Blanc 605) and of a PhD grant funded by the Région Centre and INRA-EA. The authors thank