Nicolas Perdrial 
email: perdrial@illite.u-strasbg.fr
  
Nicole Liewig 
email: nicole.liewig@c-strasbourg.fr
  
New technique for in situ sampling of particulate matter and colloids in soil and atmospheric fallout
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This note describes a new technique for in situ sampling of fine particulate matter (PM) including colloids in natural environments. The technique is based on a microlysimeter which is easy to move between field and laboratory and can be routinely used for in situ monitoring. The design of the device aims at limiting bias and artefacts encountered with current sampling methods based on successive field collection of liquid samples, transport, storage and filtration in the laboratory. Samples are directly collected on transmission electron microscopy (TEM) grids, thus totally eliminating the modifications classically due to handling of samples from collection to analysis. Detailed physical and chemical microscopic studies of individual particles can then be performed in order to fully characterize PM in natural media such as soil solutions, atmospheric fallout, rainfall and any aquatic system. This technique can be applied in a number of research fields, such as the characterization and determination of pollution vectors, the tracing of sources of emissions, or investigations on particle interactions.

Introduction

In the last 20 years, the role of particulate matter (PM) including colloids in pollutant transfer has gained increasing attention in soil and groundwater studies [START_REF] Mcdowell-Boyer | Particle transport through porous media[END_REF][START_REF] Mccarthy | Subsurface transport of contaminants; mobile colloids in the subsurface environments may alter the transport of contaminants[END_REF][START_REF] Crossan | Assessment of the distribution of pesticides on soil particle fractions in simulated irrigation run-off using centrifugal SPLITT fractionation and ELISA[END_REF][START_REF] Mcgechan | Transport of particulate and colloid-sorbed contaminants through soil. Part I: General principles[END_REF][START_REF] Citeau | Investigation of physico-chemical features of soil colloidal suspensions[END_REF]. It has been shown that both the abundance of PM and the nature of contaminants have a strong influence on pollution transfer and transport in porous media [START_REF] Roy | Chemical factors influencing colloid-facilitated transport of contaminants in porous media[END_REF][START_REF] Mccarthy | Colloid transport in the subsurface: past, present and future challenges[END_REF]. In 1986, McDowell-Boyer et al. [START_REF] Mcdowell-Boyer | Particle transport through porous media[END_REF] deplored the fact that most studies on natural systems had been carried out without paying attention to particulate components and advocated looking into the fundamental phenomena and mechanisms involved. Some of the processes controlling PM transfer were individually and independently explored, but a great majority of the studies performed during the last two decades did not involve natural systems. Because of their complexity and of sampling difficulties, it is impossible to investigate the whole range of matter and processes involved. Chen and Buffle [START_REF] Chen | Physicochemical and microbial preservation of colloid characteristics of natural water samples I: experimental conditions[END_REF] have pointed out the importance of the physical and chemical characterization of colloids and the challenge in sampling without drastically altering the nature and properties of colloidal material.

Numerous sampling devices already exist for sampling PM in the soil system. These devices, consisting in sampling soil water prior to filtration for PM study, can be separated in two types: tension lysimeters and zero-tension lysimeters. Tension lysimeters are: (i) tension plate lysimeters developed in the 1960s [9, cited in 10], consisting on applying a negative tension onto the plate to create a permanent drainage of water, and (ii) porous cup used since the 1940s [START_REF] Wallihan | An improvement in lysimeter design[END_REF] consisting on applying a suction force to aspire soil water. Those sampling devices avoid air-water interface but it seems that sampling of PM by filtration of previously pumped groundwater can introduce artefacts due to high pumping rates or alteration in chemical and physical properties [START_REF] Puls | Acquisition of representative ground water quality samples for metals[END_REF][START_REF] Domange | Effect of ceramic cups ageing on the capacity to assess pesticide concentration[END_REF]. Zero-tension lysimeters are of four types: (i) lysimeters sensus stricto [14, cited in 15]; (ii) plate lysimeters [16, cited in 17]; (iii) gutter lysimeters [START_REF] Boerner | An inexpensive, tension-free lysimeter for use in sandy soils[END_REF][START_REF] Haines | Soil solution nutrient concentrations sampled with tension and zero-tension lysimeters: report of discrepancies[END_REF], and (iv) wicks lysimeters [START_REF] Brown | Development of a capillary wick unsaturated zonepore water sampler[END_REF]. These devices are all based on the same principle: sampling gravitational water. However, the validity of information given by such devices has been often discussed and it is today accepted that: (i) a soil-air interface is artificially created into the soil [START_REF] Cole | Tension lysimeter studies of ion and moisture movement in glacial till and coral atoll soils[END_REF][START_REF] Giesler | Comparison of soil solution chemistry assessment using zero-tension lysimeters or centrifugation[END_REF][START_REF] Richards | Observations on moisture conditions in lysimeters: II[END_REF][START_REF] Colman | A laboratory study of lysimeter drainage under controlled soil moisture tension[END_REF], and (ii) a contamination from vessels, or coagulation and microbial changes during storage is possible [START_REF] Chen | Physicochemical and microbial preservation of colloid characteristics of natural water samples I: experimental conditions[END_REF]. Moreover, none of these devices have been designed to sample directly PM and colloids for individual particle investigation.

Based on the recent review paper of McCarthy and McKay [START_REF] Mccarthy | Colloid transport in the subsurface: past, present and future challenges[END_REF], it appears that the sampling of colloids/PM in the vadose zone as well as in saturated groundwater is a key challenge that needs to be addressed properly. Moreover, characterizing the atmospheric input of PM on soil surface is of prime interest in PM studies [START_REF] Pósfai | Aerosol bacteria over the Southern Ocean during ACE-1[END_REF][START_REF] Ndzangou | Anthropogenic Pb accumulation in forest soils from Lake Clair watershed: Duchesnay experimental forest (Québec, Canada)[END_REF]. It is therefore important to develop techniques that enable the characterization of individual PM present in atmospheric deposits and in gravitational water in a state as close as possible to natural conditions.

We propose here a new sampling method minimizing disturbances to the nature and organisation of the PM fraction in order to better investigate the characteristics and/or evolution of such material by analytical transmission or scanning electron microscopy (TEM, SEM).

Sampling device

Basic principle of the device

The basic principle of the field device consists in real time filtration of percolating water by lysimetry. The microlysimeter used for that purpose is a filtration box filled with inert sand and placed in contact with the soil at the desired sampling depth. The particle collector consists in TEM grids inserted in the sand bed and intercepting the PM by simple gravitational deposition.

The vertical flow of infiltrating water is isolated from lateral flow by confining the soil column in a PVC tube. A stopper fit to the bottom of the tube and drilled with holes allows the drainage of the soil solution. The microlysimeters can be replaced regularly for periodic monitoring. An adapted handling device allows lifting and dropping the tube with no further perturbation of the soil column confined inside the tube.

Microlysimeter

The essential part of the device is the microlysimeter (Fig. 1a). The container is a two stage Millipore © filtration cell for fluid analyses with a 4.5 cm internal diameter. In order to facilitate the inflow of water, the cover and the bottom of the box are drilled with holes. At the lower stage of the box a rigid I-Vyon ® filter is placed under a plastic basket containing carbon coated Cu and Ti TEM grids. This Vyon-type filter with a pore size of 80 m constitutes a support for the whole device. Grids are embedded in pure inert silica sand (diameter: 100-200 m). A cellulose nitrate filtration membrane is mounted over the sand bed and clamped between the two stages of the filtration cell. The membrane is covered with sand so as to fill completely the upper stage of the cell topped with a nylon filter (pore size: 100 m). This assembly is functioning as a lysimeter. The soil solution collected at the upper stage of the cell is filtered through the cellulose membrane (i.e., at 5 m), which allows the collection on the underlying grids of all the size fractions of PM from nanoparticles to the size of the porosity of the selected membrane. We recommend a rather large porosity of the membrane to keep it free of clogging and avoid the bias due to the interaction of PM with the pore edges that may occur with too small pore diameters. The design of the device is avoiding any air interface with a continuum of porosity due to the sand filling. The nylon filter has a rather large porosity (100 m), assumed to be close to the soil porosity and then let any PM and colloids reach the cellulose membrane, which is the truly restricting size filter. However, depending on the sampled environment and sampled objects, any other filter porosity can be adapted to the device. The use of a cellulose nitrate membrane as described below allows micro-biological analysis of the filter and SEM observation.

Field device

The field device (Fig. 1b) is based on PVC tubes driven vertically into the soil. The PVC tubes have an internal diameter of 12.7 cm and their length is adapted to the soil depth selected for a given study. This device may be used either to study a complete soil column, or various depths selected according to specific study criteria such as differentiated soil horizons, mod- ifications in porosity, or biological zonings. It is recommended to let the field device settle for a period to allow the sealing of cracks generated during the introduction of the tube in the soil. After the settling period, the tube is pulled out, the bottom stopper is removed, the particle collector is placed at the bottom of the soil column and the tube dropped back in place. To remove the particle collector and replace it with another one for monitoring purposes, the protocol is exactly the same.

In addition to the set of PVC tubes equipped with microlysimeters, a 500 mL filtration box is used at the surface of the soil, based on the same filtration principle than the particle collector device fitted to the soil columns. The filtration box is designed to filter rainwater and collect the atmospheric inputs.

According to the sampling intervals, the particle collector is recovered and dismantled in the laboratory under a glove box to avoid dust and bacterial contamination. Grids are washed with 20 L of purified and sterilized water to eliminate excess soil solution and avoid precipitation of dissolved matter. Observation of aggregates and organic particles proves that this washing is not affecting the particles integrity; however, the loss of a small amount of particles is possible. Then the grids are air dried prior to analysis in the microscope.

Discussion

As the device placed directly inside the soil is of very small size (a few centimeters), its effect on the hydrologic properties is equivalent to that of a small pebble, and as the TEM grid is 3 mm in diameter its effect is equivalent to that of a large sand grain. This does not significantly modify the drainage, the pH, or the temperature of the soil solution near the device. The grid can be considered as similar to an inert soil component or pore wall on which PM are collected by simple deposition. The TEM grids loaded with PM allow: (i) performing all analytical TEM techniques such as microanalysis (EDS), high resolution images (HRTEM), microdiffraction (SAED), providing chemical composition and physical characterization, as well as permitting image analysis for size distribution or shape studies (Fig. 2); (ii) performing additional observations by scanning electron microscopy such as SEM or ESEM investigations on grids or on filters; (iii) storing them in a dry state for months/years without altering particle characteristics.

The examination of sampling grids with TEM shows the presence of different types of colloidal PM and their assemblages in the field conditions. Samples from soil solutions and atmospheric fallout are representative of both mineral and biological components that are known to exist as PM in natural environments [START_REF] Mccarthy | Colloid transport in the subsurface: past, present and future challenges[END_REF][START_REF] Wagner | Use of porous ceramic cups to sample soil water within the profile[END_REF]. Moreover, it appears clearly that naturally occurring aggregates remain undisturbed by applying this technique (Fig. 3). Such aggregates are usually not studied in natural environments because of disaggregation caused by the tension applied during sampling and/or centrifugation of water to concentrate PM. Whereas aggregation processes, investigated in laboratory experiments, had been recently shown to be an important mechanism of PM and colloid-facilitated transport in soils [START_REF] Aurell | Coagulation of kaolinite colloids in high carbonate strength water[END_REF][START_REF] Alvarez-Puebla | Effect of pH on the aggregation of a gray humic acid in colloidal and solid state[END_REF][START_REF] Itami | Charge characteristics and related dispersion/flocculation behavior of soil colloids as the cause of turbidity[END_REF][START_REF] Majzik | Interaction between humic acid and montmorillonite in the presence of calcium ions II. Colloidal interactions: charge state, dispersing and/or aggregation of particles in suspension[END_REF].

One of the potential biases of the method is the installation of the field device. The field device is settled following the same protocol as conventional lysimeter settling. It has been shown that this settling is modifying the flow on the sidewall of the tube [START_REF] Corwin | Evaluation of a simple lysimeter-design modification to minimize sidewall flow[END_REF]. Since these authors highlighted the fact that the flow is not modified in the center of the tube; we assume that it is the same here. Moreover, we recommend to perform the first driving of the field device in a wet season and wait at least one month prior to sampling in order to let the soil heal up and eliminate possible discharge of PM due to the installation of the device. Another possible inconvenient is the difference in capillary pressure between the soil and the microlysimeter due to a difference of porosity. However, the diameter of the sand (100-200 m) is assumed to be inferior or similar to the soil porosity, then no barrier is created and the capillary force is normal or slightly positive. The size of the sand has to be selected according to the average porosity of the soil and a mixing of two or three different sand sizes is recommended in the upper part of the microlysimeter. A smaller diameter has to be selected for the lower part to create a slight positive capillary pressure and avoid a barrier due to the rather small porosity of the membrane.

Conclusion

To conclude, it appears that the design of this field device is a great step forward in the in situ monitoring and physicochemical characterization of individual PM from atmospheric input to soil solution. The sampling intervals are easy to adjust to the investigated subject, the device can be used indifferently for a short event (rain, storm), for a period of a week, for a month or a season. However, the tests performed with our device have shown that for soil nanoparticles a period of more than 2 to 3 months is not recommended because of problems such as clogging of the membrane as well as the overloading of PM on the grids.
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 1 Fig. 1. Description of the sampling device. (a) Assemblage of the microlysimeter. (b) Cross section of the field installation for sampling PM in soil infiltration water.

Fig. 2 .

 2 Fig. 2. Example of characterization of individual particles by analytical electron microscopy. (a) TEM micrograph of a cadmium-rich PM present in infiltration water of a tillage soil. Scale bar: 0.2 m. (b) Microdiffraction pattern of particle arrowed on (a). (c) Energy dispersive X-ray analysis of the particle arrowed on (a). C peak is due to the carbon coating of the grid and to the presence of organic matter. Cu peak is due to the copper grid.

Fig. 3 .

 3 Fig. 3. Examples of naturally occurring aggregates. (a) TEM micrographs of atmospheric PM. MO: organic matter; C: individual clay particle; B: bacteria associated with clays. (b) TEM micrograph of soil infiltrating water PM. Ox: metal oxide; B: bacteria associated with minerals; C: weathered clay. Scale bar: 1 m.
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