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Nuclear magnetic resonance (NMR) relaxometry, as a powerful tool for describing porous media and its hydration, has not been widely applicated in soil science. Although, soil study has been extremely expanded in recent decades, and been more and more connected to several controversial issues such as climate change, we still need more details about its properties such as soil structure, water uptake and redistribution as well as their interactions.

Since NMR relaxometry is a non-destructive method to a porous media structure, it should be more frequently applicated in this domain to reveal these secrets above. The main task is to understand how can we can determine a soil structure and its water content in non-invasive way, and test specific cells compatible with NMR apparatus. Then, we collected natural soils with the help of INRA's technical group. In addition, effect of biofilms on NMR properties were also tested separately because they may exist in soil samples.

II. BIBLIOGRAPHIC SYNTHESIS

Since the rise of petroleum industry, technologies of exploration and production have been continually innovated. The uses of NMR measurements have been successfully commercialized and gradually completed in the last thirty years [START_REF] Muhammad | 1H NMR spectroscopy and low-field relaxometry for predicting viscosity and API gravity of Brazilian crude oils -A comparative study[END_REF].

Magnetic Nuclear Spins

NMR is a phenomenon discovered in 1946, which occurs when certain atoms' nuclei that were already placed in a static magnetic field are exposed to a second oscillating one [START_REF] Haw | Nuclear Magnetic Resonance Spectroscopy[END_REF].

Depending on the nature of magnetic resonance, those nuclei, which can experience this phenomenon, always possess an odd number of protons or neutrons or both, e.g. the nucleus of hydrogen (H), carbon (C), and sodium (Na). For most of the natural nuclei, the nuclear magnetic signal caused by added magnetic fields is too weak to be detected by NMR measurement device. Fortunately, Hydrogen, as a main element and composed atom of water, produces a strong signal. It has only one proton, charged positively, with the particle property of angular momentum, also known as "spin". When there is no added magnetic field, the whole of hydrogen nuclei produces a zero magnetization (M=0). When an external magnetic field appears, noted B0, the directions of these angular momenta will try to parallel or anti parallel to the field B0. This process has been called magnetic nuclear spins polarization (Figure 1). At the end, they reach an "equilibrium state". Here, "M" represents the difference energy between the paralleled and anti-paralleled magnetic spins. 

Proton NMR relaxation

After completed polarization, a second oscillating magnetic field, noted B1, usually induced by a radio-frequency (RF) pulse, the entirety of magnetic nuclear spins is stimulated to an excitation state. Beginning when the moment of B1 is removed, the whole system gradually varies from high-energy state to equilibrium. During this process, the magnetization decreases exponentially with time, and the extra losing energy is emitted by releasing radio waves to surrounding and by giving energy to neighboring molecules. The process of releasing radio waves to surrounding and ending by returning to equilibrium state is called relaxation.

This relaxation process can be described by two time constants, T1 and T2. The magnetization M modified direction by the added magnetic field is a vector in space, which can be resolved into a longitudinal vector MZ associated with the constant T1 and a transversal vector MXY associated with the other constant T2. The longitudinal direction is identical with the magnetic field B0.

As the example of Figure 2 shows us, at the beginning of the B1 backout, the red vector along with the transverse direction ( 1), knowing B0 is longitudinal, the red vector recovers gradually to the direction of B0 under its force (( 2)-( 3)), and finally returns to equilibrium state (4). During this relaxation process, the energy goes only to the surrounding. And the relaxation time T1 is counted from the backout of field B1 until the longitudinal vector recovers 63% of MZ. The transverse vector MXY was restrained by B1, with it turned off, directions of spins tend to randomize on the transversal surface and MXY is loosed until equilibrium, in other words, the value of MXY reduces toward zero (Figure 3). The time of the duration required until declining to 37% of MXY is called relaxation time T2. The energy exchanges just among nuclei by dephasing of the precessing spins [START_REF] Bayer | Proton nuclear magnetic resonance (NMR) relaxometry in soil science applications[END_REF]. The values of T1 and T2 are barely equal. Generally, T1 is slightly or significantly longer than T2 or equal to T2, according to different viscosities of samples. For protons in solid materials, T1 is much bigger than T2.

Noticing that bulk water or free water relaxation processes are very slow, their T1 and T2 are roughly around 2 seconds. However, when these protons are confined and limited in mobility, the velocity of processes could be much more different. That is the situation of protons' T1 and T2 in porous media, the relaxations are usually controlled by interactions of solid-liquid contact surface in pore space. Based on this theory, the Proton NMR Relaxometry is developed for determining critical physical properties such as porosity, pore size distribution (PSD) of a porous system. Moreover, it is commonly used in geoscientific domain such as in material sciences and oil exploration [START_REF] Bayer | Proton nuclear magnetic resonance (NMR) relaxometry in soil science applications[END_REF].

Basically, there exist two limited regimes of relaxation in a porous system. Here is a fact, the surface interactions affect proton relaxation at the surface by the retention time of proton magnetic spins at the surface, we called this part surface relaxation whose T1 and T2 are determined by the surface-to-volume ratio and a surface relaxivity rate, as in Eq. ( 1). The relaxivity ρ can be significantly modified by paramagnetic impurities such as metal ions Mn 2+ , Fe 3+ . The surface-to-volume ratio can further be converted to a size assuming a shape ( α /dpore where α=1,2,3 for a sleet, cylinder or sphere) [START_REF] Fleury | NMR surface relaxivity determination using NMR apparent diffusion curves and BET measurements[END_REF].

(1) However, the above relationship holds only for the fast diffusion regime as detailed below. In the slow diffusion regime, the relaxation times also depend on the diffusion coefficient [START_REF] Godefroy | Surface nuclear magnetic relaxation and dynamics of water and oil in macroporous media 1[END_REF].

The measured relaxation time T2, as our main measured property in this internship, of a saturated porous medium can be divided into 3 parts, T2Bulk, T2Surface and T2Diffusion, and we can see the complete relationship in Eq. ( 2), the bulk relaxation is independent of the other two. The T2S and T2 are marked in red and blue boxes respectively. The dpore represents the pores diameter, with a hypothesis of spherical pores, and the shape factor is 6; D is the diffusion coefficient (at 20 °C D=2.025 µm 2 /ms). If ρdpore/4D << 1, the diffusion relaxation T2 can be ignored, at this moment surface-limited regime dominates; when ρdpore/4D >> 1, T2S can be ignored and the condition of diffusion-limited regime is reached.
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Depending on Eq. ( 2), we established a correlation curve to understand the variation tendency of T2 following the augmentation of pore diameter in condition of relaxivity ρ between 1 and 10 µm/s (Figure 4). When the pore size is smaller than 10 µm, the relationship with T2 is almost linear, until the dpore is large enough for T2 reaches a steady value when the diffusion-limited regime is reached. The threshold conditions are dpore >> 8.1 mm and dpore >> 0.81 mm for ρ=1 µm/s and ρ=10 µm/s respectively. Since macropores diameter is defined greater than 50 µm (J.J.H. van den Akker, 2005), it is still much less than the threshold, so the relaxation process in porous medium is controlled normally by surface-limited regime except for an extremely great value of relaxivity. The amplitude of transversal relaxation process follows an exponentially decreasing curve. Before measurement, the sample need to reach excitation state by using a 90° pulse, it can turn the magnetization laying at the transverse. The de-phasing begins at the removing of this pulse, if a 180° pulse is added to reverse the vector to initial phase just after τ milliseconds (ms), the re-phasing will be fulfilled after another τ ms, the signal is caught at this moment, the whole time 2τ ms is called a spin-echo or one echo time [START_REF] Petrov | T 2 distribution mapping profiles with phase-encode MRI[END_REF].

The disadvantage is that one single spin-echo is too quick to catch. Therefore, this process needs to be amplified.

During the measurement of relaxation time T 2 , a 1-D phase-encode sequence Carr-Purcell-Meiboom-Gill (CPMG) Pulse (Figure 5) is applied as the magnetic field B1, which is a sequence made up of a 90° pulse and a series of 180° pulse with a fixed interval time 2τ ms [START_REF] Petrov | T 2 distribution mapping profiles with phase-encode MRI[END_REF]. The signals are measured after every echo time. As an initial spectrum, Figure 6 shows us the amplitude of every echo decaying with time.

However, this curve is complicated to analyze.

With processing an integral method of software, the data is mapped to a T2 distribution image.

It can be considered the PSD of porous media sample as well. Here is an example in Figure 7 with two peaks, the corresponding values on the x-axis on logarithmic scale are two different relaxation time T2, which represents T2 of bulk water and T2 of protons confined in micropores. Furthermore, the area under the curve (AUC) is proportional to protons quantity, namely water content in porous medium. 2-D plots can visualize two sets of data in one spectrum, it facilitates the comparison of two parameters to track changes in date over time or show data distribution. Actually, it is the planar projection of 3-D plot. For instance, Diffusion-T2 plot (Figure 8) associates the distribution of relaxation time T2 on the x-axis with the diffusion coefficient distribution on the y-axis, it demonstrates the diffusion coefficient in different pore size, and the liquid texture in which the protons are confined [START_REF] Flaum | Fluid and Rock Characterization Using New NMR Diffusion-Editing Pulse Sequences and Two Dimensional Diffusivity-T2 Maps[END_REF]. 1-D vertical profile image can also be traced during NMR relaxation process, the example in Figure 9 tells us the variation of water content with the rise of depth, in other words, water content in every transection slice of sample. And the calculation of AUC here is the second way to determine the total water content of saturated porous medium.

Porous structure and water retention

Porous materials are omnipresent in our daily life, e.g. some kinds of rocks, plastics and glasses, but except for metals. Depending on the size of pore space, there are three sorts of pores like macropores (pore diameter > 50 µm), mesopores (pore diameter in the range of 2 µm to 50 µm) and micropores (pore diameter < 2 µm)(George Wypych, 2013; J.J.H. van den Akker, 2005). The pores usually contain some fluid, such as water, oil, air, etc., and are permeable to allow molecule exchange by a molecular diffusion mechanism (F.A.L. [START_REF] Dullien | INTRODUCTION. In Fluid Transport and Pore Structure (2nd Editio[END_REF].

Porous materials have an important function, especially those materials with micropores, that is capillarity. When the conditions of permeability and pressure difference are sufficient, liquid can be sucked up even in opposition to gravity because of liquid cohesion, also known as surface tension. Besides, the thermal insulating property is of importance for the use of porous media, for example, amounts of organisms in soil need a temperature-stable environment (F.A.L. [START_REF] Dullien | INTRODUCTION. In Fluid Transport and Pore Structure (2nd Editio[END_REF]. Soil is definitely a porous structure. Between the aggregates, there are the large voids (> 80µm), the macropores, which allow the air and the water circulation and provide habitat for plant roots and soil organisms; inside the aggregates are the micropores (< 80µm), from which allow the plants to absorb water [START_REF] Lal | Soil management for sustainability[END_REF]. The size, shape, porosity, granulometric composition of soil structure determine its moisture content, water retention capacity [START_REF] Pachepsky | Soil structure and pedotransfer functions[END_REF], thereby impacting the resistance of soil itself and its cultivated plants to drought weather [START_REF] Bronick | Soil structure and management: A review[END_REF].

As a property, soil moisture characteristic demonstrates the evolution of water content with its water retention potential ѰR, an important part of soil water potential which controls the water movement. This retention potential is made up with matric potential Ѱm and osmotic potential ѰO, the former is caused by capillary force of porous structure and adsorption force of soil solid constituents, the latter is formed by molecules hydration in solution [START_REF] Raoul | Chapitre 7-Phénomènes physiques-Conductivité hydraulique[END_REF]. The Eq. ( 4) shows the complete relation, in which, the ѰO can be ignored only when soil is highly drained, or soil solution is alkaline, due to the presence of Na + for example, or just after the addition of fertilizer, the Ѱad is normally neglected, because the soil moisture is sufficient to make capillary potential effective. The key part of this water retention potential is matric potential. It can be determined by the Eq. ( 4) in ideal conditions, the pressure ratio can be replaced by equivalent water height ratio. The soil hydration characteristic can use the Ѱm to construct the y-axis, as well as the surface height difference of water.

ѰR = Ѱm + ѰO = Ѱcap + Ѱad + ѰO (3) Ѱm = RT/M*ln(p/p0) (4)

Measurements of soil structure and hydration

The conventional methods of determining the soil porosity and soil moisture have to destroy the soil structure firstly. For instance, the water content is tested by calculating the lost weight after grinding, sifting and drying in the stove at 105°C. The porosity is measured with a mercury porosimeter by fractional distillation at normal temperature. Both are impossible to retain samples' structure, and therefore, they cannot be re-tested for the same experiment or be used afterward to further investigations. That will significantly influence the reliability of results and increase the experimental wastes. On the other hand, these conventional determinations are time-and effort-consuming [START_REF] Meyer | Determination of quantitative pore-size distribution of soils with 1 H NMR relaxometry[END_REF] The Proton NMR relaxometry, as a unique non-invasive and non-destructive method [START_REF] Jaeger | Evaluation of 1H NMR relaxometry for the assessment of pore-size distribution in soil samples[END_REF], can solve these problems above. However, because of possessing a huge complexity and heterogeneity, soils cannot be studied by copying the applications in geosciences [START_REF] Bayer | Proton nuclear magnetic resonance (NMR) relaxometry in soil science applications[END_REF], and the presence of soil organic matter amplify the difficulties (Schaumann, 2006a(Schaumann, , 2006b)). As a consequence, comparisons of PSD performance between Proton NMR relaxometry and conventional method have been made in recent years, the relaxation time distribution (RTD) of water saturated soil sample at low field can be properly converted into a quantitative PSD and that can almost adapted to the complete range of pores size [START_REF] Meyer | Determination of quantitative pore-size distribution of soils with 1 H NMR relaxometry[END_REF]. The device is a low magnetic field apparatus which is particularly well suited to characterizing the hydration of complex soils. However, in our experiment, several challenges are still to be solved, such as preserving soil structure during sampling, avoiding introducing paramagnetic impurities in experimental container, etc...

Effects of biofilms on NMR relaxation

The effects of microbial activities on soil properties cannot be ignored. Some kinds of soil microorganisms can generate special networks named extracellular polymeric substance (EPS) for attaching to surfaces, also called biofilms [START_REF] Sutherland | Biofilm exopolysaccharides: A strong and sticky framework[END_REF]. It can act like a bio-barrier to resist some kinds of contamination [START_REF] Cunningham | Subsurface biofilm barriers for the containment and remediation of contaminated groundwater[END_REF].

The presence of biofilms reducing the relaxation time T2 have been evoked in literature [START_REF] Bayer | Proton nuclear magnetic resonance (NMR) relaxometry in soil science applications[END_REF][START_REF] Kirkland | Biofilm Detection in a Model Well-Bore Environment Using Low-Field NMR[END_REF]; the reduction factors are variable based on different porous media. Nevertheless, the reduction mechanisms of biofilms on soil structure is still unknown.

III. MATERIAL AND METHODS

There are many details and parameters to be settled for tracking the processes of water retention and suction in soils. The evolution curves of RTD and profile were plotted. Besides, a program of detecting the presence and growth of biofilms by NMR in porous media was operated to confirm the acceleration effects on relaxation.

Equipment, container and accessory

The NMR equipment called Rock Core Analyzer (Magritek, Figure 10) allows us to do a fast measurement at a low vertical field of 2 MHz, the echo time could be sufficiently short, which means a very short T2 can be detected. The measurable ranges of sample are 6 cm of height and 54 mm of diameter with a normal probe (Figure 10), and the height can be improved to 10 cm by shifting to a longer probe. The apparatus is regulated at a temperature of 30 °C. Before measurement of sample, the Magritek needs to be calibrated with equipped ampoules. We also need to establish a reference file of a given volume of distilled water. The equipped software Prospa RCA allows us to process a set of automatic determinations with equal time interval.

The high sensitivity of Magritek device requires a diameter-calibrated container, we purchased two dozen glass tubes with a 52 mm external diameter and a 47 mm internal diameter and two Teflon end-pieces with antiskid rubber gaskets (Figure 10). Single hole of upper plug and double holes of lower plug allow to circulate air and water in atmospheric pressure. For optimal signal to noise ratio, the glass tubes should be filled with a sample of height 6 cm. A 2-bar high flow rate porous ceramic plate saturated with distilled water was inserted at the lower end-piece to allow drainage or suction of water into the soil sample (diameter 4.128 cm +/-0.160 cm, thickness 0.714 cm +0.079/-0.041 cm). All these objects are free of paramagnetic composition. The hydraulic conductivity of ceramic plate is measured by draining distilled water through it and calculated with Eq. ( 4), this value needs to be compared with the value given by the manufacturer. 

Porous media materials for trials

Figure 11 shows the selected porous media materials for adjusting the parameters of Magritek device and confirming the experiment methods. We started from two sizes of carbonate grains grinded and sifted into 1-125 µm of diameter and diameter greater than 70 µm (Figure 11(1), ( 2)), the stack of this carbonate material possesses a double porous system, which means pores exist between grains and within the grains (intra-granular). Confirmation of this structure has been done as a primary exercise. The humus, perlite and vermiculite purchased from Truffaut® are common substrata in gardening, all of them are lightweight. The humus is a mixture of topsoil and decomposition products, and perlite has a siliceous sandy texture, as for vermiculite, a silty clay loam texture is formed by hydration of certain basaltic mineral. The two latter and sand of Loire Figure 11 (4) are used to test the effects of biofilms. The sampling instrument has been also designed and built for this experiment. It allows soil sample to enter directly into the glass tube in order to preserve its structure. The metallic container protects from crushing with vibration-proof rubber gaskets at upper and lower side of the tube (Figure 12). The tool should be beaten by two superimposed hammers into the soil until a marked level for no shrink inside of tube, and drawn out by rotation (Figure 12). Threes samples were taken at each site as repetitions, and stored at 4 °C

NMR Imaging and Water Retention Curve

The Magritek device runs a CPMG pulse to detect the T2 relaxation time, and the software Prospa RCA can generate the main necessary graphics like RTD, 1-D profile, D-T2 plot etc.

In the first place, the critical parameters were adjusted to ensure the image quality with a high resolution. A coefficient called Field of View (FOV) was introduced to describe the size of spatial encoding area in units of mm, which contained our object of interest, the smaller the FOV, the higher the resolution. Eq. ( 5) and ( 6) told us the resolution depending on parameters of dwell time and number of points. To get a sufficiently high resolution, the values were settled to be 10 µs and 1024 points respectively, and then the resolution of 1-D profile image should be 0.57 mm.

Resolution = 𝐹𝑂𝑉 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑖𝑛𝑡𝑠 (5) ; FOV = 1 𝛾𝐺∆𝑡 (6) 
The acquisition time is rather short for plotting a T2 distribution, and a 1-D profile, normally less than two minutes. But for D-T2 plot, it will take 10 -30 mins based on the porous system. γ: gyromagnetic ratio of proton, 2.675222005×10 8 rad⋅s -1 ⋅T -1 ; G: magnetic gradient of pulse, 4 mT/m; Δt: dwell time of process, in units of µs.

With exported data files and reference of distilled water, the T2 distribution and 1-D profile were calibrated with water volume and retraced in Excel. In order to mapping the Water Retention Curve (WRC), the soil sample in glass tube was saturated with distilled water firstly, and the flacon in Figure 10 was filled with water as well, and was placed below the glass tube which should be in the detection zone of Magritek probe, and air in the connected pipe was evacuated to form a pressure by height difference of water surface. The measurements were taken at every 10 cm of height difference between water surfaces in the two containers, noted Δh=water surface position in sample minus water surface position in connected bottle, it will be negative and take the place of matric potential. Two sets of trials: drainage and suction needed to be determined the targeted parameters with an automatic process, so that water evolution over time at each Δh could be described. Mapping the 1-D profile evolution over time lets us understand the drainage mechanism in porous system and the evolution of T2 distribution supplemented details in pores. Water content at each Δh during drainage and suction was pointed in the same graphic to link the Water Drainage Curve and Water Suction Curve. One important step about the original data was to subtract the noise signals in glass tube, plug and saturated ceramic plates, because of a few hydrogen compositions.

Detection of biofilms by NMR in porous media

This part is inspired by the work of Bayer [START_REF] Bayer | Proton nuclear magnetic resonance (NMR) relaxometry in soil science applications[END_REF]. With the help of Yves Benoit (Biotechnology Dpt, IFPEN), the detection of the presence and growth of biofilm by NMR was implemented. The inoculum Escherichia coli was chosen to form biofilm, because it is a kind of most well-known bacteria and has a very fast reproduction, their strains can be doubled in nearly 20 mins. In our study, the inoculum was cultivated and provided by biotechnological laboratory of IFPEN.

The bottles were sterilized by ethanol prior to be filled until 5 cm of height with three types of porous materials: sand of Loire, washed and sifted to homogeneous size of particles; perlite; vermiculite (). In order to avoid destroying porous structure, the three materials were not sterilized. These glass bottles were confirmed for entering into the Magritek probe. Each sample had a duplicate with supernatant for subsequent microbiological measurements in biotechnology laboratory. The fluid medium for bacteria inoculation was prepared by mixing 30 ml of Luria Broth and 5 ml of 35 g/l glucose (Figure 13). The concentration of glucose was diluted to 5 g/l, that made a nutrition environment in excess. Based on concentration of bacteria, seeding rate was 5%. The time of seeding noted as T0.

The measurements of T2 relaxation, profile, D-T2 were performed at T0 and every two hours during the first 8 hours, and then every two days until the end of the week.

According to the first trial, a repetition experiment was proceeded only with sand of Loire. And this time, a white control was added, which means no inoculation of bacteria in reference sample (Figure 15). The fluid medium and glucose concentration were same, however, with a higher concentration of bacteria, seeding rate was 0.5%. 

IV. RESULTS AND DISCUSSION

Basic analysis image

For training purposes, we attempted to understand the information from the basic graphics of 1-D profile RTD, and as well as D-T2 plot. In Figure 16, the large carbonate grains sample was over saturated by water. In the 1-D profile, the amplitudes in the upper part were significantly larger than in the lower part, whereas the water vertical distribution in the porous media is relatively homogeneous. In the T2 distribution, the peak around 2.3s indicates the water between the grains as well as the supernatant, and the peak around 100 ms the intra-granular water. Inter-granular and bulk water cannot be distinguished.

Total water content in this sample was calculated with the sum of Amplitudes 52.99 ml by subtracting the converted white noise of Magritek 2.77 ml. The D-T2 plot indicated the protons diffusion in the carbonate grains without limit, because the blue dotted line representing the diffusion coefficient of bulk water 2.6×10 -9 m 2 /s was identical with the peak of diffusion projection at right side. These exercises were tested for all the other prepared materials.

Hydraulic conductivity of ceramic plate

The determination of ceramic plate's hydraulic conductivity and porosity have been done after obtaining the ceramic plate in June. Its tested saturated porosity was 21.78%. In Figure 17, the faded black curves show the distilled water drainage through saturated ceramic plate is stable, and the two overlapped blue curves indicates the position of saturated ceramic plate and the end of drainage.

The measured hydraulic conductivity calculated with Eq. ( 4) above was 7.83х10 -9 m/s, slightly different from the value of 6.93х10 -9 m/s given by manufacturer. Since a poor permeable soil may have a hydraulic conductivity lower than 10 -7 m/s, the flow velocity is limited by the ceramic plate [START_REF] Raoul | Chapitre 7-Phénomènes physiques-Conductivité hydraulique[END_REF]. This was a primary trial for our soil samples to check the feasibility of experimental methods on Magritek and to optimize it. The INRA-f1 soil (Figure 18) was sampled in the agricultural field of INRA which is sandy and highly dry even when watering the soil one day before the sampling, as a result, the original volumic water content was calculated with the measured volume of water VW divided by the apparent volume of soil Vapparent (height of sample × surface of glass tube), and the ratio was 2.77%. Characterizing the soil moisture characteristic over depth during a drainage and a suction allows us to form the WRC in Figure 18.

During drainage, water content declined sharply from 33.29% to 8.02% in the range of ∆h from -20 cm to -30 cm. The INRA-f1 soil matrix could hold a nearly saturated water content until ∆h = -20 cm. Until ∆h = -30cm, the water was drained by gravity force and water pressure which was stronger than water retention force. For the water suction, a reverse process of drainage, the soil began to significantly uptake the water from the bottle at the interval of ∆h from -10 cm to 0 cm, and the final content of suction was 15.98%, less than the half of saturated water content. This suggests that the water retention capacity of sandy soil was low. The resistance against drought is weak, that is one of the reasons that the original water content was just 2.77%.

The evolution of profiles during drainage were plotted in Figure 19 with faded black curves. The vertical water distribution was heterogeneous when saturated. The upper part had higher water content because of the less compacted stack of particles. At the end of drainage, it became roughly homogeneous, and the curves of ∆h = -30, -50, -110 cm showed that the moisture reduction was identical in each transversal slice. The orange curve represented the 5.1 cm final state of suction process. It confirmed that this porous medium was just recovered less than the half of its saturated state. The water content decreased with height of sample.

More details of the evolution in pores are given by the T 2 distributions of faded blue curves in Figure 19. The disparition of peaks at 1000 ms indicates the macropores are emptied during the dehydration, and the final suction curve shows that the macropores could not be filled by suction. Moreover, the micropores (peaks at 100 ms) were completely filled up, because the peak of final suction curve at 100 ms was not overlapped with the peaks of ∆h = 0. Besides, the black curve represents the probe signal (peak at 0.8) and the background signal from the saturated ceramic plate (peak at 200 ms).

With these methods and results of primary trial, the others 8 samples were waiting to be measured to see the different porous structures and the water drainage mechanism, and compared, to describe how the different soil texture affects its moisture characteristic.

Effects of biofilms formation in porous media

The presence and growth of biofilms in three different porous mediums were detected by T2 relaxation distribution. Samples without supernatant in were our main targets, and those with supernatant were prepared just for the microbial analysis which unfortunately could not been done. However, they could be used for visual inspection and a qualitative estimation of biofilms growth. Figure 20 shows the evolution of T2 relaxation over biofilms incubation time. In sand of Loire, the peak was shifted towards left and became higher and narrower during the formation of biofilms. Owing to the hermetic bottles, there was no newly introduced protons. These changes mean that the T 2 relaxation time was shortened from 1143.1 ms down to 13.3 ms, the acceleration of T2 relaxation process was unexpectedly large during the first 48 hours, and the steeper and narrower peak indicated the proportion of protons experienced the transversal relaxation was increased. The same variation was observed in Vermiculite, but the effect was less dramatic. T2 relaxation time was reduced from 532.8 ms to 224.3 ms. However, in Perlite, the fluctuation of T2 was disordered, and the effect of acceleration on relaxation was scarcely obvious.

It suggests the incubation of bacteria was different in the three porous materials, the structure of sand of Loire was likely to be the favorite choice to biofilms growth. The effect on relaxation process was presumed to be explained by modification of surface properties in porous media.

These results suggest that we can follow the bacteria growth quantitatively by NMR relaxometry. Taking the peak of each distribution measured at different time intervals, we observe that it can be modeled by exponential curves (Figure 21). It can be proportionally connected with the model of bacteria formation which should act like an exponential curve as well. The faster the biofilms generate, the faster the T2MAX declines. The slopes of these two curves are respectively corresponding with the observed shifts in T2 distribution. And the coefficient of 16h and 60h in the model equations is reversely correlated with the velocity of biofilms generation. In order to check the water diffusion in the porous media with biofilms generation, D-T2 plot was measured at the beginning and the end of bacteria inoculation. The comparison of these two graphics in Figure 22 shows that the projection of y-axis was not moved, and the peak was still aligned with the reference dotted line of water free diffusion. This fact demonstrated that, even protons experienced faster relaxation during formation of biofilms, there was no change in Diffusion coefficient and the proton diffusion was not limited.

This process was confirmed by comparing the biofilm formation with a reference without bacteria inoculation. In Figure 23, the faded black curves and two yellow curves represent the evolution of T2 distribution with and without biofilm inoculation in sand of Loire, respectively. Even at T0 the T2 distributions were diverse, we observed the two ending curves (5 days later) were almost perfectly overlapped. This indicated that the sand of Loire was likely to possess its own bacteria which could be stimulated by our bacteria fluid medium. The unexpectedly significant effects in the first trial was not just due to the formation of E. coli's biofilms. The same fact was verified by the profile evolution incomplete polarization, when a parameter called "Repetition Time" was sufficiently shortened, the polarization of proton spins could only be completed by the protons experiencing faster transversal relaxation. A hypothesis is proposed that the reduction effects of T2 has been caused by the bacteria respiration, i.e. the uptake of oxygen from space above liquid surface in the bottle. If that is true, in the condition of short Repetition Time (500 ms), the closer to the liquid surface, the faster the relaxation
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 1 Figure 1. Process of magnetic nuclear spins polarization (PERM's Tomographic Imaging and Porous Media Laboratory, n.d.).

Figure 2 .

 2 Figure 2. Process of longitudinal relaxation (PERM's Tomographic Imaging and Porous Media Laboratory, n.d.).
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 3 Figure 3.Process of transverse relaxation (PERM's Tomographic Imaging and Porous Media Laboratory, n.d.).
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 4 Figure 4. Pore diameter and relaxation time T2 correlation curve.
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 5 Figure 5.Sequence of CPMG Pulse (PERM's Tomographic Imaging and Porous Media Laboratory, n.d.).
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 6 Figure 6. Decay of signal amplitude during transversal relaxation.
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 7 Figure 7. T2 distribution.
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 8 Figure 8. Example of D-T2 map[START_REF] Flaum | Fluid and Rock Characterization Using New NMR Diffusion-Editing Pulse Sequences and Two Dimensional Diffusivity-T2 Maps[END_REF] 
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 91 Figure 9. 1-D profile of saturated carbonate rock grains sample

R:

  Universal constant, 8.314 Pa m 3 mol -1 K -1 ; T : Absolute temperature, K ; M : Molar volume, m 3 /mol ; p : Real pressure by height of water, m; p0 : Atmospheric pressure by height of water, m.

  plate surface; TH: ceramic plate thickness; Δh: height difference between water surface in glass tube and in water flacon.
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 10 Figure 10. Magritek 2 MHz NMR Rock Core Analyzer, detection dimension and the experimental container connected with water flacon.

Figure 11 .

 11 Figure 11. Porous media: 1-fine carbonate grains, 2-large carbonate grains, 3-humus of Truffaut, 4-sand of Loire, 5-perlite of Truffaut, 6-vermiculite of Truffaut.
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 12 Figure 12. Sampling and tools.
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 14 Figure 14. Samples for biofilms detection by NMR

Figure 13 .

 13 Figure 13. Left -fluid medium of Luria Broth; Right -Inoculum E.coli.
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 16 Figure 16. Profile, T2 distribution and D-T2 of large carbonate grains.
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 173 Figure 17. Evolution of profiles for the test of ceramic plate's hydraulic conductivity.
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 18 Figure 18. INRA-f1 soil sample and Water Retention Curve.
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 19 Figure 19. Evolution of profiles and T 2 distributions in INRA-f1 sample.

Figure 20 .

 20 Figure 20. T2 distribution evolution with biofilms growth in sand of Loire (top), in Vermiculite (middle) and in Perlite (bottom).

Figure 21 .

 21 Figure 21. Biofilms growth model in two mediums

  Figure 22. D-T2 plot of sand of Loire with biofilms, left: T0, right: T336H.

Figure 23 .

 23 Figure 23. Evolution of T2 distribution with and with bacteria inoculation in sand of Loire.

  

  

  

De plus, les effets des biofilms sur les milieux poreux ont fait l'objet d'une étude préliminaire par relaxation RMN. Les biofilms induisent une diminution parfois très importante des temps de relaxation T2, ce qui permet de suivre leur croissance au cours du temps. Une croissance de type exponentielle a été observée, en accord avec le comportement attendu. Elle dépend beaucoup du milieu poreux.En conclusion, ce stage a préparé les expériences à poursuivre pour les autres échantillons de sols. Avec ces données, le mécanisme de rétention d'eau dans différentes textures de sol pourrait être décrit par RMN.
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process, the Larger the polarization, the amplitude of profile will increase with the distance from the liquid surface. Unfortunately, in Figure 24, except for the supernatant position at the top (peak at the top), the profile was roughly homogeneous at each measurement. This is conflict with our above-mentioned hypothesis and confirms the fact that the sand of Loir possesses its own bacteria to form biofilms.

Figure 24. Evolution of profiles over biofilms growth in condition of incomplete polarization.

V. CONCLUSION AND PERSPECTIVES

During this internship, we first learned how to perform NMR measurements on a low field instrument operating at 2 MHz (Magritek). A home-made dedicated cell designed to perform retention curves was then tested, and a sampling tool preserving the soil structure tested on different sites. After collecting soil samples in the Orléans region, we performed a primary trial of soil water retention capacity by draining and uptake of water through the sample. The water movement was traced by NMR relaxometry at 2 MHz, and the images of T2 distribution, 1-D profile and D-T2 plot were generated from signals. We found that the water retention of a sandy soil is low and the macropores can be drained easily but cannot be filled back by suction. The effects of biofilms formation on T2 relaxation in porous media was detected additionally. The biofilm growth strongly depended on the type on porous media.

Further measurement should be started to complete the soil moisture characteristics of each site's soil following the same protocol; 3 replicate samples were taken at each site, allowing to test the accuracy and/or reproducibility of experimental data. The water retention mechanism in different soil texture could therefore be described by NMR measurement.

Beside the systematic study of water retention curves and soil structure, the spectacular effects of biofilms growth on T2 relaxation is the most challenging to understand: what kind of porous system/bacteria is the most favorable and what happens in the porous media when biofilms are formed. Moreover, there are other factors in soils which can affect the transversal relaxation time T2, and which should be studied such as the poorly understood effects of soil organic matter or the paramagnetic impurities content in soils, potentially strongly affecting T2 relaxation in addition to biofilms.

Abstract

The NMR relaxometry has been commonly used in geosciences. As a non-destructive and noninvasive technology, it should improve the soil analysis to reduce time and material waste, and give more detailed information. In order to prepare a thesis of N2O emissions in soils' characterization, the relationship of soil structure and hydration needs to be described firstly. This internship was performed to adjust and test a NMR experimental set-up dedicated to the soil study. Soil samples with 3 different textures were collected in the Orleans region. In addition, the effects of biofilms on porous media has been preliminarily investigated by NMR relaxometry; we could follow the biofilm growth and quantify in some porous media its kinetics. With the first trial of one sandy sample, we measured the water retention curve during the drainage and suction processes; a large gap was observed between these two curves, which means a low water retention capacity. The evolution of the vertical profiles indicates a non-uniform saturation at the beginning when the sample was fully saturated. When its water content decreases further, water drainage velocity was nearly homogeneous between transversal slices of sample. And the evolution of T2 distributions indicates the macropores can be drained totally but cannot be filled back by suction.

In summary, this internship prepared the experiments to be continued for the other soil samples, with these completed data, the water retention mechanism in different soil texture could be described by NMR measurement.

Résumé

L'application de la relaxation magnétique nucléaire (RMN) est largement développée dans le domaine des géosciences, comme par exemple l'exploitation pétrolière et les sciences des matériaux. Comme cette technique est non-destructive et non-invasive, elle peut être adaptée aux analyses du sol pour améliorer les connaissances ; les échantillons de sol peuvent être également réutilisés pour d'autres analyses.

Le stage est proposé par l'IFPEN et l'INRA pour préparer une thèse sur la relation entre la structure du sol, son état d'hydratation et les émissions de N2O. Les objectifs sont donc (i) d'appliquer aux sols les techniques avancées de relaxation et d'imagerie RMN, (ii) de tester une cellule de mesure compatible avec l'appareil RMN utilisé, adaptée aux sols et permettant de faire varier son hydratation, et (iii) de tester un préleveur d'échantillon de sols qui conserve leur structure.

Le phénomène RMN permet aux spins des protons d'une molécule d'avoir une réponse mesurable dans un champ magnétique statique. Sous l'effet d'un champ magnétique oscillant initial, une aimantation est générée. On peut alors suivre le temps de relaxation transversal T2 qui donne une information sur l'environnement des protons. S'ils sont confinés dans un espace assez petit et la viscosité du liquide saturant est faible (eau par exemple), le temps de relaxation T2 sera court et significativement différent des protons dans l'eau libre. Ce mécanisme nous permet d'en déduire une information sur la structure des sols. Par ailleurs, les signaux mesurés sont proportionnels à la quantité des protons et permettent d'en déduire le contenu en eau. L'état hydratation d'un sol est gouverné par les mécanismes gravitaires et le potentiel de rétention, ce dernier contenant le potentiel matriciel et le potentiel osmotique en fort lien avec la structure du sol. Normalement, le potentiel osmotique peut être négligé, on regarde ainsi principalement le potentiel matriciel provoqué par la force capillaire des pores et la force d'adsorption des constituants du sol. Selon l'équation de potentiel matriciel, il est défini par la pression causée par la différence de hauteur entre la surface et un niveau totalement saturé en eau. Pour tracer la courbe de rétention d'eau dans un échantillon du sol, on a remplacé le potentiel matriciel par la différence de hauteur.

Les échantillons de sols ont été collectés avec l'équipe de l'INRA dans un sol sableux et un sol forestier sur le site de l'INRA à Orléans, et un sol agricole à Villamblain faisant également partie des sites suivis par l'INRA. Un préleveur de sols minimisant les modifications de structure du sol a été fabriqué lors de ce stage et testé avec succès. Lors du prélèvement, le sol glisse dans un tube en verre qui sera ensuite introduit directement dans l'appareil RMN, après insertion d'embouts, dont l'un comporte une céramique poreuse.

Avec le dispositif RMN, un processus de drainage d'eau peut être réalisé en augmentant la différence de hauteur entre le haut de l'échantillon et un récipient d'eau connecté à la céramique poreuse. On programme alors un suivi régulier de mesures RMN comprenant un profil vertical de saturation et une distribution de temps de relaxation. On peut ensuite réaliser un processus de succion à l'inverse. Dans le graphique de rétention d'eau, nous avons observé un grand écart entre la courbe de drainage et la courbe de succion qui indique une faible capacité de rétention d'eau. Les détails de l'évolution des profils nous informent que le niveau de l'eau baisse de manière non uniforme au début lorsque l'échantillon est saturé. Lorsque les macropores sont drainés, le drainage est uniforme le long de l'échantillon. L'évolution des distributions T2 indique que les macrospores peuvent être vidées totalement mais ne peuvent pas être remplis complètement par succion.