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Soil Health assessment can be understood as a synthetic approach using complex indicators including a variety of soil physical and biological characteristics. The electrical/electromagnetic properties, whilst limited in number, are directly linked with some of the most relevant soil parameters characterizing Soil Health. Their measurement can be implemented through non-invasive techniques allowing to map with a fine mesh the whole surface in question and to recognize the vertical distribution of layers. They offer thus a 3D holistic approach.

After a short summary to the Soil Health concern, the chapter recalls the definitions of the three relevant properties (conductivity, permittivity, magnetic susceptibility), and details the different electrical and electromagnetic techniques used in the soil domain. Two case studies in temperate and arid climates illustrate what can be obtained when using these techniques. A short discussion underlines the perspectives offered by a holistic approach to evaluate Soil Health characteristics from geophysical measurements.

I Introduction

"Caring for Soil is Caring for Life" is the title of the mission proposed by the Soil Health and Food Mission Board of the European Union [START_REF] Eu | Caring for soil is caring for life[END_REF]. Summarising this Mission objective, the European Soil Strategy for 2030 "Reaping the benefits of healthy soils for people, food, nature and climate" aims at developing concrete actions of the protection, restoration, and sustainable use of soils, in synergy with other EU Green Deal policies, and especially to achieve healthy soils by 2050. Among the concrete actions, EU is currently developing a new Soil Health Law by 2023, which should help in reaching that "75% of soils are healthy by 2030 and are able to provide essential ecosystem services". As central components of ecosystem, soils indeed contribute to essential ecosystem services (biomass production, climate regulation, flood control, availability of water and nutrients for crops), when neither their functions nor their properties, say their essential physicochemical -biological characteristics (Figure 1), are not degraded. However, up to 60 to 70% of European soils are actually considered to be unhealthy, and reaching the highly ambitious objectives of the European Soil Strategy necessitate as a first step to precise both the Soil Health concept and its associated indicators.

In order to raise awareness about the multi-functionality of soil, the Soil Quality concept is being defined for decades. [START_REF] Karlen | Soil quality: Current concepts and applications[END_REF] basically expressed it as 'the capacity of a specific kind of soil to function, within natural or managed ecosystem boundaries, to sustain plant and animal productivity, maintain or enhance water and air quality, and support human health and habitation'. To enlarge the Soil Quality definition, the Soil Health concept has then been introduced and characterizes 'the capacity of soil to function as a vital living system to sustain biological productivity, promote environmental quality, and maintain plant and animal health' [START_REF] Doran | Soil health and sustainability: managing the biotic component of Soil Quality[END_REF]. It then refers explicitly to environmental health, say to some biotic components of soils. While the actual definitions of both Soil Quality and Soil

Health remain controversial, one may however consider that, to some extent, Soil Quality may be more related to basic inherent soil characteristics (clay content, stone content, …), whereas Soil Health may be more related to some manageable characteristics (pH, CEC, etc…), say to soil functioning and agricultural practices.

For both Soil Quality and Soil Health concepts, complex indicators including several soil characteristics have been defined to take into account the holistic approach associated to these concepts [START_REF] Rinot | Soil health assessment: A critical review of current methodologies and a proposed new approach[END_REF], in order to score soil types according to the different functions they fulfill [START_REF] Karlen | Soil quality: why and how?[END_REF], despite the huge variability of soil types and their associated functions [START_REF] Nortcliff | Standardisation of Soil Quality attributes[END_REF]. For example, [START_REF] Sanchez-Navarro | Establishing an index and identification of limiting parameters for characterizing Soil Quality in Mediterranean ecosystems[END_REF] have developed an integrated index to characterize Mediterranean soils, whereas Obade andLal (2016a, 2016b) have developed a standardized Soil Quality Index to compare management practices in US agriculture. Soil Health and Soil Quality indexes are developed for a large range of soil use, including cropped soil, pasture [START_REF] Amorim | Soil quality indices following long-term conservation pasture management practices[END_REF], forestry [START_REF] Zornoza | Soil properties under natural forest in the Alicante province of Spain[END_REF], and urban soils [START_REF] Howard | Evaluation of some proximal sensing methods for mapping soils in urbanized terrain[END_REF]. Basically, Soil Health/Quality indicators mix physical, chemical, biological characteristics into an integrated index, including inherent and manageable characteristics. For example, Obade and Lal (2016a) developed an index using soil bulk density, Available water Capacity, pH, Electrical Conductivity, C/N ratio, whereas Raiesi (2017) also added the aggregate Mean Weight diameter, CED, Microbial Biomass, C and N mineralization, urease, alkaline and acid phosphatase, invertase, arysulphatase. In some cases, more specific soil characteristics can be used, like in the Soil Physical Health approach developed by [START_REF] Amirinejad | Assessment and mapping of spatial variation of soil physical health in a farm[END_REF], who take into account bulk density, saturated hydraulic conductivity, Available Water Capacity, and Organic Carbon Content. However, in most cases, a recurring physicochemical soil characteristic used in the evaluation of Soil Health Indexes is the measurement of the soil electrical conductivity (see for example [START_REF] Arnold | Portable probes to measure electrical conductivity and Soil Quality in the field[END_REF]; [START_REF] Arshad | Identifying critical limits for Soil Quality indicators in agro-ecosystems[END_REF]; [START_REF] Islam | Simultaneous estimation of several soil properties by ultra-violet, visible, and near-infrared reflectance spectroscopy[END_REF]; [START_REF] Ye | Soil health assessment after 40 years of conservation and conventional tillage management in Southeastern Coastal Plain soils[END_REF]); specific sensors have even been developed for a direct measurement of several Soil Health parameters, including electrical conductivity [START_REF] Dudala | Microfluidic Soil Nutrient Detection System: Integrating Nitrite, pH, and Electrical Conductivity Detection[END_REF], [START_REF] Liebig | Evaluation of a field test kit for measuring selected Soil Quality indicators[END_REF], [START_REF] Svoray | Mapping Soil Health over Large Agriculturally Important Areas[END_REF]. The evaluation of Soil Health status using geophysical tools then remains attractive, while numerous soil characteristics or properties, as listed in Figure 1, may be evaluated by geophysics.

Figure 1: Soil properties involved in the evaluation of soil functions and soil services

The Table 1 presents a non-exhaustive list published studies addressing soil characteristics/properties by geophysical tools. To basically evaluate Soil Health, each individual soil characteristic can be evaluated, and an integrated index can be calculated [START_REF] Rinot | Soil health assessment: A critical review of current methodologies and a proposed new approach[END_REF], either at the local scale [START_REF] Takoutsing | Assessment of Soil Health indicators for sustainable production of maize in smallholder farming systems in the highlands of Cameroon[END_REF] or over large areas [START_REF] Svoray | Mapping Soil Health over Large Agriculturally Important Areas[END_REF][START_REF] Verma | Geoinformatics as a tool for the assessment of the impact of ground water quality for irrigation on Soil Health[END_REF], usually by using data fusion approaches [START_REF] Grunwald | Fusion of Soil and Remote Sensing Data to Model Soil Properties[END_REF][START_REF] Veum | Sensor data fusion for Soil Health assessment[END_REF]. The objective of this chapter is then to analyze how some geophysical tools (electromagnetic/electrical), which, basically, provide integrated measurements of soil characteristics, can be used to assess some specific characteristics involved in the evaluation of Soil Health. The paragraph II will be dedicated to the presentation of some theoretical elements of subsurface geophysics in order to precise the concepts supporting electromagnetic and electrical measurements. A third paragraph will present different measurement techniques, at both the local and the spatial scale. The fourth paragraph will demonstrate the use of the described geophysical tools to evaluate some soil characteristics involved in Soil Health measurements. Finally, the paragraph V will be dedicated to a critical evaluation of the potential of electromagnetic, electrical, and impedance measurements for a direct or indirect evaluation of Soil Health, as well as some future research directions on this topic.

II Soil physical properties involved in electrical and EM domains

II-1 Definitions: conductivity, permittivity, magnetic susceptibility Electric charges can move in reaction to the application of an electric field, . The corresponding electrical current, , that is the vector quantity of electric charges crossing the unit surface during the unit of time is proportional to it. One has the Ohm's law: ,

where σ is the named the electrical conductivity, its unit is the Siemens by metre (S.m -1 ). If the medium is not isotropic, the conductivity is no more expressed by a simple scalar value but by a tensor. In geophysics, one often uses the electrical resistivity which is the inverse of the electrical conductivity ( ), its unit is ohm.metre (Ω.m).

If the electric charges cannot move at macroscopic scale their displacements are limited to microscopic motions and an electrical polarization, , exists in the medium where the location of the barycenter of the positive charges no more coincides with the barycenter of the negative charges. A couple of a positive and of a negative charge at small distance forms an electric dipole. expresses the density of electric dipoles in the unit volume. The corresponding property is the dielectric permittivity, ε, defined by: , ε 0 being the free space permittivity. The unit of and ε 0 is the Farad by metre (F.m -1 ), one has ε 0 = 8.84 10 -12 F.m -1 and ε r , the relative permittivity, is without unit.

In reaction to the application of a magnetic field, , the medium acquires a magnetization, , which corresponds to the density of magnetic dipoles per unit of volume. κ is named the magnetic susceptibility, it is without unit (but its value depends on the considered system of unit). Another property, the magnetic permeability, µ, can be used, it is related to the susceptibility by , where µ 0 is the vacuum magnetic permeability.

Any variation with time generates a coupling between electric and magnetic fields which are described by the Maxwell equations by the end of the XIX th century. Thus, three different properties σ, ε and κ must be taken into account when considered electromagnetic phenomena.

However, both the electrical polarization and the magnetization are subject to the relaxation mechanism which corresponds to the fact that a time constant, a delay, τ, is necessary to reach the polarization (respectively the magnetization) final value, . If the electric field variation corresponds to a step function, the time variation of the polarization is thus written:

).

Consequently in the frequency domain ε r and κ must be considered as complex quantities with a real part and an imaginary part expressing the delay: and (with Due to the complex structure of soils several relaxation mechanisms can take place and a possibly large distribution of the time constant values must be considered. The same reasoning applied to the conductivity would lead to σ=σ'+iσ" (with a sign '+' in order to be coherent with the Maxwell-Ampère equation).

II-2 Approximations resulting from considered time and space scales

The behavior of the conduction and polarization phenomena follows the Maxwell-Ampère equation, .

Its right hand side contains two terms: the direct current ( ) and the displacement current ( , which can have significantly different magnitudes. The comparison between them is simpler in the frequency domain, with ⍵ being the angular frequency, where both properties are grouped in one expression:

where the displacement currents term can be seen as the imaginary part of the total current which can be descried by σ=σ'+iσ".The second term depends on the frequency and would be negligible for lower frequencies: for instance, if σ=0.02 S.m -1 , ⍵=2π.10 3 rd.s -1 and ε r =500, one has ⍵ε 0 ε r =0.28 10 -4 S.m -1 which can be neglected in comparison with σ. This approximation is totally independent on the space scale.

The behavior of the electric field (respectively the magnetic field) follows in the frequency domain the equation:

.

In the general case the three properties take place in the quantity, . If it reduces to:

, in the so-called 'induction case', σ and µ only take place. If ⍵=0, that is in absence of any time variation (static or steady case) : only σ takes place through the application of the Ohm's law and there is no more coupling between the electric and the magnetic fields. In the induction case, if L is the characteristic length (size of the instrument, distance to the targets, thickness of the layers), the main parameter determining the field behaviors is the so-called 'induction number': .

II-3 Specificities of porous multi-phase media, formation factor, electrical double

layer on grain surfaces, link with the water content and water mineralization, spectral dependences of the properties.

Soils contain gas (mainly air), fluids (mainly water) and solid particles (minerals and organic matter), what can be the moving electric charges? The relationship between the resistivity and the temperature which is linear and increasing, where (Campbell et al. 1949), demonstrates that they are ions and not electrons (with possible exceptions in presence of sulfides). These ions are free in the water phase or coating the mineral grain surface in a double negative and positive layer where the outer cations can move tangentially at the surface. The first case corresponds to a volume conductivity, σ v , the second case a surface conductivity, σ s . The resultant total conductivity is the sum of both [START_REF] Rhoades | Effects of Liquid-phase Electrical Conductivity, Water Content, and Surface Conductivity on Bulk Soil Electrical Conductivity[END_REF]). The relative importance of these two mechanisms depends on the specific surface: negligible for the sand fraction the surface conductivity is very important in the clay fraction. If the soil water has a high salt content the volume conductivity will dominate but for fresh water the surface conductivity will dominate. In any case the total conductivity will increase with the water content. The volumes of gas and mineral grains are no-conducting.

In absence of a clay fraction, only the volume conductivity acts. If the path of the moving ions would be straight the formation factor, F, the ratio between the bulk resistivity ρ b and the water resistivity ρ w , would be inversely proportional to the volumetric water content θ.

In fact the paths are tortuous and then longer, and the ratio follows the empirical Archie's law:

, where m is called the cementation factor which depends on the shape of the solid grains and is comprised between 1.3 and 2.5. For instance a sandy soil with a 30% content of 20 Ω.m fresh water would have a 96 Ω.m bulk resistivity if m=1.3. The same soil with a 1 Ω.m brackish water would have a 4.8 Ω.m bulk resistivity. In presence of a clay fraction one has:

. In the lower frequency domain considered in this chapter, below 1 MHz, various relaxation phenomena may take place in the electrical polarization: the rotation of the polar water molecule (as in higher frequencies, see chapter 11), the limitation of ion motions due either to the shapes and sizes of the pore and connecting throats, or to the sizes and shapes of clay platelets. This complex structure induces a large time constant distribution which generates a decrease of the real part of the permittivity as the frequency, f, increases. The slope of the decrease follows a statistical law , if f 0 is taken as reference ,where the exponent, n, depends on the water content. Values of ε' comprises between 100 and 10000 are usual in soils at 10 kHz frequency [START_REF] Tabbagh | The case for considering polarization in the interpretation of electrical and electromagnetic measurements in the 3 kHz to 3 MHz frequency range[END_REF].

III Measurements techniques

III-1-The electrical method: quadripole principle, profiling, sounding, fix electrical resistivity tomography (ERT), moving multi-pole instruments.

In the electrical method, also called the resistivity method [START_REF] Samouëlian | Electrical resistivity survey in soil science: a review[END_REF]), a direct electrical current (DC) is injected in the soil through two metallic stakes, the A and B electrodes. However the simple measurement of the ratio between the applied voltage and the injected current intensity would only give access to the sum of the two contact resistances. To determine the soil electrical resistivity the use of four electrodes is necessary. If a current, I, is injected in a homogeneous soil by a point electrode A, the current density vector is radially isotropic and of amplitude at distance r. The corresponding electric field is thus and the corresponding potential , V 0 being the potential when .

To insure the current flow a -I current must be injected in B and between two other different points M and N at the soil surface one have a voltage difference:

The resistivity value, ρ, is thus proportional to the ratio by a factor, K, resulting from the geometrical configuration of the A, B, M, N quadripole: . In reality the soil is never homogeneous, the above formula allows to express any result by the so-called 'apparent The transmission of a time varying magnetic field, the primary field, allows to induce eddy currents in the soil the magnitude of which depends on the electrical conductivity of the terrain. In turn these currents generate a secondary magnetic field, Hs, which can be measured. It is thus possible to determine the electrical conductivity without any contact with the ground which facilitates the motion in the field. A convenient solution for soil studies [START_REF] Corwin | Application of soil electrical conductivity to precision agriculture: theory, principles, and guidelines[END_REF] is the use of small coils as transmitter and receiver. They are separated by distances varying from a fraction of metre to several metres and the relevant frequency range extends from several kHz to one hundred of kHz. These characteristic distances and frequency range correspond to a low induction numbers (LIN) in which condition the depth of investigation is controlled by geometrical parameters: the spacing between the transmitter and the receiver coils (inter-coil spacing), their relative orientation and the clearance above ground surface. As with the resistivity method the description of the conductivity variation is thus possible in 3D. Moreover, the two other EM properties, magnetic susceptibility and dielectric permittivity, may intervene and both complicate and enrich the interpretation. Taking into account the phase of the secondary field (by reference to the primary one) and considering several frequency -i. e; spectroscopy-allow the determination of two or three of the properties.

Considering numerical values allows illustrating the multi-property capability by comparing two different apparatus: the one has a 25 kHz frequency, a 1m inter-coil spacing ("L=1m apparatus") and is held at 0.20 m clearance, the second has a 10 kHz frequency, a 4 m inter-coil spacing ("L=4m apparatus") and is held at 1 m clearance. The three usual coil configurations are considered: horizontal coplanar (HCP) where the plan of the two coil is horizontal (the equivalent magnetic dipoles having vertical axes), vertical coplanar (VCP)

where the plan of the two coils is vertical (the equivalent magnetic dipoles having horizontal axes) and perpendicular (PERP) where the transmitter has an horizontal plan and the receiver a vertical one (the equivalent magnetic dipole having a radial orientated axis). In all cases the results are expressed by ratios Hs/Hp in parts per millions (ppm), with Hp=M/(4πL 3 ), M being the transmitter moment.

One observes that whatever the coil configuration, the quadrature components have monotonous and quasi-linear dependences with the conductivity in the range from 1 mSm -1 to 500 mSm -1 , with around 30 ppm/mSm -1 for the L=1m apparatus and 150 ppm/mSm -1 for the L=4m apparatus. The small curvature is more marked in HCP for the L=4m apparatus but the sensitivity is significantly greater.

All the in-phase components are linearly dependent on both the permittivity and the magnetic susceptibility. The sensitivity to the permittivity is greater for the L=4 m apparatus and slightly higher for the HCP configuration (129 ppm for a change of 1000 in relative permittivity) than for PERP or VCP configurations (96 ppm for a change of 1000 in relative permittivity). For the L=1 m apparatus these sensitivities reduces to 60 ppm of HCP and 44 ppm for VCP or PERP. The VCP and PERP sensitivity to the magnetic susceptibility of 4 ppm /1 10 -5 SI, that of HCP is of opposite sign and lower (for this configuration it is very dependent on the clearance): -2.3 ppm/1 10 -5 SI for L=1 m apparatus and -1.4 ppm/1 10 -5 SI for L=4 m apparatus. As the responses of both properties linearly add, will it be possible to separate the respective contributions of ε' and κ' to the in-phase response? With only one coil configuration, the answer is no, but when considering both HCP and VCP or HCP and PERP, the answer is yes, because the sensitivities to each property are not identical.

In practice the part of the frequency is also determining. For most common values of soils electrical and magnetic properties the following rules of thumb can guide the interpretation: if the product of the frequency by the inter-coil distance respects (f L)>10 6

Hz.m the susceptibility response would be a priori negligible, if (f L)<3.10 4 Hz.m the permittivity response would be a priori negligible. Time domain EM measurements may also be considered as they proved to be invaluable for the investigation of the first several tenths of metre in depth; however, for shallower soils investigation the identification of the part of the different properties is simpler with the frequency domain measurements

In conclusion, the measurement of the electrical conductivity is reliable and easy with EMI instruments. Contrary to the resistivity method where the signal is proportional to the resistivity, here the signal is increasing with the conductivity, which favors the EMI use in high conductivity context such as salted areas. The simultaneous determination of the magnetic susceptibility complements it with a valued information about the redox history of the studied soil and the determination of the permittivity is a new path, which yet merits to be explored.

IV-Field examples

As seen in the preceding sections, mobile electrical and electromagnetic devices measuring geophysical properties are well adapted for non-invasive soil mapping as they allow to collect lateral and in-depth information sampled with a fine mesh. Using such maps, three main developments can be considered:

-Establishment of petro-physical relationships to transform geophysical property maps into soil property maps of interest -Help in the mapping of soil types using expert and statistical approaches -Delineation of homogeneous units by using statistical and geostatistical approaches

The two examples presented below illustrate the use of maps of electrical resistivity (example of Epoisses) and of electrical conductivity (El Haouareb case) for mapping the soil characteristics, delineate pedological units or identifying homogeneous areas.

IV-1 Epoisses (France, temperate climate), multi-depth electrical resistivity mapping and interpretation for soil mapping

The Epoisses experimental site is located in France, west of Dijon (Côte-d'or, On the basis of the georeferenced pedological observations and the geoelectrical information several maps were developed. The first map (Figure 5) shows soil thickness kriged to a 4 meter grid using electrical resistivity as external drift. The very strong statistical links between the electrical resistivity (R 2 =0.81) and the soil thickness allowed the pedological expert to use the contours of the resistivity maps to refine the contours of the soil map, initially conceptualized according to the traditional expert approach (Figure 6). From this map, soil characteristics used in the evaluation of Soil Health (Available Water Content, pH, for example), can be mapped over the whole studied area.

Once a Soil Health index has been calculated, it could be mapped also. The olive tree plantation was created in 2001 over a 1.5 ha area in a region where the annual rainfall varies between 250 and 300 mm while the potential evapotranspiration equals 1500 mm. The substratum is alluvial. The soil between 0 and 0.4 m in depth has a significant clay content reaching until 47 %. It is crossed by an ancient river bed (oued or wadi) where the coarse sand content is higher. The salted water table is at about 70 m in depth. The distance between trees is 10 m and in a 1.08 ha (180 x 60 m 2 ) area of the plot a fava bean crop is achieved between the tree rows. This portion of the plot is irrigated by a drip-feeding system using water pumped from wells about 80 m deep and having a salt content of 2 g/l (0.23 S.m -1 ).

The electromagnetic survey was achieved in April two weeks after the fava bean harvest using the EM31 (Geonics ltd) instrument in both HCP and VCP configurations along parallel profiles 5 m apart. The profiles were orientated perpendicularly to the irrigation lines.

Each measurement location was recorded at a 0.3 m step using a GNSS positioning system.

The EM31 is a well-known device experienced for forty years where f=9.8 kHz and L=3.66 m (Geonics Ltd, Canada). Here it was hold at shoulder with h = 0.95 m clearance above the ground surface. Its investigation depths in HCP and VCP configurations are in relevant fit with the depth and thickness of the olive tree root zone.

The objectives of the survey were to assess the global salt content, to map its variations together with that of the soil texture and to delineate the irrigation impact. with the alluvium of coarser granularity. In the rectangular part where the irrigation system exists the apparent conductivity is higher than in the northern part and the irrigation lines correspond to higher conductivity strips. One thus observes, on the one hand, that the irrigated part is more conductive and, on the other hand, that the granularity significantly influences the conductivity values. The VCP apparent conductivity map confirms all these observations. However, as can be observed in soundings S1 and S2 ( Using both HCP and VCP in-phase data it is possible to draw in Figure 8 the apparent permittivity map. This second property confirms a higher ion content in the irrigated part of the parcel with the presence of strips in relation with the irrigation lines and the higher leaching down in the course of the old wadi. However, the interpretation of the prospecting needs to associate knowledge of the irrigation (and then of the soil water content),), and on the salinity, which is definitely a soil characteristic relevant to evaluate Soil Health in some contexts. 

V-The use of electrical, electromagnetic tools to evaluate Soil Health

As demonstrated in the previous examples, both geoelectrical and EMI prospections are useful to delineate the spatial extension of significant soil properties -here the soil thickness and the ion content. By using transfer functions using independent data, geophysical measurements are indeed used to map individual soil characteristics [START_REF] Corwin | Field-scale apparent soil electrical conductivity[END_REF], like the soil stoniness [START_REF] Tetegan | Field-scale estimation of the volume percentage of rock fragments in stony soils by electrical resistivity[END_REF], the soil clay content, the soil depth [START_REF] Bourennane | Spatial filtering of electrical resistivity and slope intensity: Enhancement of spatial estimates of a soil property[END_REF]. The latter are inherent soil characteristics, which are supposed to be stable over time, and have been used from decades to characterise the spatial extension of soil types. They are definitely useful to describe Soil Quality. But, due to their sensitivity to a large number of soil characteristics including manageable ones like pH, Soil Organic Carbon Content, or Bulk Density, geophysical tools are then also relevant to analyse some spatiotemporal evolutions of all the components of Soil Health, including both inherent and manageable soil characteristics, or even by integrating some temporal soil variables like temperature and/or water content. Examples of the use of geophysical tools to disentangle inherent and manageable soil properties are numerous, and some experiments have specifically been designed to evaluate the effect of management practices on soils, in the developing discipline of agro-geophysics [START_REF] Garre | Geophysics conquering new territories: The rise of "agrogeophysics[END_REF]). An early work by Arnold et al.

( Another challenge with the evaluation of Soil Health consists in the scale at which the question is addressed. Electrical tools are especially relevant to further elaborate an evaluation at the field scale, by creating a so-called pedo-electrical model including some relevant soil characteristics; the latter could then be transformed into a Soil Health map, by using pedotransfer functions designed to transform the electrical signal into a Soil Health indicator from laboratory measurements of electrical conductivity in controlled conditions. However, both ad hoc measurements strategies as well as methodologies enabling advanced signal analyses still need to be developed to propose the most relevant methods to evaluate Soil Health.

Conclusion

The EU Mission Board for Soil Health and Food has specified a list of several soil characteristics to be evaluated and mapped over Europe to reach the ambitious objectives of the EU Green Deal related to soil. Among others, soil structure, Soil Organic Carbon, excess in nutrients and salts are considered as essential components of Soil Health and need to be To learn more about the subject:

For more information about electrical/electromagnetic theory and use, the readers are advice to look at "Proximal Soil Sensing", by Viscarra Rossel, Raphael A., McBratney, Alex B., Minasny, Budiman (Eds.), published in 2011.

  resistivity': the resistivity that would have a homogeneous ground giving the same with the same electrode arrangement, the same array. This allows to express any measurement result by only one quantity and facilitates the comparison between the results acquired with different arrays or with EM methods.Depending of the objective, an infinity of arrangements of four electrodes over the ground surface can be designed. For soil studies at metric scale one commonly uses either the Wenner array, where the four electrodes are in-line and equally separated by the distance a, thus K=2πa, or the square array where K=10.72a (a being the side of the square). The investigation depth depends on the geometry of the electrodes, it can approximated by the shortest distance existing between an injection electrode and a voltage electrode.For mapping the resistivity at ground surface a fixed-size array can be moved along parallel profiles but it is also possible to achieve a vertical (one dimension, 1D) investigation, called a sounding, by increasing the array extent while keeping the central position to increase the thickness of the terrain taken into account in the measurement. The electrical method offers thus the possibility to describe the soil resistivity variations in the two (2D) or three dimensions (3D) by combining a lateral displacement and an increase of the inter-electrode distance. This can be achieved either by a series of pre-set fixed electrodes spread over the studied surface or by moving a multi-pole array. In the first the measuring instrument successively switches the predefined four electrodes arrays as illustrated in Figure2. This technique is called electrical resistivity tomography (ERT) and can be applied over an in-line arrangement of electrodes, 2D ERT, or over a surface arrangement of electrodes, 3D ERT.The limited depth of investigation required for soil studies facilitates the use of mobile multipole pulled in the field by a quad or an all-terrain vehicle. To insure a good galvanic contact the electrode are spiked wheels as illustrated in Figure3but the number of different array sizes is more limited than with fixed electrodes.

Figure 2 :

 2 Figure 2: Principle of the 2D ERT for a line of 16 electrodes. For the first investigation level, n=1, by switching electrodes from the left to the right of the line, 13 successive measurements are achieved with a inter-electrodeWenner array by moving the 'station 1'. In the 'pseudo-section' the apparent resistivity are affected to the a pseudo-depth. Then, for n=2, 10 successive Wenner arrays with 2a inter-electrode distance are achieved and affected to the 2a pseudo-depth, etc…until n=5 where only one array can exist. After that acquisition the interpretation of the pseudo-section is performed by a non-linear inversion that is the repetitions of finite difference or finite element numerical methods forward calculations until a satisfying fit with the experimental data.

Figure 3 :

 3 Figure 3: Picture of a mobile multipole, ARP=Automatic Resistivity Profiling, (Courtesy of Geocarta, France) pulled by a quad and scheme of electrode arrays. The injection dipole is associated with three measurement dipoles corresponding to approximate 0.56m, 1m and 2 m depths of investigation. Measurements are acquired with 0.2m step while continuous moving at 2 to 4 m.s -1 depending on the terrain surface.

France) .

 . It is an experimental site managed by INRAE with an area of approximately 120 ha where agro-ecological practices are experimented. The soils are alluvial and consist in clayey horizons based on a mixture of limestone pebbles and fine earth. The thickness of soil is highly variable and fluctuate between 20 and 200 cm, which makes the soils of this site spatially heterogeneous.

Figure 4 :

 4 Figure 4: Soil electrical resistivity map generated by the geoelectrical prospecting using the ARP tool with the 170 cm inter-electrode spacing.

Figure 5 :

 5 Figure 5: Soil thickness map estimated by kriging with electrical resistivity as external drift

Figure 6 :

 6 Figure 6: Map of the soil typology based on the interpretation of soil direct observations (soundings and profiles) coupled with the electrical resistivity map

Figure 7 :

 7 Figure 7: Apparent conductivity map EM31 HCP where are marked each olive tree location. S1 and S2 correspond to the hand auger soundings. The irrigation system is into the rectangular part where the fava bean are cultivated.

Figure 8 :

 8 Figure 8: Apparent relative permittivity map EM31 deduced from both HCP and VCP measurements

  ) has demonstrated the potential of electrical conductivity as an integrated soil characteristic to derive some information on Soil Health;[START_REF] Howard | Evaluation of some proximal sensing methods for mapping soils in urbanized terrain[END_REF] have also suggested to associate magnetic and electric data from proximal sensing prospection to evaluate Soil Health in urbanized areas.Nevertheless, one important challenge is to deal with the biotic components of soils, which are important to evaluate Soil Health, but which are usually missing information in the description of the soil functioning, especially because they are strongly dependent on the seasonality {Kruger, 2018 #1038}. How to deal with the biotic components of Soil Health?[START_REF] Doran | Soil health and sustainability: managing the biotic component of Soil Quality[END_REF] remind that soil organisms have to be taken into account as indicators of Soil Health, and[START_REF] Sharma | Microbial Community Structure and Diversity as Indicators for Evaluating Soil Quality[END_REF] underline the usefulness of microbial community structure and diversity to evaluate Soil Quality;[START_REF] Neher | Role of nematodes in Soil Health and their use as indicators[END_REF], for example, advocate for the use of nematodes in Soil Health evaluation, due to their high relationship with nitrogen cycling and decomposition, whereas[START_REF] Rudisser | The dark side of biodiversity: Spatial application of the biological Soil Quality indicator (BSQ)[END_REF] suggest the use of a Biological Soil Quality index which takes into account the micro-arthropod groups as it is a sensitive indicator of land use practices. By looking for a Minimum Data Set of soil characteristics necessary to the evaluation of Soil Health,[START_REF] Marzaioli | Soil quality in a Mediterranean area of Southern Italy as related to different land use types[END_REF] as well as[START_REF] Raiesi | A minimum data set and Soil Quality index to quantify the effect of land use conversion on Soil Quality and degradation in native rangelands of upland arid and semiarid regions[END_REF] suggest biological parameters (including, for example, microbial biomass, fungal mycelium, arysulphatase activity) and, among other physico-chemical parameters, the use of soil electrical conductivity. A way could be the development of experimental field kits enabling the measurements of several soil characteristics in order to derive an integrated index (see, for example,[START_REF] Liebig | Evaluation of a field test kit for measuring selected Soil Quality indicators[END_REF] or[START_REF] Ramson | A Self-Powered, Real-Time, LoRaWAN IoT-Based Soil Health Monitoring System[END_REF]), as suggested by[START_REF] Yang | Cropping systems in agriculture and their impact on Soil Health-A review[END_REF] who militate for the development of integrated sensors dedicated to a simplified evaluation of Soil Health. Electromagnetic, electrical and impedance spectroscopy tools could be a gateway toward such sensors. Further research work could be oriented in this direction, say toward the ability of a geophysical measurement to be easily transformed into a Soil Health indicator, without an intermediate evaluation of soil characteristics or properties.

  mapped. Electrical and electromagnetic sensors are sensitive to several soil parameters considered as essential in the evaluation of Soil Health. By looking at 2 examples at the local scale, we have emphasised that, on the one hand, these tools are useful to evaluate some individual soil parameters, like the soil thickness or the delineation of salt areas. But on the other hand, the data interpretation remains difficult insofar as lots of soil characteristics have an influence on the signal. Knowing that, by definition, the Soil Health concept embraces a holistic vision, the ability of geophysical tools to be sensitive to numerous soil parameters should be an opportunity to derive indirect integrated indexes directly linked to Soil Health, and including bio-physico-chemical soil characteristics. Instead of disentangle or disaggregate the signal to recover the value of one specific soil parameter, future studies should focus on the integrated interpretation of geophysical signals -even recorded by multi-sensors systems to be designed and developed -by taking into account the influence of numerous soil parameters, for a direct evaluation and mapping of Soil Health. Whereas this Graal is not yet within reach, electrical/electromagnetic tools have a key role to play in reaching such objectives.

  

  

Table 1 :

 1 

Non-exhaustive reference list studies addressing soil properties by proximal sensing (Electrical resistivity or electrical conductivity measurements)
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 2 Granulometry and saturated past extract conductivity variations versus depth with 20 cm intervals.Significant differences can be observed between the two soundings while the apparent conductivity values are comparable in the EM31 HCP map.