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ABSTRACT

The characterization and monitoring of subsurface water systems are fundamental to groundwater resources conservation and management. To this end, hydrogeophysics provides a suite of non-invasive methods to study the shallow subsurface environment and the processes occurring therein over multiple scales. Time-lapse hydrogeophysical applications are notably useful to monitor water dynamics and follow temporal variations in water content. Largely dominated by electrical and electromagnetic methods, these applications are being increasingly explored with seismic methods. The seismic signal is dependent on the mechanical properties of the medium which are in turn affected by changes in water content. Consequently, seismic responses are also influenced by hydrological properties and state variables. Nonetheless, complexities in describing the mechanical behavior of partially saturated shallow materials have limited the quantitative characterization of the subsurface and associated water dynamics by means of seismic methods. Here we investigate the evolution of seismic responses with varying water content in time-lapse field contexts, analyzing both data and inverted parameters, and compare the resulting trends with established petrophysical relationships. We show that seismic time-lapse inversions of Pwave refraction data and corresponding changes in wave propagation velocity enable the recognition of preferential water flow paths in the subsurface, highlighting the potential of seismic methods to monitor hydrological processes and unsaturated flow. Overall, qualitative agreements between seismic velocity trends and theoretical petrophysical relationships still eclipse accurate quantitative estimations of water content from inverted seismic parameters. We anticipate further time-lapse seismic field studies to help bridge the gap between qualitative and quantitative observations. In the wake of the recent advancements in seismic equipment and techniques, appropriate field-scale petrophysical relationships will play an important role in the development of seismic methods for hydrological applications. vi vii

RÉSUMÉ

La caractérisation et la surveillance des systèmes d'eau souterraine sont fondamentales pour la conservation et la gestion des ressources en eau souterraine. Dans cette intention, l'hydrogéophysique fournit une série de méthodes non invasives pour étudier l'environnement souterrain peu profond et les processus qui s'y déroulent sur plusieurs échelles. Les applications hydrogéophysiques à méthode dites time-lapse sont notamment utiles pour surveiller la dynamique de l'eau et suivre les variations temporelles de la teneur en eau. Largement dominées par des méthodes électriques et électromagnétiques, ces applications sont de plus en plus explorées avec des méthodes sismiques. Le signal sismique dépend des propriétés mécaniques du milieu qui sont à leur tour affectées par les changements de teneur en eau. Par conséquent, les réponses sismiques sont également influencées par les propriétés et variables hydrologiques. Néanmoins, les complexités liées à la description du comportement mécanique de matériaux peu profonds et partiellement saturés limitent la caractérisation quantitative de la subsurface et la dynamique de l'eau associée par les méthodes sismiques. Dans ce travail, nous étudions l'évolution temporelle des réponses sismiques en fonction des variations de teneur en eau par la méthode de time-lapse acquise sur le terrain. Nous analysons à la fois les données et les paramètres inversés et nous comparons ensuite les tendances résultantes avec des relations pétrophysiques établies. De cette façon, nous montrons que les inversions sismiques en time-lapse des données de réfraction de l'onde P et les changements correspondant à la vitesse de propagation des ondes permettent la reconnaissance des chemins d'écoulement préférentiels de l'eau dans la subsurface, mettant ainsi en évidence le potentiel des méthodes sismiques pour surveiller les processus hydrologiques et les écoulements non saturés. De manière générale, on observe un fossé d'observations entre les estimations quantitatives de la teneur en eau obtenue par les paramètres sismiques inversés et les corrélations qualitatives, jusqu'à présent dominantes, reliant la vitesse sismique aux relations pétrophysiques théoriques. Cet écart d'observation pourra être comblé par de nouvelles études sismiques en time-lapse sur le terrain. À la suite des progrès récents d'équipement et techniques sismiques, les relations pétrophysiques à l'échelle du terrain joueront un rôle important dans le développement de méthodes sismiques pour des applications hydrologiques.
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CHAPTER 1 INTRODUCTION

In an ever-changing Earth where our societies develop and natural resources are affected by our actions, I believe we humans are drawn to improving aspects of our life respectfully, both with respect to each other and to our environment. Although it has been difficult to foresee the consequences of our practices in the past, and it can still be, we are constantly looking for ways to mitigate negative outcomes and adapt our means with the ultimate goal of building a sustainable future for everyone.

When we think about vital resources, water is usually the first one to come to mind. This plentiful substance is essential for all known living organisms on our planet and it has shaped the evolution of life on Earth. The terrestrial water cycle and the Earth's climate have a close and complex relationship, changes in the latter propagate to affect the former and vice versa. With an increasing human population influencing both the climate and water cycle, our freshwater supply is under stress. Freshwater demand globally is projected to increase by 55% between 2000 and 2050 (OECD, 2012) with much of the demand being driven by agriculture and the need to increase food production to feed the growing population. Some of the consequences of this increase in freshwater demand are already perceivable with several of the world's freshwater sources being drained faster than they are being recharged [START_REF] Richey | Quantifying renewable groundwater stress with GRACE[END_REF].

The stable functioning of water systems is fundamental to a thriving global society. Advances in technology have helped us study water systems with non-invasive techniques at different spatial scales and over time, as a result, we have gained a better understanding of these systems and found ways to improve and adapt our practices. In the everlasting quest for new developments and better solutions, we scientists continue exploring different methods and approaches to tackle global issues.

To introduce the work of this thesis, we use this chapter to briefly address some water resources definitions and statistics, present the concepts of critical zone and vadose zone, and review the use of geophysical methods to study water content and flow in the subsurface. In Chapter 2 we continue by elaborating on the methods that are core to this thesis: seismic methods. We explore theory and applications of seismic refraction and surface-wave dispersion analysis in critical zone contexts. In Chapter 3, we explore different petrophysical relationships based on the mechanical properties of a medium, compare different scientific approaches from theoretical models and empirical relationships, and discuss the capabilities and challenges of these relationships in providing quantitative results when studying partially saturated media. In Chapter 4, we present a case field study where we used time-lapse seismic refraction, together with electrical resistivity tomography, to monitor water saturation changes 1 INTRODUCTION 2 in the vadose zone, discuss similarities between the results from the different methods, and highlight the utility of the seismic refraction method to monitor hydrological processes and unsaturated flow. Finally, in Chapter 5, we present our conclusions and perspectives on the use of seismic methods to monitor water saturation changes in the subsurface.

Water Resources

Water covers about 71% of our planet's surface, with oceans holding over 96% of all Earth's water. As a result, most of Earth's water is saline and only about 2.5% is considered to be freshwater. Over two-thirds of this freshwater is locked up in glaciers and ice caps, about 30% is groundwater, and only about 1% is surface freshwater (Figure 1.1). Earth's water is constantly moving and changing states, and the different forms of water are linked through the water cycle. With humans currently dominating key elements of the hydrosphere, our activities alter the water cycle through three different yet interrelated dimensions: land use, climate change, and water use [START_REF] Abbott | Human domination of the global water cycle absent from depictions and perceptions[END_REF] (Figure 1.2). These human interferences have resulted in water crises that continuously threaten not only ourselves but also the functioning of ecosystems [START_REF] Falkenmark | Understanding of water resilience in the Anthropocene[END_REF][START_REF] Rockström | The planetary water drama: Dual task of feeding humanity and curbing climate change[END_REF].

Most of the human water use targets freshwater resources. Three types of water withdrawal are usually defined according to their purpose: agricultural, municipal, and industrial. At global level, the withdrawal ratios are 69% agricultural, 12% municipal and 19% industrial, although these ratios vary a lot between regions with developed countries usually having higher ratios for industrial withdrawal (AQUASTAT, 2020). As sources of liquid freshwater, surface and groundwater are increasingly under stress in every continent. Since surface water is more easily accessible than groundwater, it is generally mostly relied on for human use. Nonetheless, groundwater accounts for as much as 33% of the total water withdrawals worldwide [START_REF] Famiglietti | The global groundwater crisis[END_REF][START_REF] Siebert | Groundwater use for irrigation -a global inventory[END_REF] and acts as a key strategic reserve in times of drought as its effects are more rapidly pronounced on surface water sources [START_REF] Famiglietti | Satellites measure recent rates of groundwater depletion in California's Central Valley[END_REF]. In France, for example, even though surface water extraction accounted for nearly four times the volume of water extracted from groundwater resources in 2016 (Eurostat, 2020), 68% of the potable water supply is sourced from groundwater (C.I.EAU, 2020).

The steady increase of freshwater demand for human activities and consumption has prompted the study and quantification of the water footprint. The concept of water footprint was introduced in the early 2000s as a measure of human appropriation of freshwater resources, made up of three components: blue, green, and grey water footprint [START_REF] Hoekstra | Globalization of Water: Sharing the Planet's Freshwater Resources[END_REF][START_REF] Hoekstra | Virtual water trade: A quantification of virtual water flows between nations in relation to international crop trade[END_REF]. Blue water use is associated to consumptive water, sourced from surface or groundwater resources, used by agriculture, industry, and domestic activity. Green water use is related to rainfall stored as soil moisture used by human crops and rangelands. Lastly, grey water use is linked to the water that is necessary to dilute human pollutants [START_REF] Abbott | Human domination of the global water cycle absent from depictions and perceptions[END_REF].

Green water use constitutes about 74% of total human water appropriation with agricultural production accounting for about 92% of the total global water footprint [START_REF] Mekonnen | National water footprint accounts: The green, blue and grey water footprint of production and consumption[END_REF]. Even if agricultural activities use both green and blue water, the largest part of water use is green [START_REF] Rost | Agricultural green and blue water consumption and its influence on the global water system[END_REF]), yet, traditional water scarcity assessments mostly focus on blue water [START_REF] Schyns | Limits to the world's green water resources for food, feed, fiber, timber, and bioenergy[END_REF]. Soil moisture is an important element of green water, and characterizing and analyzing its spatio-temporal dynamics is key in drought assessment and ecosystem management [START_REF] Seneviratne | Investigating soil moisture-climate interactions in a changing climate: A review[END_REF]. Moreover, soil moisture lays at the interface between surface and groundwater, influencing surface-groundwater interactions. Although soil moisture, surface water, and groundwater are different elements of the hydrological system, they are interrelated and should not be treated as disconnected entities. Increasing interest in understanding their relationships has brought researchers from different disciplines of the earth sciences together to study the home of these interactions: The Critical Zone.

The Critical Zone

The critical zone is Earth's near-surface layer where rock, water, soil, air, and living organisms interact (Figure 1.3), from the top of trees to the bottom of groundwater. These interactions regulate the natural habitat and determine the availability of life-sustaining resources (NRC, 2001). This thin layer of Earth supports all terrestrial life, and it is from this zone that we extract our water and food. The term critical highlights not only the importance of this zone for life but also the fact that is subjected to local and global tensions [START_REF] Giardino | Introduction to the Critical Zone[END_REF]. The complexity of the critical zone and the processes occurring therein calls for shared investigation from different disciplines such as geology, hydrology, biology, and geography, to name a few. As an effort to better understand the critical zone and bring the different disciplines together, Critical Zone Observatories have been developed and equipped worldwide. The approach to observation is driven by hypothesis testing, process understanding across spatio-temporal scales, and the development of mathematical models, while using multiple sensors and sampling methods [START_REF] Banwart | Sustaining Earth's Critical Zone Basic Science and Interdisciplinary Solutions for Global Challenges[END_REF]. In France, an instrumental research project was funded in 2012 by the French National Research Agency under the name of CRITEX (Critical Zone Programme of Excellence). Running for a 10-year period, its ambition is to provide an innovative and shared instrument facility for critical zone observation in France. Moreover, CRITEX has laid the foundations for the creation of OZCAR (Critical Zone Observatories: Research and Application), a national research infrastructure grouping more than 60 highly instrumented sites dedicated to the study and monitoring of the critical zone.

Since the definition of the critical zone, great emphasis has been put on soil as it is the host of pathways that help link the different systems. The soil is home to plant roots from where they can extract water and minerals to support plant growth. Moreover, the soil connects to weathered materials that further connect to the bedrock and aquifer systems where groundwater is stored. These pathways enable energy, mass, and biochemical flows from the top to the bottom of the critical zone and vice versa. Yet, none of these flows would be possible without water [START_REF] Giardino | Introduction to the Critical Zone[END_REF]. With soil at the interface between surface and subsurface structures of the critical zone and water circulating through it, the study and monitoring of soil moisture play an important role in the understanding of critical zone processes.

Soil moisture is contained in the unsaturated zone of the subsurface, also known as the vadose zone. As a key variable in the Earth's water balance, it is closely related to ecosystems' productivity, climate variability, slope stability, and water availability and quality [START_REF] Seneviratne | Investigating soil moisture-climate interactions in a changing climate: A review[END_REF][START_REF] Vereecken | On the value of soil moisture measurements in vadose zone hydrology: A review[END_REF][START_REF] Vereecken | On the spatiotemporal dynamics of soil moisture at the field scale[END_REF]. The need for accurate measurements of soil moisture at spatio-temporal scales has given rise to the development of various methods for determining soil moisture content, yet, the large spatio-temporal heterogeneities of soil moisture pose a limitation for its proper quantification and mapping [START_REF] Dobriyal | A review of the methods available for estimating soil moisture and its implications for water resource management[END_REF]. Classical soil moisture measuring techniques, such as the thermogravimetric method where soil samples are oven-dried and weighted, are invasive and destructive, and while more modern techniques, such as Time Domain Reflectometry (TDR) or Frequency Domain Reflectometry (FDR), are non-destructive and adapted to in situ conditions, they are still limited in terms of coverage and support volume of measurements [START_REF] Susha Lekshmi | A critical review of soil moisture measurement[END_REF]. At regional to global scales, remote sensing techniques such as satellite microwave observations are used, yet, they are mainly limited to soil moisture estimations for the top 5 cm of the soil column [START_REF] Peng | A review of spatial downscaling of satellite remotely sensed soil moisture[END_REF]. To overcome these limitations and try to bridge some of the scale gaps, hydrogeologists have increasingly turned to geophysical methods over recent decades to study the vadose zone, and more generally the critical zone, at the field scale giving rise to the interdisciplinary field of hydrogeophysics.

Geophysics as A Tool to Study the Critical Zone -Hydrogeophysics

Over the last three decades, the recognition of the need to study critical zone processes at the field scale has been met with important advances in near-surface geophysical instrumentation and methodology. With geophysical instruments becoming smaller, lighter, and cheaper, it became possible for small research teams to study the shallow subsurface over depths from centimeters to hundreds of meters while covering lateral extensions from meters to kilometers long [START_REF] Parsekian | Multiscale geophysical imaging of the critical zone[END_REF]. Geophysical methods can be applied non-intrusively from the surface and time-lapse approaches have proven useful for monitoring flow and water content dynamics. Some of the most common methods used in hydrogeophysics are direct current (DC) resistivity, induced and spectral induced polarization (IP and SIP), self-potential (SP), ground penetrating radar (GPR), electromagnetic induction (EMI), seismic, nuclear magnetic resonance (NMR), and microgravity [START_REF] Binley | The emergence of hydrogeophysics for improved understanding of subsurface processes over multiple scales[END_REF]. Electrical methods (DC-resistivity, IP, SIP, and SP) and EMI are mainly sensitive to the electrical conductivity of the medium, GPR is sensitive to both electrical conductivity and dielectric permittivity, seismic methods respond to the elastic moduli and bulk density of the medium, NMR is sensitive to proton density, lastly, gravity methods respond to the bulk density of the medium.

In vadose zone hydrogeophysics, electrical and electromagnetic methods dominate due to the clear links between the physical properties they sense and water content. Electrical resistivity tomography (ERT) and GPR data are traditionally used for monitoring changes in water content and identifying subsurface preferential flow paths. Since the early work of Daily et al. (1992), numerous studies followed the use of time-lapse ERT for monitoring water flow and water content, and determining hydrodynamic properties of the vadose zone (e.g., [START_REF] Binley | Vadose zone flow model parameterisation using cross-borehole radar and resistivity imaging[END_REF]; [START_REF] Garré | Noninvasive Monitoring of Soil Water Dynamics in Mixed Cropping Systems: A Case Study in Ratchaburi Province, Thailand[END_REF]; [START_REF] Koestel | Noninvasive 3-D Transport Characterization in a Sandy Soil Using ERT: 2. Transport Process Inference[END_REF]; [START_REF] Suzuki | Groundwater flow after heavy rain in landslide-slope area from 2-D inversion of resistivity monitoring data[END_REF]). Similarly, GPR is a well-established tool for soil water content determination in the vadose zone (see the recent review by [START_REF] Klotzsche | Measuring Soil Water Content with Ground Penetrating Radar: A Decade of Progress[END_REF]). As a passive electrical method, SP is sensitive to water flow (in both saturated and unsaturated conditions) and continues to be investigated for quantitative monitoring of the vadose zone (e.g., [START_REF] Hu | Advancing quantitative understanding of self-potential signatures in the critical zone through long-term monitoring[END_REF]; [START_REF] Jougnot | Monitoring of saline tracer movement with vertically distributed self-potential measurements at the HOBE agricultural test site, Voulund, Denmark[END_REF]; [START_REF] Voytek | Transpiration-and precipitation-induced subsurface water flow observed using the self-potential method[END_REF]). EMI has proved useful in identifying subsurface patterns of soil wetting and drying (e.g., [START_REF] Robinson | Time-lapse geophysical imaging of soil moisture dynamics in tropical deltaic soils: An aid to interpreting hydrological and geochemical processes[END_REF]; [START_REF] Sherlock | A new tool for hillslope hydrologists: spatially distributed groundwater level and soilwater content measured using electromagnetic induction[END_REF]). IP and SIP have benefited from numerous recent laboratory studies, leading to a continuously growing database of measurements on various soil and rock samples, and continue to develop to be exploited in field applications [START_REF] Kemna | An overview of the spectral induced polarization method for near-surface applications[END_REF][START_REF] Revil | Complex conductivity of soils[END_REF]. Over the last 15 years, NMR has also become increasingly popular in hydrogeophysics since it can provide a direct estimate of the water content (see the review by [START_REF] Behroozmand | A Review of the Principles and Applications of the NMR Technique for Near-Surface Characterization[END_REF]).

Despite the affinity for electrical and electromagnetic methods in vadose zone studies, there is growing interest in advancing methods that are sensitive to the medium's mechanical properties such as gravity and seismic methods. Microgravity measurements have been recently used to identify temporary groundwater storage in the vadose zone (e.g., [START_REF] Fores | Monitoring Saturation Changes with Ambient Seismic Noise and Gravimetry in a Karst Environment[END_REF]; [START_REF] Watlet | Gravity Monitoring of Underground Flash Flood Events to Study Their Impact on Groundwater Recharge and the Distribution of Karst Voids[END_REF]). Concerning seismic methods, increasing amounts of studies are using seismic refraction techniques and surface-wave dispersion analysis as tools to study the vadose zone, more generally the critical zone, in time-lapse contexts. In the following chapters we tell a story about seismic methods in hydrogeophysics: we elaborate on the different methods, explore petrophysical relationships for quantitative estimations, present a case study, and summarize the main capabilities and current challenges.

CHAPTER 2 SEISMIC METHODS FOR THE STUDY OF THE CRITICAL ZONE

The use of seismic waves to study and map the Earth's interior is well-established in disciplines like seismology and hydrocarbon exploration. The passage of seismic waves through the earth is controlled by the geomechanical properties of the subsurface materials which determine their propagation velocities. Seismic velocities depend on the material's mineral composition, porosity, state of stress, and type and degree of fluid saturation.

Although at a different scale, these same principles govern seismic wave propagation in the near surface and have therefore been increasingly used to investigate the critical zone.

In near-surface contexts, seismic methods have been used for decades to characterize geological structures [START_REF] Casto | Interpreting surfacewave data for a site with shallow bedrock[END_REF][START_REF] Parker | Multi-channel analysis of surface waves (MASW) in karst terrain, southwest georgia: Implications for detecting anomalous features and fracture zones[END_REF][START_REF] St Clair | Geophysical imaging reveals topographic stress control of bedrock weathering[END_REF] and map hydrologic boundaries of aquifers [START_REF] Grelle | Seismic refraction methodology for groundwater level determination: "Water seismic index[END_REF][START_REF] Haeni | Application of seismic-refraction techniques to hydrologic studies[END_REF]. Even though seismic responses are also influenced by hydrological properties and state variables [START_REF] Pride | Relationships between Seismic and Hydrological Properties[END_REF], the geophysical observation of fluid distribution in the vadose zone has been more difficult because of limited understanding of how near-surface materials respond to water saturation [START_REF] West | Fluid-Induced Changes in Shear Velocity from Surface Waves[END_REF]. Moreover, the spatial variability of these materials' dry properties can be of greater influence in seismic responses than the variation of water saturation itself.

Nonetheless, a motivation to overcome these challenges has led to increasing studies using seismic data with the aim of constraining hydrological models. Most near-surface seismic techniques focus on the estimation of pressure (P) and shear (S) wave velocities (VP and VS) which can be done by means of P-and S-wave refraction tomography or, instead of the latter, surface-wave profiling techniques [START_REF] Turesson | A comparison of methods for the analysis of compressional, shear, and surface wave seismic data, and determination of the shear modulus[END_REF]. In time-lapse settings, changes in VP have been analyzed in order to detect perched water bodies [START_REF] Gaines | Detecting perched water bodies using surface seismic time-lapse travel-time tomography[END_REF], ground ice degradation [START_REF] Hilbich | Time-lapse refraction seismic tomography for the detection of ground ice degradation[END_REF], infiltration and dissolution processes [START_REF] Valois | Application of combined timelapse seismic refraction and electrical resistivity tomography to the analysis of infiltration and dissolution processes in the epikarst of the Causse du Larzac (France)[END_REF], and also in order to study climate effects on near-surface materials [START_REF] Bergamo | Time-lapse monitoring of fluid-induced geophysical property variations within an unstable earthwork using P-wave refraction[END_REF]. Similarly, several studies have focused on studying fluid-induced changes in VS estimated from surface-wave dispersion analysis (Bergamo et al., 2016a;[START_REF] Ikeda | Temporal variation of the shallow subsurface at the Aquistore CO2 storage site associated with environmental influences using a continuous and controlled seismic source[END_REF][START_REF] Lu | Feasibility of using a seismic surface wave method to study seasonal and weather effects on shallow surface soils[END_REF][START_REF] Suzaki | Modelling time-lapse shear-wave velocity changes in an unsaturated soil embankment due to water infiltration and drainage[END_REF]. P-and S-waves are affected differently by changes in fluid saturation. The ratio of their propagation velocities (VP/VS) permits imaging fluids in rocks and it is commonly used in hydrocarbon exploration to discriminate between oil, gas, and water saturation. In nearsurface contexts, studies have used the VP/VS ratio to detect water table levels and their variations [START_REF] Flinchum | Identifying recharge under subtle ephemeral features in flat-lying semi-arid region using a combined geophysical approach[END_REF][START_REF] Konstantaki | Determining hydrological and soil mechanical parameters from multichannel surfacewave analysis across the Alpine Fault at Inchbonnie, New Zealand[END_REF]Pasquet, Bodet, Dhemaied, et al., 2015;[START_REF] Pasquet | 2D characterization of near-surface VP/VS: Surface-wave dispersion inversion versus refraction tomography[END_REF] and to quantitatively estimate hydrological parameters in hydrothermal contexts [START_REF] Pasquet | Geophysical imaging of shallow degassing in a Yellowstone hydrothermal system[END_REF]. However, there are inherent incompatibilities between P-wave tomography and surface-wave dispersion analysis as they involve distinct wavefield examinations and different assumptions about the medium. Consequently, VP and VS models have contrasting resolutions, investigation depths, and posterior uncertainties. It is recommended to interpret VP and VS models separately before deriving any joint parameter of interest [START_REF] Pasquet | SWIP: An integrated workflow for surface-wave dispersion inversion and profiling[END_REF] although this can, in turn, lead to bias and impair monitoring applications.

It is important to keep in mind that VP and VS are estimated parameters that have to go through processing and inversion methods and they are not the actual data that we get from seismic recordings, which are traveltimes and amplitudes. For both VP and VS, the data to be inverted are traditionally extracted from the recorded wavefields by manual picking from human operators. Manual picking enables identifying complex events when the data are noisy for an automatic process to be accurate [START_REF] Di Stefano | Automatic seismic phase picking and consistent observation error assessment: application to the Italian seismicity[END_REF], however, the subjective nature of it can lead to variability and affect the overall result [START_REF] Jiao | Detection of seismic refraction signals using a variance fractal dimension technique[END_REF][START_REF] Saragiotis | PAI-S/K: A robust automatic seismic P phase arrival identification scheme[END_REF]. Extracting the real trends contained in the data is crucial for the resulting VP and VS profiles, and it is therefore important to identify coherent changes in P-wave (or S-wave) traveltimes and surface wave phase velocities before interpreting time-lapse inversion results [START_REF] Dangeard | Estimating picking errors in near-surface seismic data to enable their timelapse interpretation of hydrosystems[END_REF].

As we introduced the use of seismic methods for the study of the critical zone and mentioned distinct investigation techniques, it is important to have an understanding of the different types of waves that propagate in a medium, their relationship to mechanical properties, and the information they carry about the subsurface. In this chapter we discuss these aspects and further expand on the processing and inversion processes that are used to estimate VP and VS profiles.

Body Waves

Body waves can propagate through the volume of a medium and they may be of two types: compressional waves and shear waves. Compressional waves, also known as longitudinal, primary, or simply P-waves, propagate in the direction of wave travel by compressional and dilatational uniaxial strains (Figure 2.1(a)). Shear waves, also known as transverse, secondary, or simply S-waves, propagate perpendicularly to the direction of wave travel by pure shear strain (Figure 2.1(b)) [START_REF] Kearey | An Introduction to Geophysical Exploration[END_REF].

The propagation velocities of these waves, VP and VS, depend on the density and elastic moduli of the material and are given by:

𝑉𝑉 𝑃𝑃 = � 𝐾𝐾 + 4 3 � 𝜇𝜇 𝜌𝜌 (2.1) 𝑉𝑉 𝑆𝑆 = � 𝜇𝜇 𝜌𝜌 (2.2)
where K and µ are the material's bulk and shear modulus, respectively, and ρ is the material's density. From these definitions, we can note that P-waves always travel faster than S-waves when propagating through the same medium. Moreover, as VS only depends on the material's shear modulus in terms of elastic moduli, and as liquids cannot shear, S-waves propagate only through solid materials. Table 2.1 shows typical values of VP and VS for near-surface materials. A useful relationship that can be derived from Equations 2.1 and 2.2 is the VP/VS ratio as it can be written only in terms of the material's Poisson's ratio, ν: In the field, body waves are recorded by geophones placed on the ground. Following a seismic event or source, geophones detect ground motion and record the seismic wavefield. Body waves propagating through the earth have a three-dimensional nature, nonetheless, geophones usually respond to the vertical ground motion (so-called one-component geophones), making them sensitive to P-waves and insensitive to the horizontal motion of Swaves. Multi-component geophones sensitive to horizontal S-waves (SH-waves) exist although they are more costly. -

𝑉𝑉 𝑃𝑃 𝑉𝑉 𝑆𝑆 � = � 2(1 -𝜈𝜈) (1 -2𝜈𝜈) (2.3)

Seismic Refraction Method

As discussed before, in near-surface and hydrogeological applications, the seismic refraction technique is more commonly used as it can provide an estimate of the medium's propagation velocity and detect the water table and bedrock. Seismic refraction is governed by Snell's Law. When a wave propagates through a layered medium and the velocity is higher in the underlying layer, there is a critical angle of incidence that gives rise to a refracted wave that travels along the interface at the higher velocity. This refracted wave causes a perturbation in the upper layer and generates a so-known head wave that passes through the upper layer back towards the surface at the same critical angle. Figure 2.4 shows a schematic of seismic refraction for a three-layer case. The general traveltime, t, equation for a multilayer case with horizontal interfaces is given by:

𝑡𝑡 𝑛𝑛 = 𝑥𝑥 𝑉𝑉 𝑛𝑛 + � 2ℎ 𝑖𝑖 cos 𝜃𝜃 𝑖𝑖𝑛𝑛 𝑉𝑉 𝑖𝑖 𝑛𝑛-1 𝑖𝑖=1 (2.4)
where x is the offset, V is the layer's propagation velocity, h is the layer's thickness, θ is the critical angle of incidence such that θin = sin -1 (Vi/Vn), and n corresponds to the nth layer. From Equation 2.4 and Figure 2.4, we can note that from the acquisition geometry (shot/receiver positions and offset) of a seismic refraction survey and the associated recorded data (traveltimes and signal amplitude) we can estimate the velocity and thickness of subsurface layers. This is the basis for classical seismic refraction interpretation methods such as the Intercept-Time Method (ITM) and the General Reciprocal Method (GRM) [START_REF] Steeples | Shallow Seismic Methods[END_REF]. With the increase of computational power in the past three decades, refraction tomography approaches developed and they are more commonly used for the interpretation of seismic refraction data nowadays.

Seismic Refraction Tomography

The seismic refraction tomography method is an iterative process where an approach to calculate traveltimes and ray paths in a mesh model and an inversion technique to reconstruct seismic velocities are used [START_REF] Zhang | Nonlinear refraction traveltime tomography[END_REF]. Figure 2.5 shows a general workflow for seismic refraction tomography. In Figure 2.6 we show a VP refraction tomography for the same data set presented in Figure 2.3. The seismic array consisted of a 23.5 m long line with 48 one-component geophones spaced by 0.5 m and 13 shots (source positions) spaced by 2 m, starting at 0 m. The source was a metallic plate hit vertically by a 2-kg sledgehammer. We picked the first arrival times manually and inverted the data using the refraction module of the pyGIMLi library (Rücker et al., 2017). Different libraries, packages, and software use different algorithms and methods to solve the forward and inverse problems. As the forward solver, the refraction module of pyGIMLi uses the Dijkstra algorithm [START_REF] Dijkstra | A note on two problems in connexion with graphs[END_REF] to simulate ray propagation and the path method by [START_REF] Moser | Shortest path calculation of seismic rays[END_REF] to estimate traveltimes. In discrete form, the traveltime, t, can be expressed as follows [START_REF] Hellman | Structurally coupled inversion of ERT and refraction seismic data combined with cluster-based model integration[END_REF]:

𝑡𝑡 = � 𝑙𝑙 𝑗𝑗 𝑝𝑝 𝑗𝑗 𝑀𝑀 𝑗𝑗=1 (2.5)
where M is the total number of cells in the modeling domain (mesh) where each cell has a constant slowness (reciprocal of velocity), pj, and lj is a path segment of a given ray path. This equation can then be formulated as a matrix-vector product describing the traveltimes for all ray paths:

𝐭𝐭 = 𝐋𝐋𝐋𝐋 (2.6)
where t is the traveltime vector for the N computed ray paths and p is the slowness vector containing the sj values. The N × M matrix L is the so-called path matrix where its elements, Lij, correspond to the path lengths of the ith ray through the jth cell.

As for the inverse problem, pyGIMLi's inversion method uses the Gauss-Newton method with inexact line search [START_REF] Günther | Three-dimensional modelling and inversion of dc resistivity data incorporating topography -II. Inversion[END_REF]. The picked traveltimes are stored in a data vector d = (d1,…,dD) with length D. The velocity distribution is represented by M model parameters mj resulting in the model vector m = (m1,…,mM). The forward response vector of a model m is denoted as f(m) and it corresponds to the computed traveltimes in the seismic case. The task is to minimize the difference between the data and the model response and it is done with respect to the l2-norm, resulting in the least-squares method. To account for the data errors ϵi, an error-weighting is used and the data objective function to be minimized is defined as (after [START_REF] Hellman | Structurally coupled inversion of ERT and refraction seismic data combined with cluster-based model integration[END_REF]:

Φ 𝑑𝑑 (𝒎𝒎) = � � 𝑑𝑑 𝑖𝑖 -𝑓𝑓 𝑖𝑖 (𝒎𝒎) 𝜖𝜖 𝑖𝑖 � 2 = ‖𝐃𝐃(𝐝𝐝 -𝐟𝐟(𝐦𝐦))‖ 2 2 𝐷𝐷 𝑖𝑖=1
(2.7)

with D = diag(1/ϵi).
The inversion starts with a model m 0 , usually a gradient model with increasing velocities with depth, and subsequent models m k+1 are obtained as follows:

𝐦𝐦 𝑘𝑘+1 = 𝐦𝐦 𝑘𝑘 + 𝛕𝛕 𝑘𝑘 ∆𝐦𝐦 𝑘𝑘 (2.8)
where Δm k is the model update and τ k is a line search factor, and the superscript k denotes iteration number. To produce a unique solution the model has to be regularized, this is done by introducing a model function Φm weighted by a regularization parameter λ, yielding the objective function:

Φ = Φ 𝑑𝑑 + 𝜆𝜆Φ 𝑚𝑚 → min (2.9)
where Φm = ||Cm|| 2 2 and C is a constraint matrix [START_REF] Günther | Three-dimensional modelling and inversion of dc resistivity data incorporating topography -II. Inversion[END_REF]. The application of the Gauss-Newton method to minimize Φ results in:

∆𝐦𝐦 𝑘𝑘 = (𝐉𝐉 T 𝐃𝐃 T 𝐃𝐃𝐉𝐉 + 𝜆𝜆𝐂𝐂 T 𝐂𝐂) -1 (𝐉𝐉 T 𝐃𝐃 T 𝐃𝐃(𝐝𝐝 -𝐟𝐟(𝐦𝐦)) -𝜆𝜆𝐂𝐂 T 𝐂𝐂𝐦𝐦) (2.10)
where J is the Jacobian matrix containing the partial derivatives of the model responses fi with respect to the model parameters mj:

𝐽𝐽 𝑖𝑖,𝑗𝑗 (𝐦𝐦 𝑘𝑘 ) = 𝜕𝜕𝑓𝑓 𝑖𝑖 (𝐦𝐦 𝑘𝑘 ) 𝜕𝜕𝑚𝑚 𝑗𝑗 (2.11)
Equation 2.10 is solved and the model m is updated until the data are fitted within errors, i.e. the chi-squared misfit χ 2 = Φd/D is close to or less than 1 [START_REF] Günther | Three-dimensional modelling and inversion of dc resistivity data incorporating topography -II. Inversion[END_REF].

Seismic Refraction for Time-Lapse Studies

Wave propagation velocities depend on material properties that can change over time such as porosity, state of stress, and degree of fluid saturation. Therefore, any change in these properties supposes a change in the seismic signal. The influence of water saturation on seismic responses has led to an increase in studies using seismic data to derive hydrological properties. As for time-lapse studies using seismic refraction data, these are dominated by Pwave refraction since P-waves are easier to acquire and record in the field and also due to greater contrast in VP-compared to VS-at the water table.

The analysis of refraction data starts with identifying the first arrival times; doing it manually can become a long and tiresome process in time-lapse studies depending on the number of lines, traces, shots, and acquisitions. As seen from the example in the previous section, a single seismic line can involve several hundred of traces, and when the acquisition is done several times, these can become several thousand. Commercial software usually has automatic picking functions, nevertheless, in near-surface contexts, the signal is particularly sensitive to noise which can make it difficult to identify the true first arrival time. Moreover, the varying nature of unconsolidated materials often results in changes in the frequency content of the seismic signal and subsequent changes in the seismic waveform, also interfering with the proper identification of first arrival times.

For time-lapse studies, an in-between approach to overcome long processing times without considerably compromising accuracy is to cross-correlate the seismic signals from different acquisitions. Cross-correlation is a method in signal processing that measures the similarity of two series as a function of the displacement of one relative to the other; it usually comes as a built-in function in several programming languages. In this seismic context, the lag at which the cross-correlation peaks occur is translated to traveltime values for further analysis. As we are interested in first arrival times, the cross-correlation is performed only for the first period of the seismic signal. This implies the identification of first arrival times, therefore, a strategy for a more accurate result is to manually pick the first arrivals only for the first (or background) acquisition and use them as a constraint for the algorithm to find the true first period. One can then also identify the first period from subsequent acquisitions and perform the cross-correlation.

In Figure 2.7 we show an example of overlapping first periods from different acquisitions at different shot positions; the dataset comes from a time-lapse infiltration experiment in the field [START_REF] Blazevic | Time-Lapse Seismic and Electrical Monitoring of the Vadose Zone during a Controlled Infiltration Experiment at the Ploemeur Hydrological Observatory, France[END_REF] presented in Chapter 4 where the goal was to monitor and analyze changes in water saturation in the vadose zone. Figure 2.8 shows the first periods for only one geophone position and the corresponding cross-correlation result with the lag value as traveltime in seconds and shifted signal for visualization.

From Figures 2.8 we can observe that the cross-correlation approach gives a fair estimation of traveltime lag between the two different acquisitions. Nonetheless, identifying the true first period for acquisitions other than the first can also turn into a time-consuming task. The signal frequency content and wavelet shape changes with offset so different cut-off values for amplitude have to be applied to correctly identify the first period. Moreover, frequency content and shapes also vary with changing soil conditions, e.g. water saturation, and even if the first period is well identified, the signals can be dissimilar to the degree that the crosscorrelation result does not have physical meaning in terms of traveltime lag. Accurate first arrival times are necessary to properly interpret and describe the subsurface. They are the data input in the inversion process to obtain a seismic refraction tomography, and without good data, one cannot blindly trust the inversion result. In addition, they are of vital importance in time-lapse studies given that the traveltime differences between acquisitions tell us how the velocities are changing in the subsurface. Trends of decreasing or increasing traveltimes have to be correctly identified to further analyze and explain seismic velocity changes.

Figure 2.9 shows a comparison of differences in first arrival times after manual picking and cross-correlation. The graphs show the shot position on the x-axis and the geophone position on the y-axis, so that each point corresponds to one of all the possible shot-geophone pairs, while the point color is associated to the traveltime difference between one acquisition and the other for a specific shot-geophone pair. We can observe that the general trend is the same for both methods; however, the cross-correlation result has more outliers. There is a trade-off between retrieving first arrival times accurately and rapidly, and it is up to the user to decide what an acceptable balance is. In this particular example, if the goal was to solely identify trends of varying traveltimes then the cross-correlation method achieved it to a reasonable degree. Nonetheless, the data were used for further analysis to obtain a time-lapse refraction tomography (Figure 2.10) and manual picks were used since those traveltimes were more consistent and had fewer outliers. From the results shown in Figures 2.9 and 2.10, we realize that one can extract information about water saturation changes in the vadose (unsaturated) zone with time-lapse seismic refraction data and that the method is not only limited to identifying geologic boundaries or the water table. The user can easily identify changes in first arrival times by overlapping traces from different acquisitions. Traveltime differences can then be computed to a higher or lower degree of accuracy depending on the chosen methodology; we have found that manual picking gives better and more consistent results. Finally, time-lapse inversions can provide a subsurface image showing changes in seismic velocity and further enable quantitative analyses of vadose zone processes.

Surface Waves

Surface waves are seismic waves that propagate along the surface of a medium instead of through its interior. There are two main types depending on the particle motion known as Rayleigh waves and Love waves, named after English scientists Lord Rayleigh and Augustus Edward Hough Love, respectively. The particle motion associated with the passage Rayleigh waves is elliptical in a plane perpendicular to the surface and containing the direction of propagation (Figure 2.11(a)). In contrast, Love waves are horizontally polarized with a particle motion parallel to the medium's surface and perpendicular to the direction of wave propagation (Figure 2.11(b)) [START_REF] Kearey | An Introduction to Geophysical Exploration[END_REF]. Both waves are dispersive, i.e. they propagate with different velocities at different frequencies, with low frequencies normally propagating at higher velocity. For seismic acquisitions where the seismic source is located at the medium's surface, surface waves are more energetic than body waves and they are dominant events in the seismic records (see Figure 2.3). Surface waves propagation is especially sensitive to S-wave seismic properties and surface-wave analysis (further discussed in the next section) can yield a vertical profile of VS. Rayleigh waves are the most commonly used surface waves in practical applications since they are easy to generate and detect [START_REF] Socco | Surface-wave analysis for building near-surface velocity models -Established approaches and new perspectives[END_REF]. After solving the wave equation (for complete derivation see [START_REF] Lifshitz | ELASTIC WAVES[END_REF]) the Rayleigh equation can be written as:

𝜁𝜁 3 -8𝜁𝜁 2 + 8𝜁𝜁(3 -2𝜂𝜂) -16(1 -𝜂𝜂) = 0
(2.12)

where ζ = ω 2 /k 2 VS 2 = VR 2 /VS 2 (with k and ω being the wavenumber and angular frequency, respectively, and VR the Rayleigh wave phase velocity) and η = VS 2 /VP 2 . A solution for this equation in terms of the medium's VS and Poisson's ratio can be approximated as [START_REF] Freund | Dynamic Fracture Mechanics[END_REF]:

𝑉𝑉 𝑅𝑅 = 0.862 + 1.14𝜈𝜈 1 + 𝜈𝜈 𝑉𝑉 𝑆𝑆 (2.13)
Multiple studies have investigated the applicability of Rayleigh waves for monitoring the critical zone. A main advantage of surface-wave analysis over S-wave seismic refraction is that the data can be acquired using the same equipment and methodology as for the P-wave refraction, i.e. multicomponent geophones and different source orientations are not necessary. Once the data have been acquired, the signal is processed to obtain the experimental dispersion curve which can be later inverted to estimate a 1D VS profile of the subsurface.

Surface-Wave Dispersion Analysis

In near-surface contexts, surface-wave analysis became popular with the introduction of the spectral analysis of surface waves (SASW) method [START_REF] Nazarian | Use of Spectral Analysis of Surface Waves Method for Determination of Moduli and Thicknesses of Pavement Systems[END_REF]. The method is based on a one-source and two-geophone configuration and basic signal-analysis tools. For a generated wave, the dispersion curve is constructed by estimating, for each frequency component, the traveltime delay between the arrivals at the two geophones. Having only two geophones poses a limitation on the frequency band; to overcome it, several configurations are created by shifting the geophones and source. With advances in technology, multichannel (i.e. multiple receivers/geophones) seismic arrays became the norm giving rise to the multichannel analysis of surface waves (MASW) method [START_REF] Park | Multichannel analysis of surface waves[END_REF].

The most common way to process the data with the MASW method is through transformbased approaches. The data acquired in the time-space (t-x) domain corresponding to traveltime and geophone position are transformed to another domain such as frequencywavenumber (f-k) or slowness-frequency (p-ω) by means of a Fourier transform. The transformed data can then be expressed in terms of phase and slant-stacked amplitude at each frequency component, further providing an image of the dispersive properties of the recorded surface waves. From this image, the Rayleigh wave dispersion curves are identified and extracted for each mode of propagation by picking the spectral maxima.

Once the experimental dispersion curves are available, an inversion process can be carried out. Since the different wavelengths of the surface waves propagate at different depths, it is possible to obtain a VS profile with depth of the medium. The inversion process is usually performed using a layered model for which some parameters are assumed, such as VS, ρ, VP or ν, and layer thickness, h. For this model, theoretical dispersion curves are computed and compared with the experimental ones until a satisfactory match/data misfit is achieved. The inversion of Rayleigh wave dispersion curves is mostly done by only considering the fundamental mode of propagation since it makes the process easier to implement. Nevertheless, higher modes can also carry significant information about the medium and play an important role in the interpretation. Figure 2.12 shows general surface-wave dispersion analysis and inversion workflows; for a complete mathematical formulation we refer the reader to the works of [START_REF] Park | Imaging dispersion of MASW data -Full vs. Selective offset scheme[END_REF] and [START_REF] Xia | Estimation of near-surface shear-wave velocity by inversion of Rayleigh waves[END_REF]. In Figure 2.13 we show an example of surface-wave dispersion analysis using the MASWaves software by [START_REF] Olafsdottir | Tool for analysis of multichannel analysis of surface waves (MASW) field data and evaluation of shear wave velocity profiles of soils[END_REF]. We use the data from the first acquisition in the experiment by [START_REF] Blazevic | Time-Lapse Seismic and Electrical Monitoring of the Vadose Zone during a Controlled Infiltration Experiment at the Ploemeur Hydrological Observatory, France[END_REF], using a window of geophones (traces) corresponding to the area of interest (see Figures 2.9 and 2.10) and further stacking amplitudes from three different shots to increase signal-to-noise ratio. We picked the experimental dispersion curve manually. For the computation of the theoretical dispersion curve, ρ and h were known variables, VP at each layer was extracted from the P-wave tomography results and VS was estimated according to these values. The inversion algorithm of the software is based on a manual search where the input parameters of the layered model are gradually adjusted to minimize the misfit between the experimental and theoretical curves. This makes it rather operator-dependent and prone to bias. Nonetheless, it can represent a viable approach if automatic local or global search algorithms fail to converge [START_REF] Olafsdottir | Tool for analysis of multichannel analysis of surface waves (MASW) field data and evaluation of shear wave velocity profiles of soils[END_REF]. 

Surface-Wave Dispersion Analysis for Time-Lapse Studies

Just as body waves, surface waves are also influenced by fluid-induced changes in the geomechanical properties of a medium, which affect the wave amplitude and dispersion. Figure 2.14 shows seismic traces for two different acquisitions in time in an area where water saturation changes were occurring; one can observe that there is not only a shift in P-wave first arrival times, but that the subsequent surface waves also change in amplitude and frequency content. From a practical point of view, it is more convenient to analyze differences in the resulting 1D VS profile after surface-wave dispersion analysis in order to map these changes in the subsurface and further quantify them. Nevertheless, the process is subject to some of the same limitations encountered with seismic refraction processing, such as manual versus automatic picking issues, in addition to intrinsic limitations such as the assumption of a layered medium, which can be inappropriate to describe the continuous variations of hydrological properties, and the 1D modeling and inversion approach which neglects subsurface lateral variations.

Figure 2.15 shows a time-lapse example of surface-wave dispersion images for the two different acquisitions from Figure 2.14 where one can observe differences in the spectra, notably for the higher modes of propagation. Moreover, Figure 2.16 shows the extracted dispersion curves (in this case by automatic picking of spectra maxima) for all the acquisitions of the experiment. The results show that it is not straightforward to identify a trend with varying water saturation from the dispersion curves. A manual search inversion process might therefore not be appropriate to retrieve 1D VS profiles; instead, a global search method could help provide more comprehensive and unbiased solutions. 

Elastic Moduli

In this chapter we have introduced the concepts of bulk modulus (K) and shear modulus (µ) 1 . These are some of the elastic moduli of a material, each of which expresses the ratio of a particular type of stress to the resulting strain and therefore determine the propagation velocities of the seismic waves that pass through said material. Other elastic moduli are Young's modulus, E, P-wave modulus, M, and Lamé's first parameter, λ.

The bulk modulus, K, is defined as the stress-strain ratio of a hydrostatic pressure, P, applied to a cubic element (Figure 2.17(a)) where the resultant volume strain is the change of volume, Δv, divided by the initial volume, v:

𝐾𝐾 = 𝑣𝑣𝑣𝑣𝑙𝑙𝑣𝑣𝑚𝑚𝑣𝑣 𝑠𝑠𝑡𝑡𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠 𝑃𝑃 𝑣𝑣𝑣𝑣𝑙𝑙𝑣𝑣𝑚𝑚𝑣𝑣 𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∆𝑣𝑣/𝑣𝑣 (2.14)
The shear modulus, µ, expresses the ratio of shear stress, τ, to the shear strain, tanθ, (Figure 2.17(b)):

𝜇𝜇 = 𝑠𝑠ℎ𝑣𝑣𝑠𝑠𝑠𝑠 𝑠𝑠𝑡𝑡𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠 𝜏𝜏 𝑠𝑠ℎ𝑣𝑣𝑠𝑠𝑠𝑠 𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 tan 𝜃𝜃
(2.15)

The P-wave modulus, M, is defined as the ratio longitudinal stress, F/A, to longitudinal strain Δl/l in a uniaxial strain state (Figure 2.17(c)):

𝑀𝑀 = 𝑙𝑙𝑣𝑣𝑠𝑠𝑙𝑙𝑠𝑠𝑡𝑡𝑣𝑣𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙 𝑠𝑠𝑡𝑡𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠 𝐹𝐹/𝐴𝐴 𝑙𝑙𝑣𝑣𝑠𝑠𝑙𝑙𝑠𝑠𝑡𝑡𝑣𝑣𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙 𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥𝑠𝑠𝑠𝑠𝑙𝑙) ∆𝑙𝑙/𝑙𝑙 (2.16)
where F is an extensional force and A is the cross-section area of the element where the force is acting, and Δl and l are the change in length and initial length of the element, respectively.

Young's modulus, E, is defined as the ratio of longitudinal stress, F/A, to longitudinal strain Δl/l in a uniaxial stress state:

𝐸𝐸 = 𝑙𝑙𝑣𝑣𝑠𝑠𝑙𝑙𝑠𝑠𝑡𝑡𝑣𝑣𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙 𝑠𝑠𝑡𝑡𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠 𝐹𝐹/𝐴𝐴 𝑙𝑙𝑣𝑣𝑠𝑠𝑙𝑙𝑠𝑠𝑡𝑡𝑣𝑣𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙 𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∆𝑙𝑙/𝑙𝑙 (2.17)
In this case, lateral strain also occurs (Figure 2.17(d)). The minus ratio of the lateral to the longitudinal strain is known as the Poisson's ratio, ν, also previously introduced in this chapter and a useful parameter that can be retrieved from VP/VS (Equation 2.3).

As for parameter λ, it is often said that it has no physical interpretation.

In an isotropic, linear elastic medium, all these elastic constants can be derived in terms of two others (Table 2.2). In the laboratory, the most commonly measured elastic constants are Young's modulus and Poisson's ratio, whereas in the field we seek to obtain seismic propagation velocities from the recorded seismic wavefield, which are usually expressed in terms of the bulk and shear moduli. Being able to derive any elastic constant in terms of two others is therefore a useful property when wanting to link the observed changes in seismic velocities with changes in the geomechanical properties of a medium. If both VP and VS are available, Poisson's ratio can be conveniently calculated without knowing the medium's density. In rocks and soils, Poisson's ratio values are in the 0.0-0.5 range, where a value of 0.5 corresponds to an infinitely incompressible isotropic material. In near-surface contexts, Poisson's ratio can be used as a fluid saturation discriminator given that soft water-saturated sediments under low stresses have a Poisson's ratio approaching 0.5. With this introduction to elastic constants we open the way to the next chapter where we discuss petrophysical relationships, also known as rock physics relationships, which allow relating these constants to the material's composition (mineralogy), state of stress, and degree of saturation. These relationships allow us to compare theoretical or empirical models with the properties derived from the field data, with the goal of enabling their quantitative interpretation. 

𝜇𝜇 3𝜆𝜆 + 2𝜇𝜇 𝜆𝜆 + 𝜇𝜇 - 𝜆𝜆 2(𝜆𝜆 + 𝜇𝜇) 𝜆𝜆 + 2𝜇𝜇 - � 𝜆𝜆 + 2𝜇𝜇 𝜇𝜇 (𝑲𝑲, 𝝀𝝀) - 9𝐾𝐾 𝐾𝐾 -𝜆𝜆 3𝐾𝐾 -𝜆𝜆 - 𝜆𝜆 3𝐾𝐾 -𝜆𝜆 3𝐾𝐾 -2𝜆𝜆 3(𝐾𝐾 -𝜆𝜆) 2 � 4𝜆𝜆/3 -2𝐾𝐾 𝜆𝜆 -𝐾𝐾 (𝑲𝑲, 𝝁𝝁) - 9𝐾𝐾𝜇𝜇 3𝐾𝐾 + 𝜇𝜇 𝐾𝐾 -2𝜇𝜇/3 3𝐾𝐾 -2𝜇𝜇 2(3𝐾𝐾 + 𝜇𝜇) 𝐾𝐾 + 4𝜇𝜇/3 - � 𝐾𝐾 + 4𝜇𝜇/3 𝜇𝜇 (𝑬𝑬, 𝝁𝝁) 𝐸𝐸𝜇𝜇 3(3𝜇𝜇 -𝐸𝐸) - 𝜇𝜇 𝐸𝐸 -2𝜇𝜇 (3𝜇𝜇 -𝐸𝐸) 𝐸𝐸 2𝜇𝜇 -1 𝜇𝜇 4𝜇𝜇 -𝐸𝐸 3𝜇𝜇 -𝐸𝐸 - � 𝐸𝐸 -4𝜇𝜇 𝐸𝐸 -3𝜇𝜇 (𝑲𝑲, 𝑬𝑬) - - 3𝐾𝐾 3𝐾𝐾 -𝐸𝐸 9𝐾𝐾 -𝐸𝐸 3𝐾𝐾 -𝐸𝐸 6𝐾𝐾 3𝐾𝐾 3𝐾𝐾 + 𝐸𝐸 9𝐾𝐾 -𝐸𝐸 3𝐾𝐾𝐸𝐸 9𝐾𝐾 -𝐸𝐸 � 𝐸𝐸 + 3𝐾𝐾 𝐸𝐸 (𝝀𝝀, 𝝂𝝂) 𝜆𝜆 1 + 𝜈𝜈 3𝜈𝜈 𝜆𝜆 (1 + 𝜈𝜈)(1 -2𝜈𝜈) 𝜈𝜈 - - 𝜆𝜆 1 -𝜈𝜈 𝜈𝜈 𝜆𝜆 1 -2𝜈𝜈 2𝜈𝜈 � 2(1 -𝜈𝜈) (1 -2𝜈𝜈) (𝝁𝝁, 𝝂𝝂) 𝜇𝜇 2(1 + 𝜈𝜈) 3(1 -2𝜈𝜈) 2𝜇𝜇(1 + 𝜈𝜈) 𝜇𝜇 2𝜈𝜈 1 -2𝜈𝜈 - 𝜇𝜇 2 -2𝜈𝜈 1 -2𝜈𝜈 - � 2(1 -𝜈𝜈) (1 -2𝜈𝜈) (𝑲𝑲, 𝝂𝝂) - 3𝐾𝐾(1 -2𝜈𝜈) 3𝐾𝐾 𝜈𝜈 1 + 𝜈𝜈 - 3𝐾𝐾 1 -𝜈𝜈 1 + 𝜈𝜈 3𝐾𝐾 1 -2𝜈𝜈 2 + 2𝜈𝜈 � 2(1 -𝜈𝜈) (1 -2𝜈𝜈) (𝑬𝑬, 𝝂𝝂) 𝐸𝐸 3(1 -2𝜈𝜈) - 𝐸𝐸𝜈𝜈 (1 + 𝜈𝜈)(1 -2𝜈𝜈) - 𝐸𝐸(1 -𝜈𝜈) (1 + 𝜈𝜈)(1 -2𝜈𝜈) 𝐸𝐸 2(1 + 𝜈𝜈) � 2(1 -𝜈𝜈) (1 -2𝜈𝜈) (𝑴𝑴, 𝝁𝝁) 𝑀𝑀 -4𝜇𝜇/3 𝜇𝜇(3𝑀𝑀 -4𝜇𝜇) 𝑀𝑀 -𝜇𝜇 𝑀𝑀 -2𝜇𝜇 𝑀𝑀 -2𝜇𝜇 2(𝑀𝑀 -𝜇𝜇) - - � 𝑀𝑀 𝜇𝜇 (𝑽𝑽 𝑷𝑷 , 𝑽𝑽 𝑺𝑺 ) 𝜌𝜌(𝑉𝑉 𝑃𝑃 2 -4𝑉𝑉 𝑆𝑆 2 /3) 𝜌𝜌𝑉𝑉 𝑆𝑆 2 (3𝑉𝑉 𝑃𝑃 2 -4𝑉𝑉 𝑆𝑆 2 ) 𝑉𝑉 𝑃𝑃 2 -𝑉𝑉 𝑆𝑆 2 𝜌𝜌(𝑉𝑉 𝑃𝑃 2 -2𝑉𝑉 𝑆𝑆 2 ) 𝑉𝑉 𝑃𝑃 2 -2𝑉𝑉 𝑆𝑆 2 2(𝑉𝑉 𝑃𝑃 2 -𝑉𝑉 𝑆𝑆 2 ) 𝜌𝜌𝑉𝑉 𝑃𝑃 2 𝜌𝜌𝑉𝑉 𝑆𝑆 2
-CHAPTER 3 PETROPHYSICAL RELATIONSHIPS

Petrophysical Relationships and Geophysics

Petrophysical relationships provide a link between geophysical properties and rock properties and state variables, enabling more quantitative predictions and interpretations. These relationships are well established in hydrocarbon exploration contexts and are a useful tool to characterize and monitor reservoirs [START_REF] Schön | Physical Properties of Rocks-Fundamentals and Principles of Petrophysics[END_REF]. The study and development of petrophysical relationships for hydrogeophysics applications greatly builds on this experience [START_REF] Knight | Geophysics at the interface: Response of geophysical properties to solid-fluid, fluid-fluid, and solid-solid interfaces[END_REF]. Nonetheless, the consolidated rocks at high temperatures and pressures usually encountered in hydrocarbon contexts behave differently from the unconsolidated rocks and soils at low temperatures and stresses found in near-surface hydrological contexts. As a result, the forms and parameters of the petrophysical relationships linking geophysical properties to subsurface parameters can vary significantly [START_REF] Hubbard | Hydrogeophysics[END_REF].

Electrical methods such as electrical resistivity tomography (ERT), induced and spectral induced polarization (IP and SIP), and ground penetrating radar (GPR) dominate hydrogeophysical applications and, therefore, much focus is directed towards petrophysical models based on electrical properties. Since the formulation of the widely used Archie's law [START_REF] Archie | The Electrical Resistivity Log as an Aid in Determining Some Reservoir Characteristics[END_REF] linking electrical resistivity (or its reciprocal, conductivity), porosity, and water saturation, numerous other models have been proposed to establish links between electrical and hydrogeological properties of rocks and soils. A thorough review on permittivity, electrical conductivity, induced polarization, and complex conductivity models for both saturated and unsaturated materials can be found in Lesmes & Friedman (2005).

Despite this domination by electrical methods, seismic methods are being increasingly used to study and monitor hydrological properties and state variables, raising the interest in petrophysical relationships based on the mechanical properties of rocks and soils to transform measured geophysical properties into desired hydrogeological parameters [START_REF] Hayes | Porosity production in weathered rock: Where volumetric strain dominates over chemical mass loss[END_REF][START_REF] Holbrook | Geophysical constraints on deep weathering and water storage potential in the Southern Sierra Critical Zone Observatory[END_REF][START_REF] Pasquet | Geophysical imaging of shallow degassing in a Yellowstone hydrothermal system[END_REF][START_REF] Pride | Relationships between Seismic and Hydrological Properties[END_REF].

In this chapter, we present petrophysical relationships related to the mechanical properties of unconsolidated granular media, from theoretical models to empirical relationships. Moreover, we discuss the effect of partial saturation on the medium's stiffness and seismic response, and its implications for the quantitative description of hydrological state variables from seismic field data and derived velocities.

Granular Media and the Effective Medium Theory (EMT)

The effective elastic properties of packings of spherical particles depend on normal and tangential contact stiffnesses of a two-particle combination. The normal stiffness, Sn, of two identical spheres is defined as the ratio of a confining force increment to the shortening of a sphere radius. The tangential stiffness, Sτ, of two identical spheres is the ratio of a tangential force increment to the increment of the tangential displacement of the center relative to the contact region [START_REF] Mavko | The Rock Physics Handbook: Tools for Seismic Analysis of Porous Media[END_REF]:

𝑆𝑆 𝑛𝑛 = 𝜕𝜕𝐹𝐹 𝜕𝜕𝜕𝜕 (3.1) 𝑆𝑆 𝜏𝜏 = 𝜕𝜕𝜕𝜕 𝜕𝜕𝜏𝜏 (3.2)
where F is the normal force, δ is normal displacement, T is the tangential force, and τ is tangential displacement (Figure 3.1). For a random, dry sphere packing, effective bulk and shear moduli, Keff and µeff, can be expressed through porosity ϕ, coordination number C (the average number of contacts per sphere), sphere radius R, and the normal and tangential stiffnesses [START_REF] Mavko | The Rock Physics Handbook: Tools for Seismic Analysis of Porous Media[END_REF]. Several models describe Keff and µeff in terms of these parameters, with the Hertz-Mindlin model being the most commonly used one. In this model, the radius of the contact area, a, between two grains is defined as:

𝑠𝑠 = 𝑅𝑅 � 3𝜋𝜋(1 -𝜈𝜈) 2𝐶𝐶(1 -𝜙𝜙)𝜇𝜇 𝑃𝑃� 1/3 (3.3)
where ν and µ are the Poisson's ratio and the shear modulus of the grain material, respectively, and P is a hydrostatic stress. The normal and tangential stiffnesses are defined as:

𝑆𝑆 𝑛𝑛 = 4𝑠𝑠𝜇𝜇 1 -𝜈𝜈 (3.4) 𝑆𝑆 𝜏𝜏 = 8𝑠𝑠𝜇𝜇 2 -𝜈𝜈 (3.5)
and it is assumed that a normal force is applied first and a tangential force is applied afterward. The effective elastic moduli are expressed as follows:

𝐾𝐾 𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐶𝐶(1 -𝜙𝜙) 12𝜋𝜋𝑅𝑅 𝑆𝑆 𝑛𝑛 (3.6) 𝜇𝜇 𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐶𝐶(1 -𝜙𝜙) 20𝜋𝜋𝑅𝑅 (𝑆𝑆 𝑛𝑛 + 1.5𝑆𝑆 𝜏𝜏 ) (3.7)
Then, substituting and rewriting the previous equations one obtains:

𝐾𝐾 𝑒𝑒𝑒𝑒𝑒𝑒 = 1 3 � 3𝐶𝐶 2 (1 -𝜙𝜙) 2 𝜇𝜇 2 2𝜋𝜋 2 (1 -𝜈𝜈) 2 𝑃𝑃� 1/3
(3.8)

𝜇𝜇 𝑒𝑒𝑒𝑒𝑒𝑒 = 5 -4𝜈𝜈 5(2 -𝜈𝜈) � 3𝐶𝐶 2 (1 -𝜙𝜙) 2 𝜇𝜇 2 2𝜋𝜋 2 (1 -𝜈𝜈) 2 𝑃𝑃� 1/3
(3.9)

One can note that the ratio of the effective moduli can be expressed in terms of the material's Poisson's ratio:

𝐾𝐾 𝑒𝑒𝑒𝑒𝑒𝑒 𝜇𝜇 𝑒𝑒𝑒𝑒𝑒𝑒 = 5(2 -𝜈𝜈) 3(5 -4𝜈𝜈) (3.10)
In an unconsolidated system, such as near-surface materials where porosities are high and stresses are low, absence of friction between particles may occur. To account for this, an ad hoc coefficient f (0 ≤ f ≤ 1) can be introduced to the definition of elastic moduli where grains have perfect adhesion for f = 1 (Equations 3.3-3.5) and no adhesion for f = 0. Keff remains unchanged but µeff becomes:

𝜇𝜇 𝑒𝑒𝑒𝑒𝑒𝑒 = 2 + 3𝑓𝑓 -𝜈𝜈(1 + 3𝑓𝑓) 5(2 -𝜈𝜈) � 3𝐶𝐶 2 (1 -𝜙𝜙) 2 𝜇𝜇 2 2𝜋𝜋 2 (1 -𝜈𝜈) 2 𝑃𝑃� 1/3 (3.11)
and

𝐾𝐾 𝑒𝑒𝑒𝑒𝑒𝑒 𝜇𝜇 𝑒𝑒𝑒𝑒𝑒𝑒 = 5(2 -𝜈𝜈) 3[2 + 3𝑓𝑓 -𝜈𝜈(1 + 3𝑓𝑓)]
(3.12)

For the case of absolutely frictionless spheres (f = 0) one obtains:

𝜇𝜇 𝑒𝑒𝑒𝑒𝑒𝑒 = 1 5 � 3𝐶𝐶 2 (1 -𝜙𝜙) 2 𝜇𝜇 2 2𝜋𝜋 2 (1 -𝜈𝜈) 2 𝑃𝑃� 1/3 (3.13)
and

𝐾𝐾 𝑒𝑒𝑒𝑒𝑒𝑒 𝜇𝜇 𝑒𝑒𝑒𝑒𝑒𝑒 = 5 3 (3.14)
Other effective medium models exist and assume different conditions such as simultaneous normal and shear deformation [START_REF] Walton | The effective elastic moduli of a random packing of spheres[END_REF], smooth particle shape [START_REF] Digby | The effective elastic moduli of porous granular rocks[END_REF], or deviation of particle motion [START_REF] Jenkins | Fluctuations and the effective moduli of an isotropic, random aggregate of identical, frictionless spheres[END_REF], leading to results somewhat different to those obtained with the Hertz-Mindlin model.

EMT Limitations

Despite these definitions and different models, granular media have properties lying somewhat between solids and liquids and are sometimes considered to be a distinct form of matter. Complex behavior arises from the ability of grains to move relative to each other, modify their packing and coordination numbers, and rotate [START_REF] Mavko | The Rock Physics Handbook: Tools for Seismic Analysis of Porous Media[END_REF]. Several authors have shown that this complex behavior causes effective medium theory to fail in describing cohesionless granular assemblies quantitatively [START_REF] Goddard | Nonlinear elasticity and pressure-dependent wave speeds in granular media[END_REF][START_REF] Makse | Granular packings: Nonlinear elasticity, sound propagation, and collective relaxation dynamics[END_REF][START_REF] Tournat | Acoustics of unconsolidated "model" granular media: An overview of recent results and several open problems[END_REF].

The main prediction of the EMT is the scaling of the effective bulk and shear moduli with the stress, P, as Keff ∼ µeff ∼ P 1/3 . While studying seismic velocities in loose beach sands, Bachrach et al. (1998) concluded that the Hertz-Mindlin model successfully reproduced the power-law stress dependence of the P-wave velocity in shallow sand in situ. However, the model overestimated by a factor of two the velocity values actually measured in the beach sand. In later experiments, [START_REF] Bachrach | Seismic velocities and Poisson's ratio of shallow unconsolidated sands[END_REF] found the same behavior for both VP and VS. The authors attributed this discrepancy to the angularity of the sand grains. By accounting for this angularity in the theory's definition of contact area radius and confining force, the authors managed to fit the models to the measured seismic velocities.

Notwithstanding these results, various authors have questioned the theoretical scaling of effective moduli and seismic velocities with stress. Several experiments for unconsolidated granular media (c.f. [START_REF] Domenico | Elastic properties of unconsolidated porous sand reservoirs[END_REF][START_REF] Goddard | Nonlinear elasticity and pressure-dependent wave speeds in granular media[END_REF][START_REF] Richart | Vibrations of Soils and Foundations[END_REF] show anomalous stress scaling characterized by exponents varying between 1/3 and 1/2 [START_REF] Makse | Granular packings: Nonlinear elasticity, sound propagation, and collective relaxation dynamics[END_REF][START_REF] Pride | Relationships between Seismic and Hydrological Properties[END_REF]. [START_REF] Makse | Granular packings: Nonlinear elasticity, sound propagation, and collective relaxation dynamics[END_REF] found that Keff is reasonably well defined with the simple EMT. However, their simulations showed that the EMT is inadequate in describing the material's response under shear perturbations. The numerical simulations indicated that EMT fails because it does not properly allow the grains to relax from the affine deformation imposed by the external boundary. The authors suggested a new scaling behavior with stress that might describe the data for frictionless particles better: µeff(P) ∼ P 2/3 as P → 0.

Moreover, the EMT usually treats the coordination number C as a constant. [START_REF] Goddard | Nonlinear elasticity and pressure-dependent wave speeds in granular media[END_REF] proposed that stress-free grain rotations create grain-to-grain contacts that result in the law:

𝐶𝐶(𝜖𝜖) = � 𝐶𝐶 𝑜𝑜 (𝜖𝜖/𝜖𝜖 𝑜𝑜 ) 1/2 when 𝑃𝑃 ≪ 𝑃𝑃 𝑜𝑜 𝐶𝐶 𝑜𝑜 when 𝑃𝑃 ≫ 𝑃𝑃 𝑜𝑜 (3.15)
where Po is a stress observed to be on the order of 10 MPa, ϵ is the negative dilatation of the material, and ϵo is the negative dilatation when P = Po. Co is the maximum coordination number that can occur. [START_REF] Pride | Relationships between Seismic and Hydrological Properties[END_REF] used this law within the Walton model [START_REF] Walton | The effective elastic moduli of a random packing of spheres[END_REF] and re-expressed it as:

𝐾𝐾 𝑒𝑒𝑒𝑒𝑒𝑒 = 1 6 � 4(1 -𝜙𝜙) 2 𝐶𝐶 𝑜𝑜 2 𝑃𝑃 𝑜𝑜 𝜋𝜋 4 𝐵𝐵 2 � 1/3 (𝑃𝑃/𝑃𝑃 𝑜𝑜 ) 1/2 {1 + [16𝑃𝑃/(9𝑃𝑃 𝑜𝑜 )] 4 } 1/24
(3.16)

with B being a compliance parameter defined as:

𝐵𝐵 = 1 4𝜋𝜋 � 1 𝜇𝜇 + 1 𝐾𝐾 + 𝜇𝜇/3 � (3.17)
Pride ( 2005) recommended this relationship, together with µeff = 3Keff/5 (Equation 3.14), to describe the elastic moduli of unconsolidated materials such as those encountered in nearsurface contexts.

By measuring and analyzing seismic velocities in a pack of dry glass beads, Jacob et al. ( 2008) estimated the packing bulk and shear moduli to be K, µ ∼ P 2/3 for static stresses below 30 kPa. The authors express P-an S-wave velocity as:

𝑉𝑉 𝑃𝑃,𝑆𝑆 = 𝛾𝛾 𝑃𝑃,𝑆𝑆 𝑃𝑃 𝛼𝛼 𝑃𝑃,𝑆𝑆 (3.18) 
where γP,S are depth-independent coefficients depending mainly on the elastic properties of the grains, and the porosity and coordination number of the packed structure, and αP,S is the power-law exponent theoretically equal to 1/6 (given that VP,S ~ K 1/2 , µ 1/2 ). Their experimental values for the γ coefficients are γP = 14.8±0.4 [SI] and γS = 6.43±0.13 [SI], and the values for the power-law exponents are αP = 0.305±0.01 and αS = 0.320±0.006, which further result in K ∼ P 0.61 and µ ∼ P 0.62 . In a more recent laboratory experiment with larger glass beads, [START_REF] Pasquet | Small-Scale Seismic Monitoring of Varying Water Levels in Granular Media[END_REF] estimated values of γP = 21.25 [SI] and αP = 0.33 for VP, and γS = 13.10

[SI], αS = 0.297 for VS.

Figure 3.2 shows a comparison of the aforementioned models for the dry bulk and shear moduli (Kdry and µdry) of a glass bead packing. To compute them, we set the bulk modulus and shear modulus of the glass beads to 39.6 GPa and 28.5 GPa, respectively, and glass bead density to 2.50 g/cm 3 ; moreover, we assumed a random packing with a porosity of 0.36 and a coordination number of 6. In general, P is the effective stress, which for loose granular media is considered to be the difference between the total overburden stress, σv, and the pore pressure Ppore [START_REF] Terzaghi | Erdbaumechanik auf bodenphysikalischer grundlage[END_REF]:

𝑃𝑃 = 𝜎𝜎 𝑣𝑣 -𝑃𝑃 𝑝𝑝𝑜𝑜𝑝𝑝𝑒𝑒 (3.19)
σv is defined as:

𝜎𝜎 𝑣𝑣 = 𝜌𝜌𝑙𝑙𝜌𝜌 (3.20)
where g is the gravitational acceleration (set to 9.81 m/s 2 ), z is depth and ρ is the bulk density of the medium:

𝜌𝜌 = (1 -𝜙𝜙)𝜌𝜌 𝑜𝑜 + 𝜙𝜙𝜌𝜌 𝑒𝑒𝑓𝑓 (3.21)
with ρo being the density of the grain material and ρfl the density of the fluid filling the pores (for a dry packing ρfl = ρair = 1.225×10 -3 g/cm 3 ). Ppore is defined as:

𝑃𝑃 𝑝𝑝𝑜𝑜𝑝𝑝𝑒𝑒 = 𝜌𝜌 𝑤𝑤 𝑙𝑙𝜌𝜌 (3.22)
where ρw is water density (usually set to 1.00 g/cm 3 ). For a dry packing, however, Ppore is assumed to be zero. [START_REF] Pasquet | Small-Scale Seismic Monitoring of Varying Water Levels in Granular Media[END_REF] where the glass beads were contained in tanks of 20-30 cm depth. In field contexts where the subsurface materials are obviously not as homogeneous as a glass bead packing, it becomes difficult to certainly discern if slight differences in seismic velocities are due to a different scaling with stress or field measurement uncertainties. Moreover, studies such as those of [START_REF] Jacob | Acoustic probing of the jamming transition in an unconsolidated granular medium[END_REF] and [START_REF] Pasquet | Small-Scale Seismic Monitoring of Varying Water Levels in Granular Media[END_REF], although useful to identify different stress dependencies, are limited to the type of material they study (in this case, glass beads) since the estimated γP,S coefficients are governed by the elastic properties of the grains, impeding the models to be correctly used for other materials or mineralogies.

Direct applications of such theoretical and experimental considerations, more thoroughly detailed in [START_REF] Bodet | Smallscale physical modeling of seismic-wave propagation using unconsolidated granular media[END_REF], are thus limited to specific targets of very well constrained intrinsic properties (e.g., [START_REF] Bergamo | P-and S-wave velocity models of shallow dry sand formations from surface wave multimodal inversion[END_REF][START_REF] Vriend | Linear and nonlinear wave propagation in booming sand dunes[END_REF]. These limitations are even greater if the natural heterogeneity and complexity of the critical zone are taken into account [START_REF] Bodet | Surface waves modelling and analysis in media of increasing degrees of complexity[END_REF]. The influence of fluid saturation on seismic data, for instance, has been clearly highlighted in [START_REF] Pasquet | Small-Scale Seismic Monitoring of Varying Water Levels in Granular Media[END_REF]; yet, as far as the interpretation of near-surface field data is concerned, it remains difficult to correctly implement the effect of saturation in forward models, as discussed in the following section. 

Partially Saturated and Saturated Granular Media

In near-surface hydrogeological contexts, we seldom encounter completely dry soils. The natural soil water saturation range goes from about 0.2 to 1. In the vadose zone we deal with partially saturated (unsaturated) media where complexities arise due to variations in water saturation. In order to describe the behavior of water content in the unsaturated zone, van Genuchten (1980) proposed a model relating volumetric water content, θv, to the matric potential, Ψm:

𝜃𝜃 𝑣𝑣 = 𝜃𝜃 𝑝𝑝 + 𝜃𝜃 𝑠𝑠 -𝜃𝜃 𝑝𝑝 [1 + (𝛼𝛼|𝛹𝛹 𝑚𝑚 |) 𝑛𝑛 ] 𝑚𝑚 (3.23)
where θr and θs are the residual and saturated volumetric water contents, respectively, α (not to be confused with the αP,S parameters in the previous subsection) is related to the inverse of the air entry pressure, and n and m are parameters directly dependent on the pore size distribution. These parameters are usually obtained experimentally. A common assumption is that m = 1 -1/n. van Genuchten's model is one of many soil water retention curve models, yet, it is the most used one. The volumetric water content and the water saturation, Sw, are related through the medium's porosity as:

𝑆𝑆 𝑤𝑤 = 𝜃𝜃 𝑣𝑣 𝜙𝜙 (3.24)
From this definition, we can also note that as θs is the saturated water content (Sw = 1), it equals the porosity of the medium.

Figure 3.4 shows the water retention curves for different soil textural classes. The parameter values to compute the curves were taken from the UNsaturated SOils DAtabase (UNSODA) [START_REF] Leij | Relationships between the Electrical and Hydrogeological Properties of Rocks and Soils[END_REF]. For this example, we assume a water table at 10 m depth and show the corresponding curves in terms of water content and water saturation. We can note that loamy, silty, and clayey soils hold more water than sandy soils. Due to their definition, water retention curves are normally displayed in terms of matric suction or pressure head; here we also display them in terms of depth, so it is easier to relate them to seismic velocity profiles. Changes in water saturation in a granular medium affect the stiffnesses between the grains and subsequently the elastic moduli and seismic velocities of the medium. Predicting seismic velocities for different degrees of saturation or different pore fluids saturating the medium is known as the fluid substitution problem and it is very well known in hydrocarbon exploration contexts to classify oil, gas, and water-bearing rocks from seismic data. The Gassmann-Biot [START_REF] Biot | Theory of Propagation of Elastic Waves in a Fluid-Saturated Porous Solid. I. Low-Frequency Range[END_REF][START_REF] Gassmann | Elastic waves through a packing of spheres[END_REF] theory predicts a change in the bulk modulus of the medium as:

𝐾𝐾 𝑠𝑠𝑠𝑠𝑠𝑠 𝐾𝐾 0 -𝐾𝐾 𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐾𝐾 𝑑𝑑𝑝𝑝𝑑𝑑 𝐾𝐾 0 -𝐾𝐾 𝑑𝑑𝑝𝑝𝑑𝑑 + 𝐾𝐾 𝑒𝑒𝑓𝑓 𝜙𝜙(𝐾𝐾 0 -𝐾𝐾 𝑒𝑒𝑓𝑓 ) (3.25)
or in a more explicit form:

𝐾𝐾 𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐾𝐾 𝑑𝑑𝑝𝑝𝑑𝑑 + (1 -𝐾𝐾 𝑑𝑑𝑝𝑝𝑑𝑑 /𝐾𝐾 0 ) 2 𝜙𝜙/𝐾𝐾 𝑒𝑒𝑓𝑓 + (1 -𝜙𝜙)/𝐾𝐾 0 -𝐾𝐾 𝑑𝑑𝑝𝑝𝑑𝑑 /𝐾𝐾 0 2 (3.26)
where Ksat is the bulk modulus of the saturated medium, Kdry is the bulk modulus of the dry medium (corresponding to the definitions discussed in Section 3.2), K0 is the bulk modulus of the grain material, and Kfl is the bulk modulus of the pore fluid. Moreover, the theory assumes that the shear modulus of the medium is not affected by varying fluid saturation, such that:

𝜇𝜇 𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜇𝜇 𝑑𝑑𝑝𝑝𝑑𝑑 (3.27)
with µsat and µdry being the shear modulus of the saturated and dry medium, respectively.

Gassmann's equation is valid at sufficiently low frequencies, meaning that there is enough time for the pore-pressure change induced from the passing of a seismic wave to equilibrate throughout the pore space; in situ seismic data (< 100 Hz) are generally well described by the theory. Other considerations include the medium being isotropic and a homogeneous mineral bulk modulus, although it is possible to use an effective average modulus for K0 for mixed mineralogy.

To deal with partially saturated media, one can define the effective bulk modulus of the fluid mixture as a Reuss average of the different bulk moduli corresponding to each fluid. For the air-water mixture one can write:

1 𝐾𝐾 𝑒𝑒𝑓𝑓 = 𝑆𝑆 𝑤𝑤 𝐾𝐾 𝑤𝑤 + 1 -𝑆𝑆 𝑤𝑤 𝐾𝐾 𝑠𝑠𝑖𝑖𝑝𝑝 (3.28)
where Kw and Kair are the water and air bulk modulus, respectively (Kw = 2.2 GPa and Kair = 0.101 MPa).

Figure 3.5 shows the changes in elastic moduli with water saturation for a medium composed of quartz grains according to Gassmann's relations. Kdry and µdry were calculated following the Hertz-Mindlin theory for frictionless grains (Equations 3.13 and 3.14) at P = 50 kPa. The elastic constants of quartz are K = 37 GPa, µ = 44 GPa, and ν = 0.08 (retrieved from [START_REF] Mavko | The Rock Physics Handbook: Tools for Seismic Analysis of Porous Media[END_REF] after [START_REF] Carmichael | Practical Handbook of Physical Properties of Rocks and Minerals[END_REF]), and we assumed a porosity of 0.36 and a contact number of 6 for the calculations. The shear modulus remains unchanged as predicted by Equation 3.27. When it comes to the bulk modulus, we note that it changes little when the medium is partially saturated. At about 98% water saturation it starts taking a steep increase, ultimately reaching a value over 20 times higher at 100% water saturation.

With these moduli, one can then compute seismic velocities at different water saturation. It is important to keep in mind that the density of the medium also changes with varying water saturation such that:

𝜌𝜌 = 𝜙𝜙[(𝑆𝑆 𝑤𝑤 𝜌𝜌 𝑤𝑤 ) + (1 -𝑆𝑆 𝑤𝑤 )𝜌𝜌 𝑠𝑠𝑖𝑖𝑝𝑝 ] + (1 -𝜙𝜙)𝜌𝜌 𝑜𝑜 (3.29)
which becomes the appropriate density input to calculate VP and VS using Equations 2.1 and 2.2. Figure 3.6 shows the corresponding results. As expected, VP has similar behavior to that of the effective bulk modulus, with a sharp increase at about 98% water saturation. The main difference, however, is the fact that VP decreases in the 0%-98% water saturation range; this is due to the density effect: the density of the medium increases with increasing water saturation. At water saturations around 98%, the increase in effective bulk modulus starts overcoming the density effect ultimately reaching the sharp increase in VP at 100% water saturation. As VS is only dependent on the effective shear modulus and material's density, it displays a decreasing trend for the whole 0%-100% water saturation range. If we combine Equations 3.23-3.24 with the fluid substitution theory, we can obtain a depth profile of seismic velocities with varying water saturation. Figure 3.7 shows the results for a sand medium, assuming a sand water retention curve and quartz grains. With increasing depth, and therefore confining stress, seismic velocities also increase. However, when water saturation starts increasing just above the water table, we can note a decrease in seismic velocities just as we saw from Figure 3.6. Finally, when the water table is reached, we see the steep increase in VP. Below the water table, both VP and VS keep increasing moderately due to the increasing confining stress at greater depths. An alternative way to look at these profiles is in terms of the VP/VS ratio or the Poisson's ratio (Figure 3.8). Using Poisson's ratio can be advantageous to identify water saturation in field contexts. Unconsolidated water-saturated sediments under low stresses have a Poisson's ratio approaching 0.5, and when VP and VS profiles are available, the Poisson's ratio can be computed without further knowledge or assumptions of the medium's composition or density. Note that this approach is effective at differentiating the driest state of the medium (about 20% water saturation) and the fully saturated medium (100% water saturation). For the saturation values in between, however, there is no clear distinction. In other words, the approach is useful to detect full water saturation but provides little information on the partial saturation range, except in extremely well constrained contexts with strong a priori information about the medium, multi-method characterization and thorough processing and inversion, as suggested by [START_REF] Dangeard | Développement d'une approche "time-lapse" des méthodes sismiques pour l'hydrogéophysique et la compréhension de la dynamique des hydrosystèmes[END_REF]. 

Poisson's Ratio in Near-Surface Field Contexts

In the previous discussion, we analyzed the behavior of seismic wave velocities, VP/VS, and Poisson's ratio from a theoretical standpoint, modeling responses for a homogeneous medium. In the field, however, we often deal with heterogeneous media. Moreover, as discussed in Chapter 2, the seismic velocities obtained from field acquisitions are not the actual recorded data but inverted parameters that carry posterior uncertainties.

To illustrate Poisson's ratio profiles from field data we use the two datasets from [START_REF] Pasquet | 2D characterization of near-surface VP/VS: Surface-wave dispersion inversion versus refraction tomography[END_REF] and [START_REF] Dangeard | Estimating picking errors in near-surface seismic data to enable their timelapse interpretation of hydrosystems[END_REF], acquired under two different hydrogeological conditions: in October 2011, at a low-water level, and in May 2012, at a nearly high-water level. VP and VS (Figure 3.9) were estimated from P-wave refraction tomography and surface-wave dispersion analysis, respectively. For our Poisson's ratio calculations, we resampled the VP tomography to yield the same amount of data points as the VS profile.

In Figure 3.10 we show the resulting Poisson's ratio profiles for both acquisitions. From the result, we can observe that there is no clear trend that helps to identify water saturation changes from Poisson's ratio values close to 0.5. The only available information is the temporal "migration" of apparent fully saturated areas; the inversions fell short in depicting the important time-lapse variations originally identified in the seismic data [START_REF] Dangeard | Estimating picking errors in near-surface seismic data to enable their timelapse interpretation of hydrosystems[END_REF]. Apart from the heterogeneities that one might encounter in the field, there are inherent incompatibilities between P-wave tomography and surface-wave analysis as they involve distinct wavefield examinations and different assumptions about the medium. As a result, VP and VS models have contrasting resolutions, investigation depths, and posterior uncertainties, all of which poses further limitations for the proper derivation of joint parameters. 

Insights from Field Time-Lapse VP Monitoring

Seismic velocities in near-surface materials are sensitive to partial saturation in the transition zone between dry and saturated state (Bachrach & Nur, 1998). From the early discussion in this section, we have seen that VP is more sensitive to water saturation changes than VS. Even if the changes are not great in magnitude in the range of partial saturation, the theory predicts a decrease in VP with increasing water saturation due to the density effect. Then, close to 100% saturation, the increase in bulk modulus takes over the density effect resulting in a sharp increase of VP.

In the time-lapse study by [START_REF] Blazevic | Time-Lapse Seismic and Electrical Monitoring of the Vadose Zone during a Controlled Infiltration Experiment at the Ploemeur Hydrological Observatory, France[END_REF], we compared the changes in VP due to varying water saturation with effective medium models. Sensors in the subsurface and previous soil analyses allowed to track the changes at different depths. VP was estimated from P-wave refraction tomography using time-lapse inversion. For the velocity models, we used two different, plausible mineralogy compositions: quartz and clay. Figure 3.11 shows the results for one of the profiles.

From the different graphs, we can observe that the data points generally follow the trend of decreasing VP with increasing Sw predicted by the theory in the partial saturation range. However, this agreement is mostly qualitative rather than quantitative, with the models mostly under-or overpredicting velocity values. The shallow soils start with values closer to those predicted by the clay model, and with greater depths, they gradually move towards the predictions of the quartz model. This could also be an indicator of different compositions for the soils at different depths, which can come as a result of weathering. However, it is difficult to be conclusive on this hypothesis without accurate information on the soils' mineral composition. 

Empirical Relationships for Unsaturated Soils

We have seen so far that effective stress and its scaling play an important role in the seismic velocities of granular materials. Since the early 1960s, scientists from the geotechnical community have discussed the effect of partially saturated soils on effective stress, consolidation, and shear strength. [START_REF] Bishop | The principle of effective stress[END_REF] and [START_REF] Aitchison | Relationships of moisture stress and effective stress functions in unsaturated soils[END_REF] proposed a modified expression for the effective stress in an unsaturated soil such that:

𝑃𝑃 = (𝜎𝜎 𝑣𝑣 -𝑃𝑃 𝑠𝑠𝑖𝑖𝑝𝑝 ) + 𝜒𝜒(𝑃𝑃 𝑠𝑠𝑖𝑖𝑝𝑝 -𝑃𝑃 𝑤𝑤𝑠𝑠𝑠𝑠𝑒𝑒𝑝𝑝 ) (3.30)
where Pwater and Pair are the pressures in the liquid and gaseous phase of the pore fluid, respectively, and χ is an experimentally determined parameter that varies with the degree of saturation, from χ = 0 for dry soils to χ ≈ 1 for saturated soils. [START_REF] Jennings | Limitations to the use of effective stresses in partly saturated soils[END_REF] questioned the limitations of using effective stresses in partially saturated soils with their laboratory results showing that most soils exhibit behavior that cannot be explained simply based on effective stress changes. The authors suggest that the structural changes resulting from a change of pressure deficiency in a partially saturated soil are very different from those resulting from an equivalent change in applied stress. [START_REF] Bishop | Some Aspects of Effective Stress in Saturated and Partly Saturated Soils[END_REF] further discussed these aspects, concluding that the behavior of partially saturated soils is affected by (Pair -Pwater) and (σv -Pair) as two separate state variables. [START_REF] Fredlund | The shear strength of unsaturated soils[END_REF] later used these variables to describe the shear strength of unsaturated soils.

The surface tension along the grains and the resulting negative pore pressure in unsaturated soils increases interparticle forces, altering the strain stiffness and the soil's strength. [START_REF] Cho | Unsaturated Particulate Materials-Particle-Level Studies[END_REF] proposed a modification of the Hertzian contact area for computing an equivalent combined stress that considers both the applied effective stress and the contactlevel capillary forces. The results show an increased effect of capillarity at low confinement (< 500 kPa) that vanished at higher confining stresses (> 500 kPa).

More recently, N. [START_REF] Lu | A closed-form equation for effective stress in unsaturated soil[END_REF] proposed and validated a closed-formed equation for effective stress in unsaturated soil requiring only α and n as from the van Genuchten (1980) relationship as controlling parameters. Under the proposed equation, the transition from saturated to unsaturated states is continuous and smooth. Moreover, the authors neglected the surface tension contribution to the stress and validated it against previous testing data for different types of soils. Finally, they concluded that with the proposed closed-formed equation there was no need for a new shear strength criterion for unsaturated soil and that all classical soil mechanics work on limit equilibrium analysis could be extended to unsaturated soil conditions.

Beyond the redefinitions of effective stress, numerous studies from the geotechnical community have focused on proposing empirical relationships for the elastic moduli and propagation velocities of soil materials. [START_REF] Santamarina | Stress anisotropy and wave propagation: a micromechanical view[END_REF] proposed an expression for VS of the form:

𝑉𝑉 𝑆𝑆 = 𝜃𝜃 � 𝑃𝑃 𝑣𝑣 + 𝑃𝑃 ℎ 2𝑃𝑃 𝑠𝑠 � 𝛽𝛽 (3.31)
where θ and β are empirical parameters (see [START_REF] Santamarina | A Survey of Elastic and Electromagnetic Properties of Near-Surface Soils[END_REF] for values for different soil types), Pv and Ph are the vertical and horizontal effective stress, respectively, and Pa is the atmospheric pressure used for dimensionality. For unsaturated soils, [START_REF] Santamarina | A Survey of Elastic and Electromagnetic Properties of Near-Surface Soils[END_REF] proposed a definition dependent on the VS value at Sw = 100% such that:

𝑉𝑉 𝑆𝑆 ≈ 𝑉𝑉 𝑆𝑆 (𝑒𝑒𝑜𝑜𝑝𝑝 𝑆𝑆 𝑤𝑤 =1) �1 + 𝛹𝛹𝑆𝑆 𝑤𝑤 0.75𝑃𝑃 𝑣𝑣 � 𝛽𝛽 (3.32)
with Ψ being soil suction.

By studying seismic velocities in unsaturated soil, [START_REF] Fratta | Combined TDR and P-wave velocity measurements for the determination of in situ soil density-experimental study[END_REF] used the following expression for the soil's shear modulus as a function of water saturation:

𝜇𝜇(𝑆𝑆 𝑤𝑤 ) = 𝜇𝜇′ �𝑆𝑆 𝑤𝑤 𝑚𝑚 1-𝑚𝑚 -1� 1 𝑚𝑚 (3.33)
where m is an experimentally determined parameter and µ' is the soil's shear modulus at Sw = 2 (1-m)/m , and further used the following relationships for the soil's bulk modulus:

𝐾𝐾 = 𝐾𝐾 𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐾𝐾 𝑠𝑠𝑘𝑘 (3.34)
with Ksus and Ksk being the bulk modulus of the solid particles and fluid mixture and the bulk modulus of the soil skeleton, respectively, such that:

1 𝐾𝐾 𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜙𝜙 𝐾𝐾 𝑒𝑒𝑓𝑓 + 1 -𝜙𝜙 𝐾𝐾 0 (3.35)
and

𝐾𝐾 𝑠𝑠𝑘𝑘 = 𝜇𝜇(𝑆𝑆 𝑤𝑤 ) 2(1 + 𝜈𝜈) 3(1 -2𝜈𝜈) (3.36) 
By using Equations 3.33 and 3.34 in the definitions of VP and VS (Equations 2.1 and 2.2), the authors computed the modeled seismic velocities and compared them to their experimental data.

Other more recent studies have also explicitly incorporated environmental factors such as volumetric water content and matric suction to describe the elastic moduli of unsaturated soils (e.g., [START_REF] Khosravi | Resonant Column Test for Unsaturated Soils With Suction-Saturation Control[END_REF][START_REF] Lu | Power Law for Elastic Moduli of Unsaturated Soil[END_REF][START_REF] Sawangsuriya | Modulus-suction-moisture relationship for compacted soils in postcompaction state[END_REF].

The elastic moduli and velocity models discussed and mentioned so far, although different from those defined with Hertz-Mindlin contacts and Biot-Gassmann fluid substitution, still generally show decreases in both VP and VS with increasing water saturation in the unsaturated state. Nonetheless, a new laboratory study by [START_REF] Taylor | The behaviour of near-surface soils through ultrasonic nearsurface inundation testing[END_REF] showed an opposite trend for VP which exhibited a sharp increase between 20% and 40% water saturation, reviving the debate on the effect of small saturation changes and capillary forces on the cohesiveness and strength of soils.

CHAPTER 4 GEOPHYSICAL TIME-LAPSE MONITORING DURING A CONTROLLED INFILTRATION EXPERIMENT IN THE FIELD

So far, we have discussed the role of geophysics in the study of the critical zone and the growing interest in using seismic methods to derive hydrodynamic properties. Moreover, we have revised the behavior of seismic waves in near-surface materials with varying water saturation. Nonetheless, the quantitative description of seismic velocity profiles in unconsolidated, partially saturated media remains complex. With ever-increasing time-lapse field studies, proper quantitative links are key to the monitoring of spatio-temporal water redistribution in the vadose zone.

To investigate the applicability of surface-based seismic methods to retrieve quantitative information about dynamic processes in time-lapse settings, we designed a controlled water infiltration experiment in the Critical Zone Observatory of Ploemeur (Brittany, France). We used a multi-method approach in which successive periods of infiltration were followed by electrical resistivity and seismic acquisitions, while sensors at different depths provided realtime water content. Our results showed good agreement between the two geophysical methods and allowed us to identify preferential flow paths, highlighting the potential of seismic methods to monitor hydrological processes and state variables. Additionally, we studied the evolution of electrical resistivity and seismic velocity with varying water saturation and compared it with well-established petrophysical models. Based on this comparison, we concluded that these models seem promising in providing quantitative results, although it is important to consider resolution-dependent limitations.

Herein we present the article describing this study, published in the journal Water (MDPI) and adapted to this manuscript. The field data are openly available at the H+ Database (login required) and a website dedicated to the experiment can be found at: http://hplus.ore.fr/blazevic-et-al-2020-water-data.

Introduction

Soil moisture plays an important role in the Earth's water balance [START_REF] Seneviratne | Investigating soil moisture-climate interactions in a changing climate: A review[END_REF][START_REF] Vereecken | On the value of soil moisture measurements in vadose zone hydrology: A review[END_REF][START_REF] Vereecken | On the spatiotemporal dynamics of soil moisture at the field scale[END_REF]. After precipitation, for instance, water content increases in a soil further influencing water fluxes such as groundwater recharge, surface runoff, and evapotranspiration. These processes characterize the critical zone and are closely related to ecosystems' productivity, climate variability, slope stability, and water availability and quality [START_REF] Dobriyal | A review of the methods available for estimating soil moisture and its implications for water resource management[END_REF][START_REF] Fan | Water within, moving through, and shaping the Earth's surface: Introducing a special issue on water in the critical zone[END_REF], hence the interest in measuring soil moisture and mapping its temporally varying distribution in the subsurface.

The vadose zone, also termed the unsaturated zone, is governed by strong spatio-temporal variability posing important challenges for hydrological characterization [START_REF] Cassiani | Unsaturated Zone Processes[END_REF]. Classical soil moisture measuring techniques are intrusive (i.e., they are based on analyzing soil samples in the laboratory), and more modern techniques such as Time Domain Reflectometry (TDR) or Frequency Domain Reflectometry (FDR), while non-intrusive and adapted to in situ conditions, are still limited in terms of coverage and the small support volume of measurements [START_REF] Susha Lekshmi | A critical review of soil moisture measurement[END_REF].

To overcome these limitations, hydrogeologists have increasingly turned to geophysical methods over the past three decades [START_REF] Hubbard | Hydrogeophysics[END_REF][START_REF] Rubin | Aquifer Characterization[END_REF]. The combined use of multiscale probing and imaging techniques along with the integration of hydrological, hydrogeological, and hydrogeochemical data is now commonplace for the observation and study of the surface-subsurface continuum [START_REF] Parsekian | Multiscale geophysical imaging of the critical zone[END_REF]. This approach, often referred to as hydrogeophysics, can be applied non-intrusively from the surface to provide information about subsurface properties related to hydrogeological structures at appropriate scales. Moreover, time-lapse geophysical applications have proven useful for monitoring flow and water content dynamics [START_REF] Binley | The emergence of hydrogeophysics for improved understanding of subsurface processes over multiple scales[END_REF].

In vadose zone hydrogeophysics, electrical and electromagnetic methods dominate due to the clear links between the physical properties they sense and water content. Being mainly dependent on mechanical properties, seismic prospecting techniques are commonly used at larger scales and for other application areas [START_REF] Parsekian | Multiscale geophysical imaging of the critical zone[END_REF]. The seismic signal is by definition related to elastic wave propagation velocities that in turn depend on the material's mineral composition, porosity, state of stress, and degree of saturation. Seismic imaging has been classically used to characterize geological structures [START_REF] Casto | Interpreting surfacewave data for a site with shallow bedrock[END_REF][START_REF] Parker | Multi-channel analysis of surface waves (MASW) in karst terrain, southwest georgia: Implications for detecting anomalous features and fracture zones[END_REF][START_REF] St Clair | Geophysical imaging reveals topographic stress control of bedrock weathering[END_REF], yet seismic responses are also influenced by hydrological properties and state variables [START_REF] Pride | Relationships between Seismic and Hydrological Properties[END_REF], a recognition that has led to evermore studies using seismic data to constrain hydrological models. Pressure (P) and shear (S) wave velocities (VP and VS) can be estimated from various seismic techniques [START_REF] Haeni | Application of seismic-refraction techniques to hydrologic studies[END_REF][START_REF] Socco | Surface-wave analysis for building near-surface velocity models -Established approaches and new perspectives[END_REF]. P-and S-waves are affected differently by changes in pore fluid saturation and their ratio (VP/VS) permits imaging fluids in rocks. For applications to characterize the critical zone, it is possible to combine P-and S-wave refraction tomography [START_REF] Grelle | Seismic refraction methodology for groundwater level determination: "Water seismic index[END_REF][START_REF] Turesson | A comparison of methods for the analysis of compressional, shear, and surface wave seismic data, and determination of the shear modulus[END_REF] or to use surface-wave profiling methods [START_REF] Cameron | A New Approach to Predict Hydrogeological Parameters Using Shear Waves from Multichannel Analysis of Surface Waves Method[END_REF][START_REF] Konstantaki | Determining hydrological and soil mechanical parameters from multichannel surfacewave analysis across the Alpine Fault at Inchbonnie, New Zealand[END_REF]. These approaches have been tested in further studies (Pasquet, Bodet, Dhemaied, et al., 2015;[START_REF] Pasquet | 2D characterization of near-surface VP/VS: Surface-wave dispersion inversion versus refraction tomography[END_REF] and applied for quantitative estimations of hydrological parameters in hydrothermal contexts [START_REF] Pasquet | Geophysical imaging of shallow degassing in a Yellowstone hydrothermal system[END_REF]. Nevertheless, there are inherent incompatibilities between P-wave tomography and surface-wave analysis as they involve distinct wavefield examinations and different assumptions about the medium and, as a result, VP and VS models have contrasting resolutions, investigation depths, and posterior uncertainties. Moreover, the inversion processes generally use a small number of layers that cannot fully describe the continuous variations of the subsurface hydrological properties, and the spatial variability of dry properties in soils can be of greater influence in seismic wave velocities than the variation of water content itself. Consequently, VP and VS models should be interpreted separately [START_REF] Dangeard | Estimating picking errors in near-surface seismic data to enable their timelapse interpretation of hydrosystems[END_REF][START_REF] Pasquet | SWIP: An integrated workflow for surface-wave dispersion inversion and profiling[END_REF] before deriving any parameter of interest which can, in turn, lead to bias and impair monitoring applications.

These challenges propel the revision of forward models and inversion approaches, promoting an advance from structural and static property imaging to process-based imaging in order to find alternative ways to detect spatio-temporal changes in water distribution. It is important to consider the hydrological information contained in the seismic data before inverting them (Bergamo et al., 2016a[START_REF] Bergamo | Time-lapse monitoring of fluid-induced geophysical property variations within an unstable earthwork using P-wave refraction[END_REF][START_REF] Pasquet | Small-Scale Seismic Monitoring of Varying Water Levels in Granular Media[END_REF] and also to quantify their temporal variability [START_REF] Dangeard | Estimating picking errors in near-surface seismic data to enable their timelapse interpretation of hydrosystems[END_REF] to properly understand hydrosystems dynamics.

In parallel, efforts have been made to establish physical links between seismic methods and the hydrodynamic parameters of interest, spanning theoretical and experimental approaches (Bachrach et al., 1998[START_REF] Bachrach | Seismic velocities and Poisson's ratio of shallow unconsolidated sands[END_REF]Bachrach & Nur, 1998;[START_REF] Shen | Seismic Velocity Prediction in Shallow (<30 m) Partially Saturated, Unconsolidated Sediments Using Effective Medium Theory[END_REF][START_REF] West | Fluid-Induced Changes in Shear Velocity from Surface Waves[END_REF] together with field case studies [START_REF] Holbrook | Geophysical constraints on deep weathering and water storage potential in the Southern Sierra Critical Zone Observatory[END_REF][START_REF] Pasquet | Geophysical imaging of shallow degassing in a Yellowstone hydrothermal system[END_REF] and empirical petrophysical models [START_REF] Cho | Unsaturated Particulate Materials-Particle-Level Studies[END_REF][START_REF] Sawangsuriya | Modulus-suction-moisture relationship for compacted soils in postcompaction state[END_REF][START_REF] Taylor | The behaviour of near-surface soils through ultrasonic nearsurface inundation testing[END_REF]. Nevertheless, the interpretation of the near-surface mechanical properties and the definition of their quantitative links with hydrodynamic parameters remains complex. The typical theoretical framework for studying connections between a rock's hydrodynamic parameters and seismic properties is poroelasticity. However, most sites of interest in critical zone observatories and associated hydrosystems do not only involve consolidated rocks but also-and almost systematically-unconsolidated and partially saturated soils. In this context, the use of Effective Medium Theory (EMT) approaches (e.g., [START_REF] Biot | Theory of Propagation of Elastic Waves in a Fluid-Saturated Porous Solid. I. Low-Frequency Range[END_REF][START_REF] Gassmann | Elastic waves through a packing of spheres[END_REF]) remains delicate as they can fail to quantitatively describe velocity profiles [START_REF] Makse | Granular packings: Nonlinear elasticity, sound propagation, and collective relaxation dynamics[END_REF].

The use of multi-method geophysics can help overcome these limitations by decreasing ambiguities inherent to each method [START_REF] Linder | Zonal cooperative inversion of crosshole P-wave, S-wave, and georadar traveltime data sets[END_REF]. Regarding electrical resistivity tomography (ERT) and seismic methods, previous studies have shown correlatable trends between electrical resistivity, ρ, and P-wave seismic velocity in near-surface materials (e.g., [START_REF] Doetsch | Zonation for 3D aquifer characterization based on joint inversions of multimethod crosshole geophysical data[END_REF]; [START_REF] Meju | Evidence for correlation of electrical resistivity and seismic velocity in heterogeneous near-surface materials[END_REF]) while others have used both methods in time-lapse settings to study ground ice degradation [START_REF] Hilbich | Time-lapse refraction seismic tomography for the detection of ground ice degradation[END_REF], and infiltration and dissolution processes [START_REF] Valois | Application of combined timelapse seismic refraction and electrical resistivity tomography to the analysis of infiltration and dissolution processes in the epikarst of the Causse du Larzac (France)[END_REF].

To further investigate the electrical and seismic response in a near-surface time-lapse setting, we designed a controlled field experiment in a critical zone observatory, in Brittany, France. We infiltrated water into a defined area using overall regular injection intervals during two days with buried TDR sensors providing real-time water content data with depth. Each infiltration event was followed by geophysical acquisitions along two superficial orthogonal lines crossing in the middle of the infiltration area. Herein, we show not only the relative changes in ρ and VP but also their evolution with water saturation and derived infiltration patterns. We explore correlations between the two geophysical properties and evaluate the agreement between the data and well-established petrophysical relationships. We discuss our results in the context of advancing the usage and interpretation of seismic data and multimethod geophysics at the near-surface field scale for hydrological applications.

Materials and Methods

Site Description

The Ploemeur Hydrological Observatory is located in northwest France, on the south coast of Brittany, 3 km from the Atlantic Ocean (Figure 4.1). The crystalline bedrock aquifer in the area is composed of tectonic units developed during the Hercynian orogeny and marked by numerous synkinematic intrusions of Upper Carboniferous leucogranites [START_REF] Ruelleu | Impact of gently dipping discontinuities on basement aquifer recharge: An example from Ploemeur (Brittany, France)[END_REF]. A pumping site is located at the intersection of (i) a contact between the Ploemeur granite and overlying mica schists dipping 30° to the North and (ii) a sub-vertical fault zone striking N 20° [START_REF] Touchard | Caracterisation hydrogeologique d'un aquifere en socle fracture -Site de Ploemeur (Morbihan)[END_REF].

Since 1991, the crystalline bedrock aquifer has annually supplied 1 million m 3 of drinking water to a nearby population of 20,000 inhabitants. The well-developed and highly connected fracture network at depth makes this aquifer highly productive compared to other bedrock aquifers in Brittany. Over time, it has been developed into a well-monitored site with dense piezometric coverage involving 50 boreholes ranging from 30 to 150 m depth [START_REF] Le Borgne | Assessment of preferential flow path connectivity and hydraulic properties at single-borehole and cross-borehole scales in a fractured aquifer[END_REF]. The mean annual precipitation and potential evapotranspiration at the site are around 900 and 600 mm/year, respectively [START_REF] Jiménez-Martínez | Temporal and spatial scaling of hydraulic response to recharge in fractured aquifers: Insights from a frequency domain analysis[END_REF], suggesting the maximum infiltration is as large as 300 mm/year, i.e., 30% of annual rainfall. We carried out an infiltration experiment consisting of successive pulses in the micaschist area near the pumping site. In 2012, a team of researchers and students [START_REF] Coulon | Electrical resistivity tomography of vadose water movement[END_REF] dug a pit and installed sensors at different depths including thermometers, tensiometers, and TDR sensors, the latter providing real-time water content estimates throughout our experiment. They also characterized the recovered soils from the pit in terms of textural classes, type of soil, bulk density, ρb, and porosity, ϕ, as summarized in Table 4.1. A cross-section picture and schematic of the pit wall are shown in Figure 4.2. Once the sensors were installed, the pit was refilled with the same extracted soil. 

Acquisition Setup

The infiltration experiment was carried out in September 2018. We first delimited a 2.2 × 2.4 m 2 rectangular area for the infiltration using wooden planks, the western side of it being adjacent to the side of the pit with the sensors. We then installed electrodes and 14-Hz vertical component geophones along two orthogonal lines, named NS and WE, crossing in the middle of the infiltration area. For the two geophysical methods, the dimensions were the same with each line being 14.2 m long with 72 sensors spaced by 20 cm.

For the ERT acquisition, we used a Wenner-Schlumberger array with 2006 quadripole configurations. As for the seismic acquisition, given the small geophone spacing and spread, the seismic source consisted of a small metallic-headed sledgehammer hit by another 2-kg sledgehammer. A total of 14 shots were made along each line with a spacing of 1 m starting at -0.1 m (i.e., 10 cm before the first geophone) and ending at 14.3 m with the spacing between the last and second last shot being 40 cm. There were no shots inside the infiltration area. At each shot position, we hit four times to increase the signal-to-noise ratio. The sampling rate was 0.125 ms, and the recording time was 800 ms. A delay of -50 ms was kept before the beginning of each record to prevent early triggering issues.

To investigate the changes in geophysical data and properties with varying water content, we adopted a time-lapse approach during two measurement days in which the responses to successive infiltrations were targeted. The first acquisition on day 1 was carried out before any forced infiltration had been made and it is referred to as the background acquisition. Each subsequent acquisition was made after an infiltration event except for the first acquisition of day 2, which was done before resuming the infiltration events. In total, we infiltrated 9 times (4 times on day 1 and 5 on day 2), and we acquired geophysical data at 11 individual acquisition times (5 times on day 1 and 6 on day 2).

The infiltrated water was pumped from a neighboring borehole. Pumping rates were continuously measured, as well as pumped water conductivity and temperature. Since the water level at the site is at 15.8 m depth, we do not expect the pumping to have affected the vadose zone dynamics or the geophysical data. We used a hose with a showerhead attached and an operator stood along the wooden planks while infiltrating (see Figure 4.3). To ensure uniform coverage inside the infiltration area, we steadily moved the hose during each infiltration; no standing water surface was created indicating that the injection rate was lower than the infiltration capacity of the soil (approximately 18 mm/h, measured during several tests using the Porchet method). The first two infiltration volumes were 250 liters each (approximately 45 mm), and it took 20 minutes to complete each infiltration. For the subsequent infiltrations, we used 400 liters each (approximately 75 mm) taking 35 minutes to complete each infiltration. The sensors in the subsurface continuously recorded the volumetric water content, θ, matric water potential, Ψm, and temperature, T, throughout the experiment as shown in Figure 4.4. There was no rainfall during the experiment and the air temperature varied between 7 and 23 °C. The potential evapotranspiration was 3.3 mm/day, considered negligible compared to the infiltration volumes. The experiment data are openly available, information on where and how to access them is provided in Availability of Data and Materials. 

Results

Electrical Resistivity Tomography

Before inverting the raw data, we eliminated unrealistic data points such as zero values of apparent resistivity, ρa. Figure 4.5 shows pseudo-sections for some of the acquisitions for both lines. As we worked with time-lapse data, the electrode configurations with bad data points during one acquisition were removed from all the others such that all acquisitions had the same number of data points using the same electrode configurations. This pruning of the data implied that the original 2006 measurements at each acquisition were reduced to 1970 and 1956 data points for the NS and WE lines, respectively, before being used for inversion. To invert the ERT data we used the pyGIMLi library [START_REF] Rücker | pyGIMLi: An open-source library for modelling and inversion in geophysics[END_REF]. We first inverted the background acquisitions for the NS and WE lines separately. To do so, we used a homogeneous starting and reference model of 50 Ω.m. The anisotropic regularization (relative weight penalizing roughness) was set to 0.5 to favor horizontal layering and the relative error was set to 4.5% according to the largest standard deviation in the recorded data. The regularization parameter λ was initially set to 500 and decreased by 20% at each iteration until convergence. As the infiltration area only covered a segment of the line and as we are interested in retrieving a strong contrast between areas of increasing water content and areas of constant water content, we used an l1-norm mimicking minimization scheme to enhance spatial transitions in the model. The data fit criteria (chi-squared misfit χ 2 normalized by the number of data points being smaller than 1) was reached at the 15th and 16th iterations for the NS and the WE line, respectively. We show the results of these background inversions in For the time-lapse inversions we applied the ratio inversion scheme introduced by (Daily et al., 1992):

𝐝𝐝 n ′ = 𝐝𝐝 n 𝐝𝐝 0 𝑓𝑓(𝐦𝐦 0 ), (4.1) 
where d0 and dn are the data (in this case, apparent resistivity) for the background acquisition and the nth acquisition, respectively, f(m0) is the model response for the background acquisition, and dn' is the new data to invert. Instead of using a uniform starting model as in (Daily et al., 1992), the starting and reference model was initially set to the resulting background model (e.g., [START_REF] Doetsch | Imaging and quantifying salt-tracer transport in a riparian groundwater system by means of 3D ERT monitoring[END_REF]). A modified inversion approach was put into place, in which we performed the time-lapse inversions twice. In the first round, we used the l1-norm minimization scheme and set the relative error to 3% and the initial lambda to 200, decreasing it by 20% at each iteration. Then, a second time-lapse inversion was performed in which the starting and reference model at each time step were defined, for each inversion parameter, as the minimum resistivity between the model obtained from the first time-lapse inversion and the background model, while keeping the other inversion parameters unchanged. We adopted this approach to decrease the prominence of positive anomalies around the infiltration area (for an alternative formulation, see Rosas Carbajal et al. ( 2012)).

Note that the second time-lapse inversion is like any other time-lapse inversion, except for the fact that the starting and reference model favors negative changes aiming at diminishing smoothness-constrained-induced false-positive artifacts surrounding the region of large decreases. If positive increases are needed to fit the data, then positive changes will still appear in the inversion results. In Figure 4.7, we show the time-lapse inversion results for both lines in terms of relative change with respect to the background inversion. The decrease in resistivity grows with each acquisition reaching decreases of 90%.

(a) (b) 

Seismic Refraction: Traveltimes and P-wave Velocity

For the seismic data, we first identified temporal changes in the seismic traces. For a given shot position, we extracted the gathers at different acquisition times and overlapped the traces; a clear shift is observed inside the infiltration area with the first arrivals of later acquisitions arriving later in time (Figure 4.8). To quantify these shifts, we manually picked the firstarrival traveltimes for the whole dataset. Next, we computed the differences in arrival times between each acquisition and the background acquisition. Figure 4.9 displays these differences for each shot-geophone pair to illustrate to which extent increases in traveltimes are due to the successive infiltration events. The increases in traveltimes sometimes extend a few meters outside the infiltration area whereas further away, the changes are minimal or slightly negative. The NS line shows more outliers in traveltime differences while the WE line has a more continuous behavior. This is likely a consequence of the noisier traces in the NS line, which made picking more difficult.

As we observed traveltime changes consistent with the infiltration, we proceeded by inverting these data to obtain a VP subsurface model using the refraction tomography module of pyGIMLi that uses Dijkstra's algorithm [START_REF] Dijkstra | A note on two problems in connexion with graphs[END_REF] as the forward solver. Similarly, as for the ERT, we first inverted the background acquisitions using as starting model a gradual increase from 100 m/s at the top to 600 m/s at the bottom in accordance with expected velocity ranges in shallow soils. The reference model was the same as the starting model, and we set an absolute error of 3 ms. The regularization parameter λ was set to 200, and we applied an l1-norm scheme based on iteratively reweighted least squares both for regularization and data as we observed systematic outliers in the data (picked traveltimes). For both lines, the data were fitted in three iterations leading to the results in Figure 4.10. As for the ERT, we defined a ratio correction (Equation 4.1) and continued with the timelapse inversions using the same parameters as for the background inversion except for reducing the assumed absolute error to 2 ms. We tried the two-step approach as for the timelapse ERT without significant improvement and therefore adhered to a single time-lapse inversion. Figure 4.11 shows the results in terms of relative change with respect to the background. We notice a clear decrease in VP inside the infiltration area, which becomes more evident at each acquisition in time, eventually reaching -60%. Outside the infiltration area, in the first one-meter depth, one can observe zones of increase in VP resulting from small decreases in traveltimes recorded at these locations. 

Petrophysical relationships

To further investigate the behavior of ρ and VP with varying water saturation, Sw, we extracted the resistivity and velocity values at depths corresponding to those of the subsurface sensors for all the points inside the infiltration area and all acquisitions. We converted the water content readings from the TDR sensors to Sw by means of the porosity measurements of the soil (Table 4.1) such that:

𝑆𝑆 𝑤𝑤 = 𝜃𝜃 𝜙𝜙 , (4.2) 
and plotted ρ and VP against Sw (Figures 4.12 and 4.13). We compared the trends in our data with well-established models for both methods. We defined ρ as the inverse of the effective electrical conductivity, σeff, formulated by [START_REF] Linde | Improved hydrogeophysical characterization using joint inversion of cross-hole electrical resistance and ground-penetrating radar traveltime data[END_REF] as:

𝜎𝜎 𝑒𝑒𝑒𝑒𝑒𝑒 = 1 𝐹𝐹 [𝑆𝑆 𝑤𝑤 𝑛𝑛 𝜎𝜎 𝑤𝑤 + (𝐹𝐹 -1)𝜎𝜎 𝑠𝑠 ], (4.3) 
where F = ϕ -m is the electrical formation factor, m and n are Archie's first and second exponent [START_REF] Archie | The Electrical Resistivity Log as an Aid in Determining Some Reservoir Characteristics[END_REF], respectively, σw is the electrical conductivity of the pore water, and σs is the surface conduction. We compared two different models with the data, one for the two shallowest sensor positions and another one for the rest, given the different documented porosities across these depths. For the first model we used m = n = 1.5 and σs = 1 × 10 -3 S/m, for the second one, as the porosities were lower and the soils were deeper and likely more compacted, we used m = 1.7, n = 2, and σs = 5 × 10 -4 S/m. For both models we used σw = 5 × 10 -2 S/m as the mean conductivity of the pumped water measured during the experiment. We modeled VP for two different compositions, 100% quartz and 100% clay, using an effective medium model based on Hertz-Mindlin contacts. We computed the dry effective bulk and shear moduli, Keff and µeff, for the absolutely frictionless case (formulation from [START_REF] Mavko | The Rock Physics Handbook: Tools for Seismic Analysis of Porous Media[END_REF], p. 247):

𝐾𝐾 𝑒𝑒𝑒𝑒𝑒𝑒 = � 𝐶𝐶 2 (1 -𝜙𝜙) 2 𝜇𝜇 2 18𝜋𝜋 2 (1 -𝜈𝜈) 2 𝑃𝑃� 1/3 , 𝜇𝜇 𝑒𝑒𝑒𝑒𝑒𝑒 = 3 5 𝐾𝐾 𝑒𝑒𝑒𝑒𝑒𝑒 , (4.4)
where C is the average number of contacts per grain; µ and ν are the shear modulus and the Poisson ratio of the grain material, respectively; and P is the effective stress. For the 100% quartz composition we used µ = 44 GPa and ν = 0.08, and for the 100% clay composition we used µ = 9 GPa and ν = 0.34; in both cases we used C = 6. We proceeded by performing fluid substitution according to Biot-Gassmann [START_REF] Biot | Theory of Propagation of Elastic Waves in a Fluid-Saturated Porous Solid. I. Low-Frequency Range[END_REF][START_REF] Gassmann | Elastic waves through a packing of spheres[END_REF] to obtain the saturated bulk and shear moduli, Ksat and µsat, for the whole range of 0%-100% Sw (formulation also from [START_REF] Mavko | The Rock Physics Handbook: Tools for Seismic Analysis of Porous Media[END_REF], p. 273):

𝐾𝐾 𝑠𝑠𝑠𝑠𝑠𝑠 𝐾𝐾 -𝐾𝐾 𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐾𝐾 𝑒𝑒𝑒𝑒𝑒𝑒 𝐾𝐾 -𝐾𝐾 𝑒𝑒𝑒𝑒𝑒𝑒 + 𝐾𝐾 𝑒𝑒𝑓𝑓 𝜙𝜙(𝐾𝐾 -𝐾𝐾 𝑒𝑒𝑓𝑓 ) , 𝜇𝜇 𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜇𝜇 𝑒𝑒𝑒𝑒𝑒𝑒 , (4.5)
where K is the bulk modulus of the grain material, and Kfl is the effective bulk modulus of pore fluid and as we deal with a partially saturated medium:

1 𝐾𝐾 𝑒𝑒𝑓𝑓 = 𝑆𝑆 𝑤𝑤 𝐾𝐾 𝑤𝑤 + 1 -𝑆𝑆 𝑤𝑤 𝐾𝐾 𝑠𝑠 , (4.6) 
with Kw and Ka as water and air bulk modulus, respectively (Kw = 2.2 GPa and Ka = 0.101 MPa). Together with the corresponding changes in ρb, we calculated VP as:

𝑉𝑉 𝑃𝑃 = � 𝐾𝐾 𝑠𝑠𝑠𝑠𝑠𝑠 + 4 3 𝜇𝜇 𝑠𝑠𝑠𝑠𝑠𝑠 𝜌𝜌 𝑏𝑏 . (4.7)

Discussion

The results obtained from ERT and seismic time-lapse inversions demonstrate the utility of geophysics in providing spatiotemporal information about hydrological processes that complement soil moisture sensors with limited spatial coverage. In Figure 4.14 we show the evolution of the infiltration front in the subsurface in terms of relative changes in ρ and VP.

Although the choice of percentage change (-60% for ρ and -25% for VP) is rather arbitrary, one can identify large-scale similarities and smaller differences in the evolution of the two properties and between the infiltration patterns of the two lines.

(a) (b) Previously, cross-borehole geophysics has been successfully applied to monitor tracer infiltration (e.g., cross-borehole ERT and GPR in [START_REF] Looms | Monitoring Unsaturated Flow and Transport Using Cross-Borehole Geophysical Methods[END_REF]). Herein we extend this application using surface-based ERT and seismic. From the profiles in Figure 4.14, we can identify preferential flow paths that are consistent for both methods, where for the NS line changes tend to evolve northwards, and for the WE line, they evolve eastwards. In the case of the WE line, this might come as a result of the refilled pit on the west side of the infiltration area impeding flow. These evolutions have a greater lateral increase between the two first time-lapse acquisitions, of about 40 cm, which then reduces to around 20 cm lateral progression between acquisitions. Overall, we can say that the water tends to flow in the ENE direction. This is important for the further analysis of infiltration results, as the existence of preferential flow paths and lateral water redistribution dismiss a 1D hypothesis at scales as small as 1 m.

We now investigate the correlation trends between ρ and VP as they are both dependent on ϕ and Sw. From Figure 4.15, we observe that the correlation between the two properties changes with Sw, with the points being more spread for dryer soils and aligning with a positive correlation when saturation is higher. Understanding these trends and how they change with varying Sw is important for the use of multi-method geophysics interpretation and inversion in hydrological contexts. The predicted electrical resistivity for a given Sw is mostly in good agreement with our data (Figure 4.12). For the two deepest sensor positions, however, the model underpredicts the data, which might be related to the soil being more compacted at these locations. Regarding seismic velocities and petrophysical modeling, the behavior of VP in unconsolidated partially saturated media is still not fully agreed upon, and this is reflected in the modest agreement between our predictions and the observed data (see Figure 4.13). Classic EMT combined with Biot-Gassmann fluid substitution predicts a decrease in VP with increasing Sw until about 95%-98% where the increase in Ksat takes over the increase in ρb, and VP starts sharply increasing. Most studies, both in the laboratory and the field, have reported a decreasing trend in VP with Sw before reaching full saturation (Bachrach et al., 1998;[START_REF] Barrière | Laboratory monitoring of P waves in partially saturated sand[END_REF]Bergamo et al., 2016a;[START_REF] Fratta | Combined TDR and P-wave velocity measurements for the determination of in situ soil density-experimental study[END_REF][START_REF] Shen | Seismic Velocity Prediction in Shallow (<30 m) Partially Saturated, Unconsolidated Sediments Using Effective Medium Theory[END_REF], even if recent laboratory experiments showed an opposite trend [START_REF] Pasquet | Small-Scale Seismic Monitoring of Varying Water Levels in Granular Media[END_REF][START_REF] Taylor | The behaviour of near-surface soils through ultrasonic nearsurface inundation testing[END_REF]. Moreover, some authors have pointed out that EMT fails to quantitatively describe the changes as it tends to overpredict the velocity values (Bachrach et al., 1998;[START_REF] Pride | Relationships between Seismic and Hydrological Properties[END_REF][START_REF] Shen | Seismic Velocity Prediction in Shallow (<30 m) Partially Saturated, Unconsolidated Sediments Using Effective Medium Theory[END_REF].

Our seismic results agree with the decreasing trend in velocities with Sw, as seen from the behavior inside the infiltration area depicted in Figure 4.11. From Figure 4.13, we can identify this trend for the three most shallow TDR positions whereas it is hard to recognize a trend for the other positions. Even though the deeper soil is more water saturated, the VP values are greater because the soils are more compacted. In the specific case of the TDR data at z = 0.5 m, Sw seems to reach 100%; however, due to the low velocity values, we conclude that the porosity values for this layer are probably higher than documented, and it does not actually reach full water saturation. When comparing the data with the models for two different mineralogical compositions, we find that the shallow soils start with values predicted by the clay model, and with greater depths, they gradually move towards the predictions of the quartz model. This might be an indicator of different compositions for the different soils, which can come as a result of weathering, although one cannot rule out the possibility of a uniform mineralogy and under-or overprediction from the model. In addition to this analysis, and for both ERT and seismic, one has to take into account the resolution-dependent limitations of comparing field data with theoretical models (Day-Lewis, 2005).

Although the observed trend in velocities is consistent with theoretical predictions, it is interesting to observe that in the vicinity of the infiltration area there are also apparent increases in VP. We are confident this comes from the data as we observe shorter traveltimes at corresponding positions (Figure 4.9). These decreases in traveltime are rather small in magnitude, but they are systematically observed at each acquisition and for both lines. This suggests that they are related to changes in Sw, which could have implications for the interpretation of near-surface time-lapse seismic in non-controlled contexts.

Previous studies have investigated the complementarity of VP and VS to estimate changes in Sw in near-surface contexts (Pasquet, Bodet, Dhemaied, et al., 2015;[START_REF] Pasquet | Geophysical imaging of shallow degassing in a Yellowstone hydrothermal system[END_REF]. Further research includes surface wave dispersion analysis and inversion of dispersion curves to obtain 1D VS profiles. Together with the VP results we presented above and appropriate petrophysical models, one could gain further insight in quantitative estimations of Sw from seismic data.

Conclusions

We performed a controlled water infiltration experiment over two days where infiltration intervals were separated by times during which surface-based seismic and electrical resistivity acquisitions were performed. In total, we infiltrated 629 mm of water (total volume 3.3 m 3 ) resulting in Sw changes from 20% to 70% in the vadose zone. These increases in Sw are well detected by the ERT; decreases in electrical resistivity up to 90% are evident at each acquisition down to 1 m depth. From the seismic picks, we can identify clear increases in refracted P-wave first arrival times inside the infiltration area, reaching up to 10 ms increase at later acquisitions. These traveltime increases translate into VP decreases up to 60% when inverting the data.

From the time-lapse inversion of ERT and seismic data, we observe comparable trends notably in terms of the lateral spreading of the infiltration, which is detected similarly by both methods, and we were able to identify preferential flow paths. This highlights the utility of combined surface-based ERT and seismic refraction to monitor hydrological processes and water saturation changes in the vadose zone. Moreover, understanding the correlation between ρ and VP and its evolution with Sw can be useful for the interpretation and inversion of multimethod geophysics in hydrological contexts.

The petrophysical predictions are in good to fair agreement with the data. Nevertheless, it is important to have good knowledge of the soil's properties in order to extract correct quantitative information from geophysical data while also taking into account resolutiondependent limitations.

CHAPTER 5 CONCLUSIONS AND PERSPECTIVES

Throughout this manuscript we have presented and discussed the role of active seismic methods in the characterization and monitoring of the critical zone and, more specifically, the vadose zone. Moreover, we have identified the potential of these methods as well as current shortcomings when using them in time-lapse contexts. In this chapter, we summarize our findings, from data processing to results interpretation, and present our views on the possible further directions for the development of near-surface seismic for hydrological applications.

Processing of Near-Surface Seismic Data

As seen from Chapter 2, the processing of seismic data involves picking, either to extract first arrival times from the refracted wave or to extract the dispersion curve and phase velocity values from surface waves. In both cases, the picking is mostly done manually rather than automatically. Automatic picking is well known and used in other seismic related fields, such as seismology and reflection seismic for hydrocarbon exploration, nonetheless, the contrast in scale when compared to near-surface seismic (several kilometers versus tens of meters) changes the impact noise has in the signal. Although still undoubtedly faster, automatic picking in near-surface contexts can miss the real trends contained in the signal due to the inherent noise of field data; an experienced user is more likely to discern between signal and noise, and thus retrieve a more consistent trend to further interpret the results in terms of hydrological processes and dynamics.

Despite this advantage, manual picking also has its limitations due to its subjective nature. The picked data is user-dependent and even when the data is processed by the same user, the way of picking might not be consistent as a result of tiredness associated with the tediousness of manual picking. It is thus important to consider this potential variability, especially when dealing with time-lapse datasets where we seek to extract information related to changes in hydrological properties and state variables. [START_REF] Dangeard | Estimating picking errors in near-surface seismic data to enable their timelapse interpretation of hydrosystems[END_REF] analyzed this variability in a time-lapse dataset acquired under two different hydrogeological conditions and proposed a workflow based on statistical analysis to estimate manual picking errors. Although their workflow proved useful in estimating the picking uncertainties, it involved picking several of the seismograms and dispersion images at least 15 times each (the authors did it 30 times but argue that 15-20 times are sufficient for the standard deviation to plateau), which makes an already time-consuming process even more tedious. Nonetheless, error analysis should not be overlooked and studies like that of [START_REF] Dangeard | Estimating picking errors in near-surface seismic data to enable their timelapse interpretation of hydrosystems[END_REF] can provide good training data for the development of neural networks and machine learning algorithms (see for instance the work of [START_REF] Zhu | PhaseNet: a deep-neural-network-based seismic arrivaltime picking method[END_REF] for seismological applications), such that the analysis does not have to be carried out each time a new dataset is available. That being said, it is important to keep in mind that the estimated uncertainties are also closely related to the study site, lithology, sources of noise, and acquisition geometry, for what the estimated error of a given dataset should not be blindly used for another dataset where these conditions are contrasting.

To process time-lapse seismic refraction data, we also investigated the performance of the cross-correlation technique as a less time-consuming alternative to estimate first arrival time differences (Subsection 2.2.2). We concluded that even though the general trend was well identified with the cross-correlation, these results showed more outliers than the manual picks. As the next step is usually to produce a subsurface tomography to track spatio-temporal changes, we used the manual picks for the inversion process.

Overall, the processing of seismic data is more time-consuming than that of other hydrogeophysical technics, e.g. the widely used ERT. Nonetheless, seismic methods are an increasingly attractive complementary approach to monitor hydrological properties and state variables; as they depend on the mechanical properties of the medium, they can help in overcoming some of the limitations encountered by electrical methods.

Time-Lapse Monitoring of the Vadose Zone with Seismic Methods-Qualitative and Quantitative Aspects

By analyzing time-lapse datasets, we have seen that even before picking and extracting first arrival times or dispersion curves we can observe differences in the recorded wavefields and dispersion spectra. Observing this behavior in the dataset from the controlled infiltration experiment presented in Chapter 4 confirms that the seismic signal is sensitive to varying water saturation in the vadose zone. Then, after manually picking P-wave first arrival times, we moved one step closer to quantifying these variations in the subsurface by identifying a clear trend of increasing traveltimes with increasing water saturation. We also investigated changes in Rayleigh wave dispersion curves (Section 2.4.1), but due to the large dataset the picking of spectra maxima was done automatically and no clear trend with varying water saturation was identified.

Since we could obtain a clear trend with varying water saturation from the P-wave traveltime differences, we focused on these results to extract further quantitative information about the time-lapse changes. The increase in traveltimes tells us that VP is generally decreasing, but this alone does not give us an image of the changing VP in the subsurface. To retrieve such images we performed time-lapse inversions, with the results providing a promising spatio-temporal display of relative changes in VP in the vadose zone and reaching up to 60% in VP decreases. From these evolutions we could identify preferential flow paths that were consistent with ERT results. The agreement between these seismic results and a well-established method for this type of studies such as ERT validates the utility of VP monitoring to study vadose zone processes.

Moving forward on the quantitative analysis, our results agree with the decreasing trend in VP with increasing water saturation predicted by classic effective medium theory and fluid substitution; however, the modest agreement between the models and our results reflects some of the ongoing scientific disagreement on the behavior of VP in unconsolidated partially saturated media and the resolution-dependent limitations of comparing field data with theoretical models, as discussed in Chapter 3. More time-lapse seismic field studies targeting the vadose zone could help develop petrophysical relationships at this scale and further unlock the potential of seismic methods for near-surface studies.

Multimethod Geophysics and Joint Inversion

The use of multiple data types in hydrogeophysics is common practice as different methods have different sensitivities and resolutions, resulting in a complementary approach for a more accurate characterization of the subsurface. In this context, structurally coupled joint inversion has been widely used the last 15 years in order to obtain subsurface models and interpretations that are more consistent than those obtained by only comparing the results from the individual inversions [START_REF] Linde | Joint Inversion in Hydrogeophysics and Near-Surface Geophysics[END_REF].

Since the original cross-gradient joint inversion formulation by Gallardo & Meju (2003), gradient-based approaches have been increasingly applied to 2D surface based near-surface seismic refraction and ERT data (e.g., [START_REF] Gallardo | Joint two-dimensional DC resistivity and seismic travel time inversion with cross-gradients constraints[END_REF]; [START_REF] Hellman | Structurally coupled inversion of ERT and refraction seismic data combined with cluster-based model integration[END_REF]; [START_REF] Jordi | Structural joint inversion on irregular meshes[END_REF]; [START_REF] Ronczka | Electric resistivity and seismic refraction tomography: a challenging joint underwater survey at Äspö Hard Rock Laboratory[END_REF] showing superior results compared to the individual inversions and facilitating the interpretation of subsurface features.

For time-lapse hydrogeophysical studies, however, joint inversion has been mainly limited to crosshole ERT and GPR data [START_REF] Doetsch | Structural joint inversion of time-lapse crosshole ERT and GPR traveltime data[END_REF] and coupled inversion linking hydrological state variables to geophysical properties, such as unsaturated flow modeling and GPR data [START_REF] Busch | Coupled hydrogeophysical inversion of time-lapse surface GPR data to estimate hydraulic properties of a layered subsurface[END_REF], and hydraulic head measurements and gravity data [START_REF] Christiansen | Using time-lapse gravity for groundwater model calibration: An application to alluvial aquifer storage[END_REF][START_REF] Herckenrath | Coupled hydrogeophysical inversion using time-lapse magnetic resonance sounding and time-lapse gravity data for hydraulic aquifer testing: Will it work in practice?[END_REF]. Nonetheless, in a hydrocarbon reservoir monitoring context, [START_REF] Karaoulis | Time-lapse joint inversion of crosswell DC resistivity and seismic data: A numerical investigation[END_REF] performed structural joint inversion of synthetic seismic and electrical resistivity data and showed that the result improved the monitoring of a target changing position and shape over time, which is a relevant outcome for the monitoring of partial saturation changes for the secondary recovery problem within oil reservoirs. The joint inversion of surface-based, near-surface, and time-lapse seismic and electrical resistivity data remains, to our knowledge, unexplored; yet, it could provide better results for the monitoring of water saturation changes in the vadose zone.

Future Directions: Seismic Interferometry, Distributed Acoustic Sensing (DAS), and Machine Learning

With ever evolving technologies, seismic methods continue to develop and so do their applications in near-surface contexts. Over the past 10 years, seismic ambient noise interferometry has emerged as a promising tool to continuously monitor surface wave variations in hydrogeological contexts (e.g., [START_REF] Lecocq | Monitoring ground water storage at mesoscale using seismic noise: 30 years of continuous observation and thermo-elastic and hydrological modeling[END_REF]; [START_REF] Meier | Detecting seasonal variations in seismic velocities within Los Angeles basin from correlations of ambient seismic noise[END_REF]). The approach is attractive as active seismic sources are not necessary and the seismic noise records come from permanent or semi-permanent networks of receivers. However, limited permanent seismic networks-associated to long-term high costs-still pose a spatial sampling limitation. To overcome this, Distributed Acoustic Sensing (DAS) is being increasingly used, a technique where optical fibers are the sensing element and the distributed sensor measures at all points along the fiber (T. [START_REF] Parker | Distributed Acoustic Sensing -A new tool for seismic applications[END_REF]. More recently, [START_REF] Ajo-Franklin | Distributed Acoustic Sensing Using Dark Fiber for Near-Surface Characterization and Broadband Seismic Event Detection[END_REF] and [START_REF] Dou | Distributed Acoustic Sensing for Seismic Monitoring of the Near Surface: A Traffic-Noise Interferometry Case Study[END_REF] performed time-lapse imaging of VS in nearsurface contexts by combining ambient noise interferometry recorded on DAS arrays and multichannel analysis of surface waves, demonstrating that fiber-optic networks can be used to effectively monitor the near-surface at a scale and resolution previously inaccessible. This increasing interest in seismic ambient noise interferometry also calls for better VP-VS petrophysical relationships for near-surface materials, and in these sense, active seismic methods still play a major role to achieve this goal.

Finally, with the rapid development of artificial neural networks and the way machine learning is changing how we solve many of today's computational problems, we can expect that these tools will certainly have a rapid and high impact on hydrogeophysics studies in the years to come, from data processing to results interpretation.
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 21 Figure 2.1. Passage of body waves, (a) P-wave and (b) S-wave, through a medium. Black points and associated arrows indicate particle motion. Modified from Kearey et al. (2002).

  Figure 2.2 shows a schematic of the seismic acquisition in the field. The geophones record the ground motion as changes in the signal's amplitude over time, together with the seismic acquisition parameters such as source-receiver distance (offset) and geophone position and spacing, one can display the data as a gather of seismic traces (Figure 2.3).
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 23 Figure 2.3. (a) Seismic gather for a source at 2 m. (b) The same gather showing the identified P-wave refraction corresponding to the water table and surface waves. These data were collected by the beach, using one-component geophones, during the 4 th Cargèse Summer School "Flow and transport in porous and fractured media" in 2018 with the help of Sylvain Pasquet and other students.
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 25 Figure 2.5. Seismic refraction tomography workflow. (Modified after Zhang, 2009).
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 2 Figure 2.6. (a) Picture of the seismic acquisition. (b) The data shown as an apparent velocity image. (c) Mesh and ray paths calculated by the algorithm. (d) Picked travel times (crosses) together with the model response (solid lines); the squares represent shots. (e) Resulting VP tomography with the identified potential water table (VP > 1500 m/s); the white semicircles along the surface represent geophone positions.
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 27 Figure 2.7. First periods of the seismic signal for two different acquisitions in time and three different shot positions. Dataset from Blazevic et al. (2020).
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 2 Figure 2.8. Cross-correlation result at one geophone position showing two periods from different acquisitions in time, the resulting lag in milliseconds, and the later signal shifted for visualization.
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 29 Figure 2.9. Difference in P-wave first arrival times between two acquisitions, t1 and t11, after (a) manual picking and (b) the cross-correlation method. The dashed lines delimit a segment of the line where changes in water saturation were occurring. Dataset and results from Blazevic et al. (2020).
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 2 Figure 2.10. Tomography showing relative change in P-wave velocity, VP, for the different acquisitions referred to in Figure 2.9. The dashed lines delimit the area where changes in water saturation took place. The dots along the surface denote source and receiver positions. Dataset and results from Blazevic et al. (2020).
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 2 Figure 2.11. Passage of surface waves, (a) Rayleigh wave and (b) Love wave, along a medium. Black points and associated arrows indicate particle motion. Modified from Kearey et al. (2002).
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 2 Figure 2.12. (a) Surface-wave dispersion analysis and (b) dispersion inversion general workflows.
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 2 Figure 2.13. (a) Surface-wave dispersion image, (b) manually picked dispersion curve (fundamental mode), and (c) experimental and theoretical dispersion curves with corresponding 1D VS profile. Dataset from Blazevic et al. (2020).
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 2 Figure 2.14. Seismic traces from an area with changing water saturation at two different acquisitions in time. Dataset from Blazevic et al. (2020).
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 215 Figure 2.15. Dispersion images for (a) first and (b) last acquisitions of a time-lapse experiment. Dataset from Blazevic et al. (2020).
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 2 Figure 2.16. Automatically picked dispersion curves for all time-lapse acquisitions. Dataset from Blazevic et al. (2020).
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 217 Figure 2.17. Visual representation of elastic moduli. (a) Bulk modulus, K. (b) Shear modulus, µ. (c) P-wave modulus, M. (d) Young's modulus, E. Modified from Kearey et al. (2002).
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 31 Figure 3.1. Normal and tangential displacement in a two-particle system. R represents the initial sphere radius. (Modified from Mavko et al. (2009))
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 32 Figure 3.2. (a) Dry bulk modulus (Kdry) and (b) dry shear modulus (µdry) versus depth and effective stress for a glass bead packing according to different models.
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 3 Figure 3.3 compares the same models in terms of dry VP and VS. As previously discussed, we can note that the Hertz-Mindlin model generally results in higher values of elastic moduli and subsequently seismic velocities. Note that these comparisons are done for very low stresses and shallow depths given the experimental setup of Jacob et al. (2008) and Pasquet,[START_REF] Pasquet | Small-Scale Seismic Monitoring of Varying Water Levels in Granular Media[END_REF] where the glass beads were contained in tanks of 20-30 cm depth. In field contexts where the subsurface materials are obviously not as homogeneous as a glass bead packing, it becomes difficult to certainly discern if slight differences in seismic velocities are due to a different scaling with stress or field measurement uncertainties. Moreover, studies such as those of[START_REF] Jacob | Acoustic probing of the jamming transition in an unconsolidated granular medium[END_REF] and[START_REF] Pasquet | Small-Scale Seismic Monitoring of Varying Water Levels in Granular Media[END_REF], although useful to identify different stress dependencies, are limited to the type of material they study (in this case, glass beads) since the estimated γP,S coefficients are governed by the elastic properties of the grains, impeding the models to be correctly used for other materials or mineralogies.
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 3 Figure 3.3. (a) Dry P-wave velocity (VP) and (b) dry S-wave velocity (VS) versus depth and effective stress for a glass bead packing according to different models.
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 34 Figure 3.4. Water retention curves for different soil textural classes in terms of (a) volumetric water content (θv) and (b) water saturation (Sw).
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 35 Figure 3.5. Effective bulk (K) and shear (µ) modulus for a granular medium composed of quartz grains with water saturation (Sw). The x-axis range is 0%-100% Sw in (a) and 0%-99.9% Sw in (b).
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 3 Figure 3.6. P-wave (VP) and S-wave (VS) velocity for a granular medium composed of quartz grains with water saturation (Sw). VP and VS are plotted with the same y-axis in (a) and with different y-axes in (b).
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 3 Figure 3.7. (a) Water saturation (Sw) profile with depth (z) and (b) corresponding seismic velocities (VP and VS) for a sand medium with the water table at 10 m depth.
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 3 Figure 3.8. (a) VP/VS ratio and (b) Poisson's ratio (ν) profiles for a sand medium with the water table at 10 m depth. The color bar indicates water saturation (Sw).
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 3 Figure 3.9. VP and VS profiles from the October 2011 ((a) and (b)) and May 2012 ((c) and (d)) data.
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 3 Figure 3.10. Poisson's ratio (ν) profiles computed with the VP and VS profiles from Figure 3.9 for (a) October 2011 and (b) May 2012.
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 3 Figure 3.11. P-wave velocity (VP) versus water saturation (Sw). The points correspond to the data extracted from P-wave refraction tomographies at different acquisitions and the solid lines correspond to the modeled VP using a model based on frictionless Hertz-Mindlin (HM) theory and Biot-Gassmann (BG) fluid substitution. The different colors indicate different depths (z). The graphs in (a) and (b) show the models for a 100% quartz mineral composition while those in (c) and (d) show the models for a 100% clay mineral composition. Results from Blazevic et al. (2020).
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 41 Figure 4.1. Geographical and geological situation of the Ploemeur Hydrological Observatory (modified from Pasquet, Bodet, Longuevergne, et al. (2015)).
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 4 Figure 4.2. (a) Picture of the pit dug in 2012 with sensors installed (Coulon, 2012); (b) cross-section schematic showing sensor positions and horizons (A, B, C) described in Table 4.1.
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 43 Figure 4.3. Schematic of acquisition setup and picture during an infiltration event. The solid pink line along the pit area corresponds to the plane including the buried sensors.
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 44 Figure 4.4. Volumetric water content (θ), matric water potential (Ψm), and temperature (T) throughout the experiment as recorded from the sensors at different depths. Markers indicating starting times of electrical resistivity tomography (ERT) and seismic acquisitions are shown on each curve. Gray shadings correspond to the periods of water infiltration.
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 45 Figure 4.5. Pseudo-sections of apparent resistivity for (a) NS and (b) WE lines showing the background, 2nd, 5th, and 11th acquisitions.

FigureFigure 4 . 6 .

 46 Figure 4.6. Background ERT inversions for (a) NS and (b) WE lines. Black points at the surface indicate electrode positions.
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 47 Figure 4.7. ERT time-lapse inversions for (a) NS and (b) WE lines showing the relative change in ρ. Black points at the surface indicate electrode positions, and the dashed black lines delimit the infiltration area.
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 48 Figure 4.8. Seismic traces inside the infiltration area from shot No. 3 (x = 1.9 m) along the NS line. We show the traces from the background, 5th, and 11th acquisitions and observe a clear positive shift in P-wave first arrival times.
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 49 Figure 4.9. Picked traveltime differences between the nth acquisition (tn, for n = 2, 5, 8, 11) and background acquisition (t1) for (a) NS and (b) WE lines for every shot-geophone pair. The black dashed lines delimit the geophone positions inside the infiltration area.
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 4 Figure 4.10. Background P-wave seismic refraction tomography model for (a) NS and (b) WE lines. Black points at the surface indicate geophone and shot positions.

Figure 4 . 11 .

 411 Figure 4.11. Seismic time-lapse inversions for (a) NS and (b) WE lines showing the relative change in VP. Black points at the surface indicate geophone and shot positions, and the dashed black lines delimit the infiltration area.
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 4 Figure 4.12. Electrical resistivity (ρ) versus water saturation (Sw) inside the infiltration area at the depths of the TDR sensors. The data points come from both NS and WE lines. The black solid lines correspond to resistivity models described in the text.
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 4 Figure 4.13. P-wave velocity (VP) versus water saturation (Sw) inside the infiltration area at the depths of the TDR sensors. The data points come from both NS and WE lines. The solid lines correspond to velocity models described in the text for 100% quartz (black) and 100% clay (gray).

Figure 4 . 14 .

 414 Figure 4.14. Isochrones showing a given percentage of relative change in electrical resistivity (ρ) and P-wave velocity (VP) and their evolution with acquisition for (a) NS and (b) WE lines. The dashed black lines delimit the infiltration area and the gray arrows indicate line crossings.

Figure 4 .

 4 Figure 4.15. P-wave velocity (VP) versus resistivity (ρ) inside the infiltration area at the depths of the TDR sensors. The data points come from both NS and WE lines at the background and last (11th) acquisitions.
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 21 Typical values of VP and VS for near-surface materials.(From Santamarina et al. (2005)) 

	Material	VP (m/s)	VS (m/s)
	Unsaturated soils	<100-800	<100-500
	Lightly cemented soils	400-1000	250-700
	Saturated soils	1450-1900	<50-400
	Water	1482	-
	Air	343	
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 22 Relationships among elastic constants in an isotropic material. The last row shows the relationships in terms of seismic velocities VP and VS, and material density ρ. The last column shows VP/VS in terms of different pairs of elastic constants. (Modified from[START_REF] Mavko | The Rock Physics Handbook: Tools for Seismic Analysis of Porous Media[END_REF] 
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 41 Soil characterization from pit samples after[START_REF] Coulon | Electrical resistivity tomography of vadose water movement[END_REF].

	Horizon	Horizon Limits (m)	Clay (%)	Silt (%)	Sand (%)	Soil Type	Sampling Depth (m)	ρb (g/cm 3 )	ϕ (%)
	A	0-0.3	7.50	85.14	7.36	Silt	0.15 0.25	1.04 ± 0.02 1.31 ± 0.05	50 50
	B	0.3-1.2	2.76	68.39	28.85	Silty loam	0.50 0.90	1.79 ± 0.01 1.71 ± 0.02	30 30
	C	1.2-2	2.38	62.43	32.81	Silty loam	1.40 2.00	1.86 ± 0.02 1.65 ± 0.05	30 30

INTRODUCTION 

The shear modulus µ is also known as Lamé's second parameter.

GEOPHYSICAL TIME-LAPSE MONITORING DURING A CONTROLLED INFILTRATION EXPERIMENT IN THE FIELD

CONCLUSIONS AND PERSPECTIVES

Donohue, S. (2016a). Time-lapse monitoring of climate effects on earthworks using
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This appendix contains a list of the scientific work related to this thesis that was presented in conferences and meetings during this 3-year period.
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