
1. Introduction
Unconfined aquifers are an essential water resource. Their preservation in terms of both quantity and quality is a 
major challenge due to the expected impacts of climate change and their exploitation by human activities. Among 
others, managed aquifer recharge (MAR) is a practice of increasing interest which is commonly applied to storm-
water management in urban areas (Machiwal et al., 2018; Zhang et al., 2020) or water reuse (Zhang et al., 2020). 
Using infiltration basins or trenches, MAR systems could generate very dynamic responses of the water table and 
generally rely on the vadose zone for contaminant mitigation. The characterization and temporal monitoring of 
such systems are classically based on piezometric measurements, which provide unmatched sensitivity to water 
table fluctuations. However, it is by essence local and sparse due to drilling costs. Available methods for moisture 
and water potential monitoring based on Time Domain Reflectometry (TDR) or capacitance probes, tensiometers 
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or neutron logging face similar limitations and are generally complex to implement and maintain during long 
periods (Vereecken et al., 2008).

Geophysical methods can offer a wide range of characterization possibilities, which depend on their sensitivities 
to the physicochemical parameters of the medium, their resolution, and the depth of penetration. In appropriate 
conditions, they could provide a spatialization at larger scale of some hydrological variables of interest. For more 
than 20  years, the application and development of water-sensitive methods have been the subject of focused 
research referred as hydrogeophysics (Hubbard & Rubin, 2005; Rubin & Hubbard, 2006). However, depending 
on the scale of the studied processes, the potential for their deployment and autonomy might be a hindrance, 
particularly when monitoring is required with methods based on active sources (Binley et al., 2015).

Passive seismic methods such as ambient noise cross-correlation use stand-alone recording stations and benefit 
from continuous seismic noise sources. This continuity allows seismic wavefields to be reconstructed and then 
analyzed over time. Since its initial development about 20 years ago, this popular approach is increasingly used in 
various Earth studies for both imaging and monitoring purposes that are carried out at various scales (Campillo 
& Paul, 2003; Derode et al., 2003; Lobkis & Weaver, 2001). Ambient noise cross-correlation is based on the 
principle that cross-correlation of two seismic noise records acquired by two sensors can provide the Earth 
response to perturbations between the two sensors, that is, the Green's function, if the noise sources are spread 
isotropically in space. Basically, it means that the cross-correlation of the ambient noise recorded by two receivers 
is mathematically equivalent to the signal recorded by one receiver when a local source is located at the other. 
When continuously recorded, the ambient noise has therefore the ability to reveal any modification in medium 
properties, whether mechanical or hydrological, with a given temporal resolution.

This methodology has paved the way for continuous temporal monitoring of Green's functions, and in particular, 
to track very fine seismic velocity variations related to changes in different properties of the medium. These 
analyses are generally based on coda waves, which arrive in the seismic wave train that follows the ballistic 
waves. They represent backscattered waves from numerous heterogeneities distributed along the wave's pathway 
and provide very repeatable waveforms with noticeable weak variations in seismic velocities (Grêt et al., 2006). 
This approach was used, for instance, at the Earth crust scale to observe weak water table variations for Merapi 
volcano (Sens-Schönfelder & Wegler, 2006), for crustal stress reductions after a major seismic event (Wegler 
et al., 2009) and for fluid flow during volcano eruptions (Brenguier et al., 2011; Mordret et al., 2010). In the 
critical zone, various environmental processes have been monitored (Larose et al., 2015, for a review), including 
permafrost (James et al., 2019), water resources (Clements & Denolle, 2018; Lecocq et al., 2017), and ground-
water flow (Grobbe et al., 2021).

Contrary to coda waves, which sample a tortuous path between two seismic stations many times, ballistic waves 
are supposed to propagate along a direct pathway between the two sensors. They can be associated to volume 
(P/S) or surface waves (Rayleigh/Love modes) and are identified as early arrivals in seismograms. The latter 
dominate the seismograms, especially in sedimentary environments where coda waves have low energy because 
of weak scattering potential. Recently, Voisin et al. (2017); Garambois et al. (2019) and Kim and Lekic (2019) 
suggested the use of ballistic waves to monitor near-surface water table variations. They were notably able to 
exploit and quantify the sensitivity of body and surface waves to changes in water content. However, they simply 
considered water table changes, without taking into account potential variations occurring within the unsaturated 
zone. Takano et al. (2020) also used ballistic waves to monitor an active volcano, while Brenguier et al. (2020) 
succeeded in separating body waves from surface waves by taking advantage of a dense seismic network.

Besides well established imaging techniques based on noise analysis, the spatialization of the observed variations 
is generally limited due to the sparse number of stations available. Here we show that high-resolution seismic 
noise interferometry can be obtained for monitoring hydrological variations. For this purpose, we deployed a 
network of 99 3-component (3C) seismic stations around an infiltration basin that was designed to provide an 
artificial recharge of the aquifer and generate a hydraulic barrier to protect the pumping wells in case of accidental 
pollution of surrounding rivers. After presenting the site and the sequence of filling/emptying of the basin that 
was monitored over 19 days, we show the global seismic processing workflow that leads to the reconstruction 
and analysis of 4,851 seismic traces. The dense three-component seismic network allows precise characterization 
and monitoring of both the noise sources and the seismic wavefield. From the analysis of the Love wave velocity 
variations, we reconstruct hourly tomographic images of the velocity variations with high resolution. They show, 
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in particular, the hydraulic dome geometry, its evolution over time and space, highlighting the effectiveness of 
the system in reducing water exchange between the river and the water field. In addition, this study shows that the 
unsaturated zone has a direct influence in the measured seismic velocity changes.

2. Seismic-Noise Survey of the Crépieux-Charmy Water-Catchment Field
2.1. A Strategic and Sensitive Site

The Crépieux-Charmy drinking water pumping field (Figure 1) is a complex system that supplies 87% of the tap 
water for the two million inhabitants of the Lyon metropolitan area (France). It extends to the East of Lyon over a 
highly protected area of 375 ha, where 111 wells pump the groundwater into the modern fluvial aquifer. This stra-
tegic area located in the vicinity of a highly urbanized area and surrounded by rivers and canals, is very sensitive 
to pollution risks, especially from rivers. To protect groundwater from river pollution and maintain the ground-
water level, 12 infiltration basins were built around the pumping areas. These infiltration basins are filled with a 
50 cm thick sand layer for filtration purposes. A previous study put forward the major role of a compacted soil 
layer beneath the sand probably due to the basin construction work (Réfloch et al., 2017). It limits the infiltration 
rate and contributes maintain an unsaturated layer between the basin and the water table. The basin is supplied 
from a pumping system fed by a sedimentation basin connected to the Vieux Rhone river (Figure 1b). The pump-
ing system is controlled to maintain a maximum head of 1.8 m in the basin with 0.2 m fluctuations (Figure 1c) 
and a minimum vadose zone thickness of 2 m below the basin. Moreover, the pumping stops if the turbidity of the 
Vieux Rhone river exceeds 50 NTU. This system should consequently modify the direction and intensity of the 
water flow, which naturally goes from rivers toward the groundwater. For this reason, the understanding of water 
exchanges between the groundwater and the surface water is of major importance, as is the effectiveness of the 
active protection barriers formed by these infiltration basins.

The pumping site is monitored by more than 100 piezometers that are scattered throughout the site. Various 
hydrogeological studies have been carried out at the site scale, which highlighted the influence of groundwater 
pumping and Managed aquifer recharge (MAR) interventions on the aquifer levels and properties (Réfloch, 2018). 
At a smaller scale, a basin (5-2) located between Miribel canal and the Vieux Rhône has been the subject of more 
detailed studies through the implementation of a network of piezometers (Figure 1b) that provides measurements 
of water temperatures and piezometric levels (Réfloch, 2018). They have highlighted the following points: (a) the 
natural flow is to the South; (b) the infiltration basin 5-2 feeds the southern part much more than the northern 
part; and (c) the hydraulic barrier created below the basin disappears in a maximum of 1–2 days.

Although interesting, this work suffers from the small number of piezometers especially on the eastern part of the 
basin, which has prevented any detailed mapping of the hydraulic dome and its evolution over time. This is prob-
lematic in the present geological context, which exhibits sedimentary variability that generates important heter-
ogeneity of permeability. From the surface, the vertical sedimentary sequence is composed of modern alluvial 
deposits composed of sands and coarse gravels of about 11–20 m of thickness. In this sequence, a main 2-m thick 
clayey layer has been identified in all available boreholes surrounding the basin at an average depth of 7 m. Its 
lateral extension, especially to the North-East where no borehole was drilled, remains unknown (Loizeau, 2013). 
Below this layer, inclusions of fine material were observed in boreholes with unclear organization. This modern 
alluvial sequence rests on a thick layer of claystones and molasse with low permeability.

2.2. The Seismic-Noise Experiment

The site of Crépieux-Charmy is located in a highly urbanized zone and is surrounded by several sources of 
anthropic seismic noise (e.g., the city, highways, railway, factories). For these reasons, noninvasive hydrogeo-
physics and particularly seismic noise based methods were considered to be able to provide high-resolution 
views of the dome and its evolution over time. A preliminary study, which only involved 10 seismic sensors that 
recorded the ambient seismic noise over 10 days, showed strong lateral variability of the hydraulic dome (Voisin 
et al., 2017). In the following, we present the results of a survey using a dense seismic network that is designed 
to improve the monitoring resolution of the controlled changes in the groundwater flow. In all, 99 seismic nodes 
were deployed around the infiltration basin 5-2. They were positioned in open areas to allow good reception of 
the GPS satellites and synchronization of the seismic stations. The network covers a wide range of azimuths 
and inter-station distances (Figure 1b). The 3-C Fairfield velocimeters have a cut-off frequency of 4.5 Hz, and 
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Figure 1. (a) Location and draft of the water pumping site of Crépieux-Charmy located to the East of the city of Lyon, in a 
dense urban area. It is surrounded by a railway line to the North and highways to the West, South, and East. Pumping areas, 
infiltration, and sedimentation basins are indicated. (b) Zoom into the studied infiltration basin 5-2, which is monitored by a 
network of piezometers. The seismic network is composed of 99 sensors (stations) that are deployed along paths. Stations 2, 
15, 21, and 30 and piezometer P95 are used later to illustrate the main results. (c) Chronicles of the basin filling cycles with 
the water level measurement in the basin (black curve) and the water table variations (blue curve) measured at piezometer 
P95 (blue star). Time 0 marks the beginning of the seismic recordings.
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recorded the seismic noise between 15 September and 3 October 2018 (i.e., over 19  days), with a sampling 
frequency of 250 Hz. This represents a data volume of approximately half a terabyte.

During this period, two cycles of filling/emptying of the basin 5-2 were performed to determine the efficiency of 
the seismic monitoring methodology. Before the experiment, the basin was kept empty since 3 August 2018. At 
the beginning of the seismic experiment, the water table was measured at an elevation of 163.52 m in the piezom-
eter P95 (well surface elevation of 169.39 m). In this condition, the unsaturated layer was 5.87 m thick at the 
lower point of the basin, which corresponds to a very dry state. The elevation of the dikes surrounding the basin 
is approximately 2.5 m above the bottom of the flat basin, with the West dike elevation culminating at 172.23 m. 
Figure 1c presents the evolution of the water level in the basin 5-2 and the variation of the water table measured 
at piezometer P95 (reference taken at time 0 hr) during the seismic monitoring period. At the beginning of the 
seismic acquisition, the basin 5-2 was kept empty during the first 5 days (from 0 to 119 hr) in order to acquire a 
base signal. The basin was then fed during 100 hr (from 120 to 220 hr). It reached the maximum level of 1.8 m 
at time 190 hr. The water supply was then regulated during 30 hr. The basin was then drained until emptiness 
in 50 hr. After a 20 hr rest period, a second filling/emptying cycle was applied in about 130 hr. Lastly, the final 
drainage period was monitored until the water table reached its initial level.

The basin level and the water table variations exhibited a noticeable time shift (Figure 1c), which can be observed 
due to the fact that the filling of the basin is not carried out in a linear way, but consists of different filling phases 
of various periods until. This makes it possible to analyze the phase differences between the different peaks 
present on the two evolution curves. During basin filling phases, the time shift corresponds to the time for water 
to travel through the vadose zone whose width continuously changes during the experiment. These time shifts 
therefore provide an estimate of the average infiltration velocity in the vadose zone. Based on a detailed analysis 
of the corresponding peaks of the 2 curves, we could estimate a 0.3 m/hr infiltration velocity during the first 
infilling whereas it rises to 0.5 m/hr during the second infilling. This observation is consistent with an increase 
in average water content between the two cycles: before the first infilling, the vadose zone was at residual satu-
ration when the water content was much higher at the beginning of the second infilling which probably followed 
an incomplete drainage. The observed difference could then be attributed to an increase of the medium relative 
permeability and to a progressive capillary wetting during the first infiltration event.

3. Seismic-Noise Data Processing and Analysis
To compute reliable tomographic maps of the velocity variations, the workflow includes several steps, as sketched 
in Figure 2. In this section, we focus on the steps that start after the data recording and until the velocity variations 
are obtained per pair of stations. The first stage is the pre-processing, which simply consists of formatting and 
sorting the data set. A beamforming analysis is performed on these raw data, to assess the spatial origin and time 
stability of the seismic sources (Section 3.1).

The second step encompasses various signal-processing steps that were chosen for calculation of the 
cross-correlations per sensor and component pair (Section 3.2). By re-sorting these cross-correlations as a func-
tion of receiver distance, the propagation of the wavefield can be represented and analyzed for each component 
(Section 3.3). This step provides a clear separation of the seismic wavefield between the ballistic and coda parts 
that will be crucial for the third step, the relative seismic velocity δv/v computations (Section 3.4). The final data 
set is composed of 4,851 hourly δv/v measurements, which will be the input to get hourly tomographic inverse 
maps, as discussed in Section 4.

3.1. Source Analysis Using a Beamforming Approach

The beamforming compares the seismic wavefield with waves propagating under different azimuths and veloci-
ties (or slownesses). Beamforming has been used in many seismic-noise studies; for example, for phase velocity 
estimations (Harmon et al., 2008), source directionality assessment (Behr et al., 2013), and surface-wave tomog-
raphy (Roux & Ben-Zion, 2017; Wang et al., 2020). The use of dense and large arrays with a wide azimuthal 
cover ensures accurate resolution (Rost & Thomas, 2002). The computation relies on the plane-wave assumption 
so that sources located within the receiver array or any kind of arrivals that are not recorded by several receivers 
will not be emphasized. The processing uses the differences in arrival with the center of the array as a reference 
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(Boué et al., 2013), and it can be performed in different frequency ranges and for different components. This anal-
ysis is particularly important here as our survey is performed in a highly urbanized zone (Figure 1a), where the 
origin of the seismic noise can vary both in space and time due to the presence of multiple time-varying sources 
(e.g., highways, railways, factories).

A typical example of the beamforming outputs separately computed for the two horizontal components and then 
gathered after summation is shown in Figure 3. This was computed in the (2–5 Hz) frequency range using 24-hr 
time windows with a code adapted from the double beamforming algorithm of Boué et al. (2013). The beamform-
ing outputs appear stable over time and show almost isotropic patterns at 400 m/s velocity, with a slight East-West 
dominance. Figure 3d highlights the variability of the amplitude power over the monitoring time. It is computed 
over 1-hr time windows, while the black dashed line represents the amplitude smoothed over a 24-hr moving 
window. The quieter periods appear during weekends (gray area). We will see in the following that these noise 
conditions appear to be sufficiently stable and isotropic at the site to produce consistent and stable wavefields 
over most sensor pairs. We note that during weekdays (i.e., 48–72 hr, 120–144 hr), the maximal energy comes 
from the West, where there is the northern ring road of the Lyon metropolis.

3.2. Cross-Correlation Computations

For the horizontal components, the ij ray has an azimuth 𝐴𝐴 𝐴𝐴 = 𝑖𝑖𝑖𝑖𝑖𝑖 (with the North) corresponding to the path 
between the two receivers, which will very rarely match the recording North-South (Si,N) and East-West compo-
nents (Si,E). As suggested by Roux (2009), the equivalent radial (Si,R) and transverse (Si,T) components measured 
by the receiver Ri along the ij ray can be recovered using the relations:

𝑆𝑆𝑖𝑖𝑖𝑖𝑖 = 𝑆𝑆𝑖𝑖𝑖𝑖𝑖sin 𝜃𝜃 + 𝑆𝑆𝑖𝑖𝑖𝑖𝑖cos 𝜃𝜃 and 𝑆𝑆𝑖𝑖𝑖𝑖𝑖 = 𝑆𝑆𝑖𝑖𝑖𝑖𝑖cos 𝜃𝜃 + 𝑆𝑆𝑖𝑖𝑖𝑖𝑖sin 𝜃𝜃𝜃 (1)

The cross-correlation of seismic noise signals recorded by two receivers (Ri, Rj) is theoretically an estimate of 
the Green's function, that is, the impulse response of the Earth between these two receivers, if the noise sources 
are isotropically distributed around them. The product of the cross-correlation in the three projected dimensions 
(R, T, Z) of the receivers pair (Ri, Rj) is a tensor of nine components that represents the Green's function in space:

Figure 2. Seismic-noise data processing workflow designed to compute the dynamic two-dimensional tomographic maps of the seismic velocity variations. The 
beamforming stage offers access to the spatial distribution of the seismic noise sources and its stability. The three-component seismograms provide understanding 
of the seismic wavefield and identification of the different seismic phases. The δv/v processing can be performed in the low or high frequency range according to the 
cross-correlation spectral properties.
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When dealing with the same components, we obtain the TT (transverse-transverse), RR (radial-radial), and ZZ 
(vertical-vertical) coefficients that compose the diagonal of the G tensor. All of the other coefficients in G(i, j) 
obtained by correlating different components of the signals (for instance R and Z) are not addressed in this paper.

For all of the components, to eliminate spurious energetic events and to balance the spectral content (Shapiro 
et al., 2005), the signals are first whitened on a daily basis between 1 and 20 Hz, which is the band of interest at 
our scale. The processed signals are then sliced in Tw = 1 min long time windows, and normalized by the energy 
of each time slice to get diagonal coefficients of the G(i, j) tensor:
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Eventually, these cross-correlations are stacked over 10 mn or 1 hour, to improve the signal-to-noise ratio without 
degrading the dynamics of the variations that we want to reconstruct. An illustration of the TT, RR, and ZZ final 
correlograms is shown in the [−2.8, 2.8] s time lag window in Figure 4 for the 324 m spaced (R2, R21) pair of 
receivers. The red trace represents the overall averaged cross-correlations for this pair, and will be a reference 
when computing the velocity changes δv/v in Section 3.4. The TT correlograms obtained for this pair of stations 
that are mainly oriented East-West show acceptable symmetry. They show a dominant wave packet that arrives at 
±0.9 s and corresponds to an apparent velocity of 360 m/s. Contrary to the TT component, the RR and ZZ compo-
nents show more disturbances, which is possibly related to the local noise generated by the pumps. They are also 

Figure 3. Horizontal beamforming amplitudes averaged over 24-hr time windows in the dominant (2–5 Hz) frequency range 
for three monitoring periods: (a) 0–24 hr (b) 48–72 hr (c) 120–144 hr. The x-axis represents the slowness from the East and 
the y-axis represents the slowness from the North, which can be recovered for all directions with white circles. (d) Evolution 
of the spectral energy over the monitoring time (blue curve) with the smoothed variation over 24 hr (dashed line) averaged in 
the (2–5) Hz band. Gray zones correspond to weekend periods.
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more complex, with many different events arriving at several times. In the following, we address the complexity 
of the seismic wavefield using all available distances, through the network of 99 sensors.

3.3. Analysis of the Seismograms

To analyze the multi-component wavefields which will be used for monitoring purposes, we gathered all aver-
aged cross-correlations filtered in the (2–5 Hz) frequency band, taking into account all station pairs available 
through the deployment of the 99 sensors, which provides 4,851 traces with distances ranging from 12 to 645 m 
(Figure 5), with few with distances beyond 550 m.

These figures show relatively well separated ballistic waves with different patterns according to the compo-
nent. They are all symmetric, which reinforces the hypothesis of the isotropic spatial distribution of seismic 
sources.  The TT component is dominated by a surface wave with an apparent velocity slightly over 400 m/s, while 
the RR component shows a dominant wave that propagates slightly faster. The ZZ component is more complex, 
with various waves of similar amplitudes but with a wide range of velocities, from 1850 m/s for the first arrivals 
to 200 m/s for the slowest, which is consistent with previous observations made by Garambois et al. (2019). It 
should be noted that the available energy is stable as a function of distance and is relatively limited in frequency, 
with a peak between 2 and 4 Hz, and a rapid decline thereafter, with almost no energy beyond 10 Hz. A more 

Figure 4. (a) TT, (b) RR, and (c) ZZ correlograms computed between 2 and 5 Hz for each component of the 324 m spaced 
(R2, R21) pair of receivers, over the 19 recording days. Time of monitoring is going upward. Red curve is the overall averaged 
cross-correlations for the component.

Figure 5. Seismograms of the (a) TT, (b) RR, and (c) ZZ components, obtained after stacking all of the cross-correlations 
computed for the whole experiment and all possible inter-station distances. Red and blue lines highlight the velocities of 400 
and 1,850 m/s respectively.
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detailed analysis of the wavefield through phase velocity dispersion analysis 
of the 3C data is provided in Text S1 in Supporting Information S1.

3.4. Computations of Velocity Variations

The TT seismogram shows a satisfactory signal-to-noise ratio (Figure  5a) 
and a relatively simple symmetric wavefield dominated by the fundamental 
mode of Love waves between 2 and 9 Hz (Figure S1 in Supporting Informa-
tion S1). In addition, as shown in Section 3.1, the horizontal components of 
the noise are relatively stable over time and azimuth. For these reasons, the 
velocity variations have been computed considering the ballistic Love waves, 
which dominate the TT data. This analysis is performed with the stretching 
technique (Sens-Schönfelder & Wegler, 2006), which consists in quantifying 
the similarity of each hourly cross-correlation, stretched by a set of ϵ values, 
with the overall mean of the cross-correlation signal that is considered as a 
reference. The quantification is made by cross-correlating the two signals in 
the time window of the dominant ballistic wave, that is, the Love wave. This 
linear search automatically extracts the maximum correlation coefficient and 

the corresponding stretching factor ϵmax. This automatic analysis is controlled by a rejection process based on the 
value of the correlation coefficient: values below a coefficient of 0.8 are ignored, which represents 26.7% rejec-
tion. The computations provide the optimized time shift of the signal dt at a time t compared to the reference, and 
consequently the relative velocity variations for each trace of the correlogram δv/v = −dt/t = ϵmax.

The process was applied to the 4,851 available correlograms in the (2–5) Hz frequency band and provided hourly 
δv/v estimates relative to a reference during the whole acquisition for all 4,851 pairs. In the following, we shifted 
the relative δv/v values to ensure that δv/v = 0 at t = 0 s, the starting time of the seismic experiment, for all pairs.

The result of this cross-correlation processing is a set of 4,851 cross-correlation functions. They are supposed 
to be the Green's function between two stations along a path. Each of them indeed carries information about the 
global changes between the two stations and it is worth visualizing these δv/v variations, even if the spacial resolu-
tion is not optimized at this point. In Figure 6, the δv/v variations for the R2 − R21 and R15 − R30 pairs are compared 
to the relative water table variations measured at the P95 piezometer. The direct paths of these two pairs both 
cross the basin with different azimuths (see Figure 1). The δv/v and water table curves are anti-correlated: nega-
tive velocity variations are associated with rising water table. This anti-correlation has often been observed when 
velocity variations are estimated on surface waves (Voisin et al., 2016, 2017) and quantitatively well explained 
using a poroelastic fluid substitution approach (Garambois et al., 2019). The hourly δv/v measurements show high 
frequency variations, that we interpret as measurements uncertainties linked to fluctuating hourly reconstructed 
waveforms with different signal-to-noise ratio. In addition, we note that the two filling cycles show some small 
discrepancies highlighting some delays and nonlinear responses, especially when considering (a) the small δv/v 
variations observed before the filling; (b) the different δv/v responses depending on the pair of stations between 
the two maxima, and (c) the failure for δv/v to return to the initial state at the end of the experiment. These 
discrepancies might come from two reasons. First, the major difference between the two measurements is that 
the piezometer measurement provides only local information, while the δv/v integrates information along the 
path between two stations. Second, the potential sensitivity of δv/v measurements to water saturation changes 
within the unsaturated zone can affect the consistency. In order to prevent any ambiguous interpretation, we aim 
at implementing a tomography process with very high spatial resolution that will lead us to a discussion on the 
effect of the unsaturated zone.

3.5. Frequency/Depth Analyses

Velocity variations shown in Figure 6 were computed after selecting the (2–5 Hz) frequency band dominating 
cross-correlated signals. We additionally show in Figure S2a in Supporting Information S1 the δv/v evolution over 
time as a function of frequency for the R2 − R21 pair. This frequency analysis confirms that velocity variations 
related to hydrological cycles are observed only in a very limited frequency band, with a lack of sensitivity both 
below 2 Hz but also above 5.5 Hz. The kernel sensitivity computations performed for Love waves (Figure S2b in 

Figure 6. Evolution of the piezometric level (solid blue) measured at 
piezometer P95 and of the hourly δv/v velocity variations computed between 
the station pairs R2-R21 (in red, East-West oriented) and R15-R30 (in black, 
North-South oriented) over the entire duration of the experiment, between 
2 and 5 Hz. Shadow areas represent the uncertainty on the measurement, 
obtained considering the maximum stretching function ɛmax ± σ  (σ being the 
variance).
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Supporting Information S1) support these observations: the sensitivity of Love waves to changes in the environ-
ment is maximum between 2 and 7 m depth and is only significant and constant for frequencies between 2 and 
5 Hz. In contrast, lower and higher frequencies show larger sensitivity kernels at depths larger than the lowest 
position of the water table. These computations seem to confirm the observation that the velocity variations 
captured from the cross-correlations when computed in the (2–5 Hz) frequency range are the most sensitive to 
the fluctuations of the water table and water content occurring within the modern and coarse alluvial deposits 
located between 2 and 7 m depth.

4. High-Resolution Tomography Monitoring
From these integrated δv/v measurements, we aim to produce high resolution time-lapse spatial δv/v maps to 
emphasize the shape of the water dome and the potential water fluxes.

4.1. The Tomographic Scheme

For this purpose, we use a tomographic approach by inverting all of the paths in the 2–5 Hz frequency range 
with a 1-hr time step. A similar approach was first proposed by Brenguier et al. (2008) for volcanic applications, 
and then taken further by Clements and Denolle (2018) at a larger scale, to regionalize the δv/v measurements 
obtained on the coda waves for groundwater applications. Here, we use the (straight) ray theory approach of 
Barmin et al. (2001), to carry out fast and reliable tomography, as further adapted by Mordret et al. (2014) to 
obtain group velocity maps from ballistic-wave seismic-noise analysis. This optimization process requires the use 
of a regularization function (here, as a spatial Gaussian smoothing term) and an additional term that constrains 
the amplitude of the perturbations according to the local path density.

The inversion scheme follows an iterative process: at each iteration, the rays with the largest root mean square 
(RMS) error (>70%) are discarded for the following iteration. These large errors might be related to bad signal-to-
noise ratios in the cross-correlation computation due to local sources or artefacts in the δv/v measurements. To 
maintain acceptable spatial resolution (a model obtained with at least 40% of the initial number of rays), the 
inversion is stopped after three iterations. The velocity variations are mapped onto a 44 × 22 roughly rectangular 
grid with square mesh (19.9 m). The spatial Gaussian term is characterized by a correlation length of 50 m and 
a smoothing strength of 0.05. These parameters were selected as a satisfactory compromise between resolution 
and stability of results, after different attempts, including checkerboard tests. The detailed results derived at 
210 hr of monitoring are shown in Figure 7. This shows in (a) the map of the δv/v relative to the beginning of the 
experiment (time 0).

At the beginning of the tomography process, the data set contains 4,010 rays that are homogeneously distrib-
uted in azimuth and distance (Figure 7b). At the end of the third iteration, 2,705 rays are retained, as shown in 
Figure 7c. We note that no particular azimuth is removed by the RMS checking process, despite the polarization 
of the sources discussed in Section 3.1. Conversely, short offset rays that are favorable to mixed arrivals (interfer-
ence) clearly tend to be eliminated. The RMS error appears to be homogeneous on the whole grid (Figure 7d) and 
lower than 0.15, except for a few very sparse grid points that show larger errors. At the final iteration, that is, after 
removal of the raypaths with large RMS, the ray density remains high. Indeed, some cells are illuminated by more 
than 150 rays, while on average, there is a density of 90 rays per cell, except at the edges of the grid (Figure 7d). 
It needs to be noted that additional tests carried out with the help of checkerboard tests have confirmed the great 
resolution of the tomography with this illumination.

The δv/v map of Figure 7a shows a maximum of the velocity variations in the southern sector of the infiltra-
tion basin, slightly East of the filling point. We also see fairly moderate values within the basin, as well as a 
North-South variation. The eastern part of the exploration area remains relatively static, with almost no velocity 
change.
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Figure 7. Results of the inversion process illustrated at 210 hr of monitoring. (a) δv/v map relative to the start of the 
experiment, as obtained after three iterations of the inversion process. The black circles localize the filling point. (b) Initial 
and (c) final distributions of the rays in terms of the azimuth and distance. (d) Root mean square error map. (e) Number of 
raypaths per cell.
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4.2. Evolution of the Velocity Variation Tomographic Maps

A similar inversion procedure is carried out for each hour of the monitoring experiment, with a RMS error 
between 9.2% and 18.8%, where the number of rays varies from 1940 to 4851. This allows us to obtain a dynamic 
animation of the spatial variations in the relative velocity. It must be noted that a movie showing the 3D evolu-
tion of the hourly velocity variation tomographies is available in Movie S3. In Figure 8, we isolated the maps 
obtained at 10 characteristic key moments. To facilitate their reading, the center of Figure 8 shows the continuous 
variations of the water table level measured at piezometer P95 (i.e., near the point of injection), as well as the key 
moments (red stars). It should be noted that the piezometer data provide information on the variations of the water 
table but not on the infiltration in the unsaturated zone, which probably started a few hours before.

During the first 60 hr, we observe an initial state showing little localized negative velocity variations, possibly 
related to natural transfers with rivers, or residual saturation in the vadose zone from past infiltration or precip-
itation events. The infilling of the basin starts at 119 hr, and the maps highlight the build-up of a negative δv/v 
already established at 124 hr which culminates at 225 hr, in agreement with measured water table variations. At 
this time, well-localized patches are visible within the basin, which form what looks like a dome that stretches 
in the direction of the basin. Outside the basin, smaller negative velocity variations can also be seen. We note 
that δv/v slightly decreases in value during the drainage cycle, and then increases again during the second filling 
cycle, only to decrease again during the second drainage. Surprisingly, although decreasing, the system does not 
return to equilibrium at the end of the experiment (at 455 hr), unlike the piezometric measurements. This appears 
to indicate that water exchanges are still ongoing in the vadose zone with a clear effect on the velocity of surface 
waves. This point will be discussed afterward.

5. Discussion
In the previous sections, we showed that passive seismic interferometry used with a dense network can provide 
time-lapse information of hydrological variations with very high spatial and temporal resolution. Indeed, the 
dynamics of velocity changes and of the piezometric variations recorded locally appear relatively well correlated 

Figure 8. Evolution of the δv/v maps for 10 different key moments of the controlled monitoring experiments. The central 
graph shows the relative evolution of the water table measured at piezometer P95. The red stars highlight the moments for 
which the maps are shown.



Water Resources Research

GAUBERT-BASTIDE ET AL.

10.1029/2021WR030680

13 of 20

at first glance. This new view allows a detailed study of this relationship. In particular the quantitative approach 
derived with a limited number of sensors and a single filling cycle by Voisin et  al.  (2017) and Garambois 
et al. (2019) can be further discussed. Their analysis seemed to show a linear relationship in which 1% of δv/v 
measured on surface waves roughly corresponds to 1 m of water table variations. In this section, we will discuss 
further the hydrological impacts of our seismological results according to three points: (a) the contribution of a 
3D representation of the water dome and flows with a very high resolution compared to water table local meas-
urements; (b) the differences between δv/v and piezometer data, which highlights the additional sensitivity of 
seismic data to water content changes occurring in the unsaturated zone; and (c) the applicability of such seismic 
monitoring for operational but also for other hydrological monitoring purposes.

5.1. Contribution of the Seismic Monitoring for 3D Characterization of the Hydraulic Barrier

The groundwater variations observed during the infiltration cycles on this site were previously derived from 
precise temperature and water table data measured from a sparse number of piezometers (Réfloch, 2018). They 
could nonetheless put some constraints on the preferential flow of the system; namely: (a) the natural North-South 
flow direction of the water table is reversed; (b) the hydraulic dome has a very steep slope; and (c) the hydraulic 
dome created by the basin is not symmetric, with the groundwater response stronger and faster for the southern 
part of the site.

To better show the geometry of the seismic signature generated by the two filling cycles, the velocity varia-
tions have been plotted at the times corresponding to the two absolute peaks relative to the establishment of the 
hydraulic dome (Figure 9). Additionally, we computed the horizontal gradients observed at the same two periods 
(Figure 9), where the amplitudes and directions are represented by arrows. This representation highlights the 
significant fluxes observed from the middle of the infiltration basin to the outside. What stands out from Figure 9 
is the elongation of the dome along the stretch of the basin. This also highlights the steepness of the dome at 
the two maximums, with a much steeper slope on the South side. This is possibly due to the concave shape of 
the basin that promotes converging flows and/or to accumulation of water in the dyke. The maximum velocity 
decrease is thus located at the South edge of the basin nearby the basin dyke where no piezometer is available. 
The West-East spatial variability is also very high, with a strong drop in the areas outside of the basin. This is 
even more true after the drainage of the second cycle, where almost no variation is visible on the eastern side: 
the basins only provide hyper-localized protection. On the Western part, these 3D plots show a strong velocity 
gradient, in the dyke separating basin 5-2 from the emptied adjacent western infiltration basin 5-1 (Figure 1). 
Despite located on the edge of the tomography, this sharp variation is well constrained by the large number of rays 
illuminating this area (Figure 7). The dyke is composed of finer compacted material and is likely to better retain 
water due to a lower permeability. It must be noted that the velocity decrease is stronger during the second filling 
cycle. The second imbibition in the dyke probably benefited from the first wetting phase.

All of these high-resolution quantitative images will undoubtedly be crucial input to better constrain numerical 
models designed to analyze the impact of the infiltration basin on river/aquifer exchanges.

5.2. Comparison Between Seismic and Piezometric Time Evolution: Role of the Unsaturated Zone

The high-resolution dynamic maps allows us to compare the computed seismic velocity variations with available 
hydrological data, both in time and space. Figure 10a presents piezometers P95 and S20 locations used for the 
temporal comparison while piezometers located along a generally North-West South-East transect are used for 
the space analysis. The δv/v data were extracted from dynamic tomographies at cells located near piezometers 
of interest.

The temporal evolution of δv/v and water table levels are plotted in Figures 10b and 10c. The hourly δv/v data are 
smoothed over 10 hr to attenuate high frequency variations and they generally follow the water level variations 
for the two selected areas. At the beginning of the experiment, the comparison shows the instability of the seis-
mic monitoring approach when the water-table variations are small. During the first infilling, both signals follow 
a similar increasing trend and reach a maximum at the same time. The decrease during the drainage phases is 
more significant for the water table level than for the seismic measurement. A similar trend is observed during 
the second infilling. Both signals reach their maximum at the same time and with the same intensity as for the 
first infilling. To better illustrate these behaviors, it is convenient to represent H-plots, displaying the water table 
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level as a function of δv/v in Figure 10d (for S20) and Figure 10e (for P95). During the initial infilling (blue 
dots), the proportionality relationship between the changes in the velocity and the water table variations roughly 
fits that proposed by Voisin et al. (2017): 1% = 1 m, which is marked by the dashed line. During this phase, the 
increase of the saturated level is the main contribution to velocity variations, as numerically shown by Garambois 
et al. (2019) who considered a sharp delineation between the saturated zone and the dry soil. When the basin 
has been emptied, the drainage phase (red dots) starts with a very clear and quick drop of the water table level, 
contrary to velocity variations which decrease much slower and remain far from reaching the initial state, as 
already noticed on the tomography maps (Figure  8). Similar trends are observed during the second infilling 
(green dots) and drainage (orange dots). During the last drainage, the velocity variations decrease is much slower 
than the water table with −1% still remaining after 3 days.

Both Figures 10d and 10e present a well-identified hysteretic behavior where the first infilling (blue dots) and the 
final drainage (orange dots) clearly follow two different paths. This behavior is observed for both the piezometer 
P95 located inside the basin and the piezometer S20 located close to the dyke outside the basin. The first drainage 
(red dots) and second infilling (green dots) describe a secondary loop nested in the main one for the piezome-
ter S20. This effect may be linked with the imbibition/drainage within the dyke. During the last drainage, the 
moment when the level of the water table crosses zero again, around 440 hr, the variations in velocity are still of 
the order of 2%. Using a poroelastic approach (Garambois et al., 2019), one can compute the expected velocity 

Figure 9. Three-dimensional views of the seismic velocity variations observed at the maximum of each infiltration cycle; 
that is, at (a) 225 hr and (b) 390 hr. The red triangles represent the seismic sensors, and the black crosses indicate the 
piezometers. The corresponding horizontal gradient maps are also shown for (c) 225 hr and (d) 390 hr.
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Figure 10. Dynamics of δv/v values extracted from the tomography approach from selected cells. (a) Superimposition of 
the δv/v tomography obtained at 225 hr, around the peak of the first filling cycle and a transect of piezometers, denoted by 
stars. Comparison between δv/v measurements (red curves) smoothed on a 10 hr time window and averaged on the cells 
surrounding piezometers (b) S20 and (c) P95 and the corresponding water table variations (blue curves). Water table versus 
δv/v evolution for the (d) S20 and (e) P95 areas. A time stamp is indicated through the color of the dots (empty basin: black; 
first infilling: blue; first drainage: red; second infilling: green; final drainage: orange). The gray dashed lines highlight the 
1m-1% linear relationship. The vertical dashed lines of panels (b and c) which are highlighted by stars in panels (d and e), 
mark the 6 selected times studied in Figure 11.
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variations of Love waves as a function of water content. This fluid substitution approach makes sense here since 
the medium is very high in both porosity and permeability. It strongly limits capillary effects that introduce non 
linear effects in velocity changes (Knight & Nolen-Hoeksema, 1990; Solazzi et al., 2021). Under this approach, 
velocities changes in the Sw = 0–0.95 range are attributed to changes in bulk density: an increase in water satura-
tion is therefore associated to a linear decrease S wave velocity. The behavior of P-wave velocity is more complex, 
with a linear decrease followed by an abrupt increase when water saturation increases. The Love waves velocity, 
which only depends on that of S waves, linearly decreases with increasing water saturation. Considering a poros-
ity of 35%, the observed remaining 2% of δv/v would correspond to water content variations of about 30%–35%. 
In order to interpret these observations, it should be reminded that the sensitivity of Love waves, analyzed for the 
velocity variation computations, is dominant and constant between depths of 2 and 7 m in the frequency range 
used (Supplementary material, Figure S2 in Supporting Information S1). During the experiment, the water table 
fluctuates between 3 and 6 m. This confirms that the water table level changes should strongly affect velocity 
variations. During drainage phases, the saturation profile above the water table and the capillary fringe exhibits 
a decreasing trend. The shape and dynamics of this profile are mainly controlled by gravity, capillary effects 
and relative permeability decrease induced by decreasing saturation. This behavior should promote a delayed 
drainage flow in the unsaturated zone. The latter could be accentuated by double porosity effects if the material 
presents an heterogeneous pore microstructure (Moench, 2008). Consequently, the slow rate of seismic velocity 
change could be due to the slower decrease of the water content within the desaturated zone, compared to the rate 
of water table level change.

The enlarged hysteretic behavior observed on P95 piezometer can be explained by its location well inside the 
basin. In this place, one can assume that infiltration and drainage flows are almost vertical. The S20 piezometer 
is located outside the basin, few meters away from the dyke. In this place, the seismic signal most likely integrates 
the contribution of the dyke to the water flow and to local capillary effects. The distribution of water at this loca-
tion is certainly more complex and 3D, as observed on seismic tomographies (Figure 9).

Based on the high-resolution dynamic maps, we also compare the water table evolution measured along a line of 
piezometers globally oriented North/West-South/East (i.e., Figure 10a) and the spatial extraction of the results 
derived from seismic tomography maps, at 6 different monitoring times (Figure 11). At first sight, the two meas-
urements have a similar trend in subfigures (a), (b), and (c) and both render a dome shape with different spatial 
resolutions, the seismic tomography providing more detailed information. On the other hand, there is no infor-
mation provided by the seismic approach on the northwest edge of the transect (distance labeled 0 m), due to a 
lack of illumination.

The tomography reveals that the dome has steeper slopes than those obtained by interpolation of the piezometric 
levels and that the maximum of water content change is shifted of several tens of meters to the southeast compared 
to the information provided by the single piezometer P95 located within the basin. The last drainage stage is 
characterized by a gradual return of the water table level to its initial state, while seismic velocities decay much 
more slowly and less homogeneously in space. Indeed, edge effects visible at the location of dykes seem to persist 
while the drainage is more efficient in the center of the basin. Interestingly, the two dykes do not completely show 
the same behavior: the southern one seems to fill and drain more quickly. Again, this observation reinforces the 
possibility of an effect of water flow in both saturated and unsaturated conditions within the dyke.

5.3. Potential Applications for the Monitoring of Various Hydrological Systems

Although already studied at different scales by different authors as mentioned in the introduction, this study rein-
forces the idea that seismic noise interferometry proves to be a complementary tool to the intrusive observations 
classically used in hydrology (when they are possible).

Indeed, this method has the potential to bring new information with high spatial resolution while keeping a satis-
factory temporal resolution. Unlike active methods, which require logistics that are difficult to overcome over 
the long term, such passive method is easy to implement for monitoring purposes. Is is even well suited in urban 
areas which can be complicated to instrument with classical geophysical methods due to anthropic noise. It can 
reach an unmatched sensitivity that can detect velocity variations of the order of 0.1% in some cases (Brenguier 
et al., 2008; Clements & Denolle, 2018). Although site dependent, the amplitude of these variations have theo-
retically the potential to provide quantitative information of water content changes through fluid substitution 
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poroelastic type methods (Barrière et al., 2012; Garambois et al., 2019), while their frequency signatures gives 
the range of depth involved. To achieve this goal, controlled experiment performed at the site or laboratory scales 
would help assessing this seismic/hydrological relationship.  Our study performed on controlled hydrological 
cycles shows significant variations of the order of a few percent, mainly because the recorded variations are inte-
grated over shallow depths. It also shows an important sensitivity to water table changes but also to variations in 
water content within the unsaturated zone, making the response richer than piezometers but also more complex.

The measured velocity variations have a frequency signature that can theoretically provide water content vari-
ations in different depth ranges: the superficial variations should dominate at high frequencies while deeper 
variations should be accessible thanks to lower frequencies. It would be possible to quantify vertical transfers, 
provided that a sufficiently large frequency response and a model of velocity variations as a function of depth are 
available. In our case, the content of urban noise sources and the attenuation of sedimentary soils prevented us 
to benefit from a sufficiently broad spectrum. Moreover, the presence of a high-velocity layer that balances the 
sensitivities of the available frequencies between 2 and 7 m depth prevented us from constraining the infiltration 
and variations at depth. In natural systems, seismic noise imaging shows that it is possible to access a wider band 
frequency content, by combining anthropogenic and natural noise (Chmiel et al., 2019). Thus, it appears feasible 
to extend such study to follow, in 3D, deeper hydrological systems or more generally any process where natural 
or anthropogenic fluid transfers are involved. This can be done at large scale thanks to permanent seismological 
stations (Lecocq et al., 2017) or through transient installations at different scales depending on thestudied system 
(Clements & Denolle, 2018). In all cases, the spatial resolution will depend on the number of rays passing through 
a cell of the tomography grid, and consequently on the distribution and number of sensors.

For operational purposes, the feasibility of increasing the number of piezometers can be hindered by prohibitive 
drilling costs and environmental issues. The use of seismic interferometry with widely distributed sensors across 
water management sites can therefore offer a cheaper and non-intrusive alternative. As evidenced in this paper, 
the proposed methodology could offer an original spatialized information of the hydraulic functioning of MAR 

Figure 11. Comparisons between the relative water table variation measured on a line of piezometers and the corresponding 
velocity variations extracted from the (2–5 Hz) tomography maps obtained at (a) 60 hr, (b) 230 hr, (c) 385 hr, (d) 420 hr, 
(e) 440 hr, and (f) 456 hr. The stars represent the value of each piezometer along the transect (blue star highlights the P95 
piezometer), while the black dots represent the value of the velocity variation obtained at each cell through the tomographies.
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basins. The same approach should be applicable to other MAR systems based on trenches or injection wells 
provided that the aquifer response is compatible with the sensitivity range of the method. In the framework of 
MAR systems using stormwater or wastewater, the dynamics of water flow within the unsaturated zone is iden-
tified as a key factor for contaminant removal. The ability of the method to provide informations on the drainage 
dynamics could probably be used to estimate residence times and thus a better understanding of the mechanisms 
related to the vadose zone. The seismic tomography strategy would provide valuable information about water 
exchanges at the larger scale of a drinking water pumping site or even a city where the sustainability of uncon-
fined aquifers could rise concerns. To achieve this objective while maintaining a satisfactory spatial resolution, 
the number of seismic sensors in the acquisition network must be very dense, for instance through the use of 
distributed acoustic sensors (DAS). In this case, spatially continuous seismic information is provided by super-
ficially buried optical fibers, or those already existing for communication purposes in urban areas, which can be 
interrogated regularly (Rodríguez Tribaldos & Ajo-Franklin, 2021).

6. Conclusions
This study proposes an assessment of the capacity of a dense seismic network operated passively to provide accu-
rate information about the spatial and temporal evolution of the water table. The network was deployed around an 
infiltration basin located within a drinking water pumping site localized in an urban area. The role of this basin 
is: (a) to artificially recharge the aquifer to sustain the groundwater level and (b) to prevent the entry of polluted 
waters by reversing the water flow. The monitoring approach relies on the passive interferometry method, which 
consists of cross-correlating seismic noise recordings between pairs of stations, and precisely measuring their 
velocity variations. This experiment focused on the effect of two cycles of filling and drainage of the basin on the 
unconfined aquifer. We have demonstrated the sensitivity of the surface waves velocity to groundwater changes. 
The seismic velocity tends to decrease as the water content in the volume of interest increases. The proposed 
methodology well captured the water table rise due to the infiltration from the basin. However, during draw-down 
phases, the effect of delayed drainage appears to generate a hysteretic behavior of the δv/v values with respect to 
the water table levels measured in control piezometers. This sensitivity to the behavior of the unsaturated zone 
opens very promising perspectives since available techniques mainly relies on local water content or suction 
sensors. Ongoing research aims at exploring this question based on laboratory scale controlled experiments.

The high density of the seismic network allowed applying a tomography approach, based on a high number of 
4,851 seismic rays, to map the seismic signal with a high spatial resolution. Theses maps were computed on an 
hourly basis that appeared suitable to capture the dynamics of the studied phenomenon. Except computational 
and data storage costs, the time resolution of this procedure could reach 1–10 min, depending on the ray length, 
but at the risk of generating noisier time variations. As a first approximation, the seismic velocity variations are 
associated to the water table level changes. Seismic velocity variation maps thus provide coherent patterns of the 
hydraulic dome generated by the basin during filling/drainage cycles. It constitutes a promising complementary 
approach to piezometric maps interpolated from sparse data. Of note, it shows the high spatial variability of the 
dome with its strong asymmetry, which is crucial information to assess its effectiveness in terms of pollution 
prevention. We were also able to show that it is possible to detect residual variations within the unsaturated zone, 
above the piezometric water level. This study emphasizes the great potential of seismic noise interferometry for 
monitoring water table changes. Seismic networks at the water-field scale would be able to track groundwater 
and river exchanges, and the influence of pumping activities on the water resources, with outstanding resolution. 
This can be considered in the near future through the use of distributed acoustic measurement systems that can be 
deployed in a perennial way within this type of site, for a better management of water resources.

Data Availability Statement
Seismological data can be accessed through the RESIF Seismological Data Portal https://seismology.resif.fr/
networks/%23/1F%5F%5F2018. Piezometric and lake water height data and seismic metadata are available at the 
repertory users.isterre.fr/garambos/WRR2022/.

https://seismology.resif.fr/networks/%23/1F%5F%5F2018
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