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We present an innovative hydrogeophysical approach for non-invasive quantification of the
unsaturated water flow. For the water content measurements, we apply the Magnetic Resonance
Soundings (MRS) method in the time-lapse mode. For inversion of MRS measurements, we
approximate the subsurface by a horizontally stratified media. Laterally, the MRS estimated
water content is averaged over the area below the measuring setup. During this study, we used
a square loop of 75 m side-length. The time-lapse inversion allows visualizing variations in the
water content in the vadose zone down to twenty meters. We tested our approach at the
Villamblain test site (France). For that, we carried out the MRS monitoring in 1999-2000 and
2020-2021. During these two observation windows, MRS shows seasonal variations of the
water content but also a strong dependence of the water content on the rainfall that was different
between two data sets. Comparison of MRS results with the rainfall records shows a good
correspondence in-between. For measuring and processing MRS data, we used commercially

available MRS instrument and interpretation software.

1. Introduction

Numerical modeling of hydrological processes requires measuring various input variables,
such as hydro-meteorological data and mass and heat exchanges between the topsoil and the
atmosphere. In aquifers and shallow soils, these measurements are well established and
frequently used. The vadose zone (VZ) plays an important role in the transmission of water and
pollutants from the surface to groundwater. Therefore, an understanding of the unsaturated flow
is crucial for the sustainable management of water resources and agricultural activities.
However, quantification of the unsaturated flow in the VZ is a more difficult task than that in
aquifers and the corresponding methods are less developed.

In the VZ, hydrogeologists use centimetric scale measurements of the hydraulic properties
and water content by single-point techniques, such as neutron probes, tensiometers, and time

domain reflectometry (TDR), (e.g. Isch et al., 2019; Skierucha et al., 2012; Verhoef et al., 2006;
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Evett, 2003; Robinson et al., 2003). However, these techniques are intrusive, applied in shallow
depths or a small area around borehole body, and result in local information at only several
points that may not represent the spatial water content distribution at the field scale. Non-
invasive geophysical techniques represent alternative solutions for monitoring water content
and water flow within the VZ (e.g. Binley et al., 2015; Vereecken et al., 2006; Rubin and
Hubbard, 2005).

Geophysical techniques have shown a promising potential in providing large-scale and
relatively high-resolution images of hydrogeological parameters and processes (e.g. Binley et
al., 2015; 2010). Different authors report surface, borehole, and cross-hole geophysical
techniques applied to hydrogeological applications. The most frequently used methods are the
ground penetrating radar (GPR) (e.g. Dafflon et al., 2011; Lunt et al., 2005), seismic techniques
(e.g. Blazevic et al., 2020), electrical resistivity (ER) techniques (e.g. Johnson et al., 2015;
Robinson et al., 2008), gravity (e.g. Eppelbaum, 2019), self-potential (e.g. Abbas et al, 2017,
Eppelbaum, 2019; Jardani et al., 2012), and induced polarization (e.g. Johnson et al., 2010).
Time-lapse geophysical measurements allow monitoring temporal and spatial variations of the
water content following natural or artificial infiltration processes (e.g., Uhlemann et al., 2017).
Comparison of the geophysical datasets with the local hydrogeological parameters at specific
locations allows getting petrophysical relationships and improves imaging preferential water
flow pathways in both continuous and fractured geological formations (e.g., De Jong et al.,
2020; Gance et al., 2016; Wehrer and Slater, 2015; Steelman and Endres, 2011; Brunet et al.,
2010; Cassiani et al., 2009b; Looms et al., 2008; Linde et al., 2006; Kowalsky et al., 2005;
Huisman et al., 2003; Binley et al., 2002a; Hubbard et al., 2001a).

However, estimating hydraulic properties by the aforementioned geophysical methods is not
a trivial process, and the accuracy of this approach is dependent on the petrophysical

relationships that link the measured physical parameters to the subsurface properties of interest



(e.g., Topp et al., 1980; Archie, 1942). This introduced difficulties reflected in the need of
expensive and time-consuming laboratory calibration of the empirical relationships that are
generally only suitable for homogeneous structures, and affected by not only the water content,
but to a higher extent by geological characteristics such as the porosity and tortuosity (Glover,
2016).

The Magnetic Resonance Sounding (MRS) is a geophysical method directly and selectively
sensitive to groundwater. It is a large scale and time-saving tool for hydrogeological
applications, which is used for characterizing aquifers in terms of the specific yield and
hydraulic conductivity at the field scale (e.g. Legchenko et al., 2021; Valois et al., 2018;
Vilhelmsen et al., 2014; Legchenko et al., 2013; Vouillamoz et al., 2012; Nielsen et al., 2011;
Boucher et al., 2009; Chalikakis et al., 2008; Lubczynski and Roy, 2003; Legchenko et al.,
2002). The MRS method relies on the capability of hydrogen protons contained in water
molecules to generate a decaying oscillating magnetic field in response to electromagnetic
pulses generated by the surface loop. The strength of the response is related to the number of
excited protons, and therefore, directly proportional to the water content. Moreover, the decay
time is proportional to the pore size, and therefore, can infer information about the hydraulic
conductivity of the medium (e.g. Hertrich et al., 2007; Legchenko et al., 2002; Legchenko and
Shushakov, 1998; Schirov et al., 1991). The MRS is an emerging technique, which was used
for several hydrogeological applications including the VZ (e.g. Legchenko et al., 2020; Falzone
and Keating, 2016; Legchenko et al., 2014; Vouillamoz et al. 2014, Herckenrath et al., 2012;
Walsh et al., 2012; Costabel and Yaramanci, 2011; Descloitres et al., 2008; Legchenko et al.,

2008).

The goal of our study was to investigate efficiency of the MRS method applied to
quantification of the water content in the unsaturated geological formation. In this paper, we

report results of the water content monitoring using time-lapse MRS measurements in a highly



heterogeneous VZ characterized by altered, fractured and karstified limestone formations. We
show that, in non-magnetic rocks like chalk and limestone, the MRS can measure seasonal
variations of water content in the VZ at a depth between 0 and 20 m.
2. Geology and hydrogeology of the experimental site

The experimental site is located in France, near Villamblain, 30 km northwest of Orleans
(Fig. 1). This area is a sub-catchment of the Beauce aquifer system (9700 km?). The Beauce
aquifer is the largest drinking water reserve in France and cover an area which is characterized
by intensive agricultural activities and irrigation mainly in summer (Aldana et al., 2021; Lejars
et al., 2012; Flipo et al., 2012). The regional hydraulic gradient is about 0.1% with the mean
annual recharge estimated at 110 mm (Schnebelen et al., 1999). Calcareous soils and
cryoturbated materials cover about 48% of this area. The shallow subsurface is composed of
highly permeable soils with a vertical soil water flow regime (Bruand et al., 1997). Previous

studies report an absence of run-off in Villamblain (Schnebelen et al., 1999).
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Figure 1. Location of the MRS test site in Villamblain with respect to the Beauce aquifer and
the Seine and Loire basins. Blue circles report main agriculture boreholes locations. Poiseaux
and Bricy stations provide respectively the rainfall data and GWL. The map of the Beauce

aquifer is modified from Flipo et al., (2012).

Fig. (2) shows the annual rainfall (blue bars) and the groundwater level (GWL) (red line)
recorded between 1965 and 2021. The Orléans - Bricy (Loiret - France) meteorological station

(20 km from the study site) provides the rainfall data and the Poiseaux station (4 km from the



study site) the GWL (Fig. 1). The GWL annual dynamics overlaid by multiannual trends
correlates with the rainfall data, but we also observe a discrepancy in-between. The scale
difference may explain this discrepancy: while the rainfall is a local event, the GWL depends

on many factors at the watershed scale.

1000 T+ttt 7 -12
. ‘ . - -14
= 800
£ --16
g 6007 .18 £
£ —
o =
— 400+ [-20 O
S |
cC _'22
< 200+ |

--24
o |
N O O NO Wh OoOwn Oun O
SHAIFTFIFTESSESS S
b B B B e B B B AV AV o VAR AV Y]
Year

Figure 2. The annual rainfall (blue bars) and the groundwater level (GWL) (red line)

collected between 1965 and 2021.

The MRS test site is located near the O-ZNS observatory (1.5 km) with a few boreholes

drilled around (https://plateformes-pivots.eu/o-zns/). Boreholesshow a highly heterogeneous

geological structure characterized by altered, fractured and karstified limestone facies, along
with macro and micro porosity (Aldana et al., 2021). In the VZ down to 20 m, the subsurface
comprises three main lithological units with significant vertical and lateral heterogeneities (Fig.

3a):
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1))

2)

3)

Heterogeneous top soil layer with a thickness of approximately one meter and
characterized by a silt loam texture (IUSS Working Group WRB, 2015).

Highly heterogeneous, incoherent and marly limestone layer (2-8 m deep), cryoturbated
in its upper part during the Quaternary (Ould Mohamed and Bruand, 1994), (Fig. 3a).
Fig. (3b) shows strong variations of the saturated hydraulic conductivity within this
formation composed of cemented aggregates with a high content of silt and clay alternate
with unconsolidated coarse sand and gravel.

Hard limestone rock formation (8-20 m) composed of a microcrystalline texture having
high carbonate content (>90%) and high bulk density values (Aldana et al., 2021). The
formation comprises weathering patterns, fissures, matrix alterations, vuggs, open
fractures, and karst networks intensifying below fifteen meters. The altered limestone
units observed between eight and twenty meters deep are interrupted by well-bedded

massive limestone banks.
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Figure 3. (a) The geological cross-section observed in the O-ZNS site; (b) physical
properties measured in rock cores (granulometry, calcium carbonate percentage (red curve

with dots), saturated volumetric water content (red curve) and density (black curve).

An open pit constructed for this laboratory project allows visual observation of the shallow

geological structure in the first 17 meters.

(

a) Altered limestone (depth=4 m)

Figure 4. Photos of the limestone formation observed during construction of a 4 m diameter

and 17 m deep pit at the O-ZNS Observatory.

3. Background

3.1. Forward modeling and inversion



The MRS method is a geophysical application of the Nuclear Magnetic Resonance (NMR)
phenomenon in the Earth’s magnetic field. For measuring, a wire loop on the soil surface is
energized by a pulse of oscillating current. The frequency of the current is equal to the Larmor
frequency (wg = yBy), where By is the Earth’s magnetic field and y is the gyromagnetic ratio.
The Larmor frequency is the signature of the hydrogen atoms in groundwater, which renders
the MRS method selectively sensitive to groundwater. After the pulse cutoff, groundwater
generates an exponentially decaying electromagnetic field that induces the corresponding
voltage (NMR signal) in the measuring loop called. . The pulse is characterized by the pulse
moment q = [yt, where moment [ and t are the current amplitude and the pulse duration. The
initial amplitude of the MRS signal versus pulse moment e(q) is proportional to the investigated
volume V' and the volumetric water content w. It can be computed using the following integral

equation (Legchenko et Valla, 2002):

e(@) =1/ VBlMosin(%q)wdv, 1)
where B is the active component of the loop magnetic field, M is the macroscopic nuclear
magnetization and y is the gyromagnetic ratio for protons.

We consider the 1-D case and approximate Eq. (1) by a matrix equation:
Aw=e. (2)
The matrix A = [ai, j] represents the kernel of the integral equation, the vectors w = [Wj] and
e = [e;] correspond to the water content and the amplitude of the MRS signal respectively. J is
the number of layers in the inverse model and I is the number of pulse moments (i=7,2,..,1; and
j=1,2,...,J). When processing one individual sounding, the solution of equation Eq. (2) is a
vertical distribution of the volumetric water content w(z) (Legchenko and Shushakov, 1998).

For the inversion, we use the Tikhonov regularization method and minimize the Tikhonov

functional:
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dw
dz

= min,

{||Aw—e|| +al )

|[Aw —e|| < ¢

where € is an estimate of the data error and « is the smoothing factor.

For investigating the uncertainty in the MRS inversion using the singular value
decomposition (SVD) (Aster et al., 2011), we present the matrix A as a product of three
orthogonal matrixes: U, V and § (Aster et al., 2005):

A=Usv" 4

The uncertainty caused by experimental noise is:

AW = 0\/diag(VFS—2v"), (5)
were o2 are independent and identically distributed normal data errors and the filter factor F is
a diagonal matrix representing regularization.

Inversion provides the volumetric water content w; and the thickness Az; of each layer in the
MRS inverse model and allows estimating the equivalent water column:
Hypgs = Zj(WjAZj)- (6)
The water column is a more stable parameter than w; and Az; computed separately
(Legchenko et al., 2004).
The time-lapse inversion comprises solution of the matrix equation:
Aw =e. (7)
In Eq. (7), the data set e is composed of K individual soundings separated by time intervals
Aty (k=1,2,..,K):

€1

o
Il

(8)

€k
The matrix A for the time-lapse inversion includes K matrixes Ay corresponding to each

individual sounding and the zero-matrixes:
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A 0 0
0 0 Ak

The volumetric water content is a two-dimensional function w(z,¢) approximated by the

solution vector:

W1

S
I

(10)

Wk ‘
We carry out the time-lapse inversion using the Tikhonov regularization method (Legchenko

et al., 2020) and assume the smoothness of the solution (w(z,?)) versus both the depth (z) and

the time (7).

dw

1AW — &|| + a,||5,

|Aw — &|| < &

dw )
+ at”a” =min

(11)

Within the aquifer, rock formations are always saturated, and the water content depends on
the rock porosity. It does not vary in time. In this case, measurements of the GWL provide
necessary hydrological data about groundwater dynamics.

In the VZ, the GWL monitoring does not provide complete hydrological information and the
solution w(z,t) provided by the monitoring of the VZ shows seasonal variations in the water
content. It allows estimating the water storage variations by computing the equivalent water
column versus time.

3.2. Data acquisition

Twice, in 1999 - 2000 and in 2020 - 2021, the BRGM (Bureau de Recherches Géologiques
et Minieres) carried out a one-year MRS monitoring of the water content at the Villamblain test
site (Fig. 1). The MRS data set comprises results of MRS measurements performed with a
coincident 75%75 m? square loop always set at the same position (33 soundings in 1999 - 2000
and 10 soundings in 2020 - 2021). The Larmor frequency varied around 2011 Hz in 1999 and

around 2039 Hz in 2020. Between the 26% of April 1999 and the 15" of March 2000, the
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NUMIS instrument (IRIS Instruments, France) was used; and between the 23" of July 2020
and 30™ of June 2021, the NUMISPOY system (IRIS Instruments, France) was used. MRS
measurements provided the volumetric water content in the subsurface with a time step from
two weeks to one-month.

For monitoring, the accuracy of MRS measurements is an important issue. The way of
verifying the accuracy between different instruments could be a comparison of measurements
performed under similar conditions. Fig. (5) shows the annual rainfall recorded before and
during monitoring. The records show close values in the years preceding our monitoring (1998
and 2019 respectively). Between the 1! of January and 315 of July 1999, the cumulative rainfall
was 416 mm, and for the same period of 2020, it was 307 mm. This showed only 100 mm
difference in the rainfall for the 1.5 years before the MRS measurements (considering both data
sets, 1999 and 2020). We consider the hydrologic conditions before the monitoring comparable

and we expect similar MRS signals

1000

800
600

400 ' .
o B

0' 1998}1999 20192020

Year

Annual rainfall (mm)

Figure 5. The annual rainfall recorded before the monitoring time (1998 and 2019: 600 and
607 mm, respectively) and that corresponding to the monitoring time (1999 and 2020: 837 and

535 mm, respectively).
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Fig. (6a) shows amplitude of the MRS signal plotted versus pulse moment. We compare two
consecutive soundings performed with the NUMIS instrument on the 19® of July 1999 with
one sounding performed using the NUMISPOY instrument on the 23 of July 2020. This example
confirms that the MRS signals measured with the two systems are consistent as expected in the
above section considering the limited discrepancies of rainfall in 1998 versus 2019 shown in
Fig. (5). In 1999 and in 2020, the water content in the subsurface may be slightly different, and
this may explain the minor difference in the amplitudes measured in July 1999 and in July 2020.

Fig. (6b) presents MRS signals with the minimal and the maximal amplitudes observed
during our work. The difference is significant and the experimental errors cannot be the reason.
Thus, a large rainfall in 1999 (837 mm) in comparison with 2020 (535 mm) is consistent with

the observed large difference in MRS amplitudes.

a) XXX 19 July, 1999 - NUMIS b) XXX 19 July, 1999 - NUMIS
+ Noise - NUMIS YA 5 January, 2000 - NUMIS
Q0D 19 July, 1999 - NUMIS +H Noise - NUMIS
[T 23 July, 2020 - NUMISPolY
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Figure 6. An example of the MRS signals versus pulse moment observed during our study:
a) measurements under similar hydro-meteorological conditions, b) two soundings showing

the maximum and the minimum MRS signals. Solid lines show the theoretical signal computed
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after the corresponding inverse models. For all these soundings, the noise level was similar

and it is shown only, for one sounding per graph, by the corresponding color in each graph.

4. Results

Figs. (7a and 7b) show the water content and the relaxation time 7" versus depth derived
from the MRS inversion. The water content profiles correspond to the minimal and the maximal
MRS signals shown in Fig. (6b). Inversion fits experimental data with the misfit being smaller
than the noise estimate (Fig. 6b, solid lines). The diagonal elements of the model resolution
matrix (Fig. 7¢) confirm that the inverse models are well resolved with the error bars estimated
with the SVD. Note that the SVD-estimate corresponds to the uncertainty caused by the
experimental noise and not to the accuracy of the water content measured with MRS (Aster et
al., 2011; Legchenko, 2021). Fig.(7d) shows the resistivity profile and the lithological log of
two nearby boreholes (X0119 and X0107 —see Fig. 1). Fig. (7a) shows that MRS does not point
to the GWL. Water in the capillary fringe and limited resolution of the MRS inversion explain
the smooth increase of the water content toward the GWL. The electrical resistivity of 10 ohm.m
observed in the first 10 m is consistent with the powdery limestone with high clay content
observed in the boreholes and with the geological description made by the O-ZNS observatory
(Fig. 3). MRS cannot measure short signals corresponding to bound water and consequently
does not see water in clay and the waterless interval shown by MRS corroborates well with
other observations. Below 25 m, MRS shows a lower water content corresponding to a smaller
specific yield of the Beauce aquifer related with the Gatinais molasses and other marly layers
observed in the lower limestone of X0107 borehole below 25 m. Larger MRS signal
corresponds to more water in the VZ and a long relaxation time (Fig. 7b) points to additional

water stored preferably in large pores and in karst voids.
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Figure 7. a) The water content profiles corresponding to the minimum (black) and the
maximum (red) MRS signals, b) corresponding relaxation times T>"; c) corresponding diagonal
elements of the model resolution matrix; d) the resistivity profile provided by electrical
measurements and the lithological log of the boreholes X0119 (03622X0119/FP3-25) and
X0107 (03622X017/F) located near MRS station (see Fig. 1). GWL at both dates are within 30

cm of each other.

Time-lapse inversion provides the water content versus time recorded with MRS in 1999-

2000 (Fig. 8a) and in 2020-2021 (Fig. 8b). Figs. (8c) and (8d) show the daily rainfall recorded

during the monitoring period.
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Figure 8. MRS inverse models of the water content versus time (color scale) computed down
to 22 m and a daily rainfall corresponding to the monitoring time: a,c) 1999 -2000 data set;

b,d) 2020-2021 data set.

For validating the inversion, we show the time-lapse MRS data sets (Fig. 9). We normalize
the pulse moment values considering the maximum pulse moment over all soundings and, for
each sounding, plot the measured amplitude versus normalized pulse moment (red dots). Fig.
(9a) shows the 1999-2000 data set and Fig. (9b) the 2020-2021 data set. The theoretical

amplitudes computed after the inverse model (black lines) fit well with the measured ones.

17



a) »Measured amplitude
—Inversion fit

o

1 2 3 45 6 7 8 9 10111213 14151617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
Sounding number

b) =Measured amplitude
—lnversion fit

0 | . . ‘
1 2 3 4 5 6 7 8 9 10 11
Sounding number

Figure 9. For each sounding, measured amplitude of the MRS signal is plotted versus

normalized pulse moment of the corresponding data set and the inversion fit: a) 1999 -2000

data set; b) 2020-2021 data set.

Fig. (10) shows the equivalent water column (Hyzs) versus time estimated with the MRS in
1999-2000 (red circles) and in 2020-2021 (blue crosses). We plot these data starting from the
1%t of January. Therefore, we set the zero-time to the 1% of January 1999 and the 1% of January
2020. In this coordinate system, the MRS measurements started on the 26 of April 1999 and

on the 23 of July 2020, the water columns (H,s) are shifted relative to the 1%t of January (the

zero-time) of the corresponding year.
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Figure 10. The water column estimated with MRS in 1999-2000 and in 2020-2021 plotted

versus time. The zero-time corresponds to the 15" of January 1999 and the I*' of January 2020.

MRS measurements carried out the 19" of July 1999 and the 23™ of July 2020 (Fig. 6a, day
200) reveal about equal Hyzs (Fig. 10). Between the 15t of August and the 315t of December,
the cumulative rainfall was 421 mm in 1999 and 228 mm in 2020. The meteorological data
show that the cumulative reference Penman-Monteith potential evapotranspiration (ETP) was
significantly higher in 2020 than in 1999 (1044 mm in 2020 against 804 mm in 1999). This
means that the water infiltration was larger in 1999-2000 in comparison with 2020-2021. Thus,
the larger Hyzs estimated with MRS in 1999 compared to 2020 is consistent with more rainfall
water and smaller ETP recorded in 1999. We plot Hys, the monthly rainfall and the GWL
versus time considering both data sets (Fig. 11). The increase of the Hy;s observed in 1999
follows the rainfall, and the GWL rises with about three months delay after the intensive
rainfall. In 2020, the correlation between the GWL and the rainfall, as well as the H g, is less
pronounced. We can partly explain this observation by an insufficient sampling rate of MRS

measurements in 2020.
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Figure 11. The equivalent water column (Hygs), the monthly rainfall and the GWL versus
time: a) 1999 — 2000 data sets; b) 2020 — 2021 data set. In these graphs, the vertical scale for

plotting the MRS water column is set different for showing more details in figure 11b.

We use the 1999 data set for verifying correlations between the MRS and other observations.
For that, we plot the cumulative rainfall computed between the 1% of September and the 315 of
December 1999 versus monitoring time (Fig. 12). The water accumulation (Hjs) increases
following the cumulative rainfall. The GWL rises with a delay relative to the cumulative
rainfall, thus confirming that MRS measures water in the VZ and not the GWL variations. Note
that the spike of rainfall in September 1999 (Fig. 11a) does not produce the corresponding spike

of the Hyrs. We explain it by an insufficient sampling rate during our MRS monitoring.
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Figure 12. The water column estimated with MRS (red), the cumulative rainfall (black) and

the depth of the GWL (blue) observed in Villamblain in 1999-2000.

5. Discussion

The volumetric water content provided by the time-lapse inversion of the 1999-2000 data
(Fig. 8a) allows representing the VZ in four principal layers at the depths of 0-2 m, 2-10 m, 10-
16 m and 16-20 m. In the winter of 1999-2000, the MRS data show water accumulation between
9 and 12 m deep. The MRS does not show this accumulation in 2020-2021 (Fig. 8b). This
observation is consistent with meteorological data showing smaller rainfall and higher ETP
recorded in 2020 (535 and 1044 mm respectively) relative to 1999 (837 and 804 mm
respectively).

Both, in 1999-2000 and 2020-2021, the MRS data show a small amount of water in the layer
between 2 and 10 m deep. In boreholes, the description of the lithologies encountered between
2 and 8 m deep shows the presence of powdery limestone with high clay and silt content and
calcareous sand interbeds (Aldana et al. 2021). The 8-10 m layer represents the transition

between these facies and the hard limestone rock with karstic features, containing no or very
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little clay. The MRS cannot detect water in clay and we may interpret the MRS data as a low
permeable clay material between 2 and 10 m (Legchenko, 2021). However, this formation may
also correspond to a permeable formation (coarse sand, gravel, karst) that allows a rapid water
transition. When not saturated, this formation has a low storage capacity, which could explain
the MRS results. Indeed, Mazzilli et al. (2020) report the MRS monitoring of a heavy rain event
in a karst environment. The authors observed a large MRS signal only during a few days after
the rain event. This large signal corresponds to an intensive water flow that refills the karst
channels. During our monitoring, we measured with a time step of over two weeks between the
soundings and an insufficient sampling may explain why we do not see water in the Villamblain
karst after a heavy rain event. The MRS results can thus be explained by both hypotheses:

(1) a low permeable powdery limestone with high clay content; or

(2) a very permeable formation, both corresponding well to the measured signals.

However, if the formation (2-8 m) has a very low permeability, then we can expect run-off
events. Knowing that there is no run-off in Villamblain, we interpret the layer between 2 and
10 m as a highly permeable formation with a high clay content in the limestone matrix. This
clay was observed in boreholes and explain a low electrical resistivity revealed by geophysical
measurements. Boreholes do not show developed karst channels in this permeable zone. The
powdery limestone observed in boreholes is intercalated with clay, coarse sand and gravel
deposits. This material is permeable and contains water in large pores only after heavy rainfall
episodes that are rare and the corresponding water stock in this upper layer may be missed with
our monitoring. Measurements in core samples shown in Fig. (3) confirm the heterogeneous
geological formation, but they may be not fully representative for a much larger scale of the
MRS setup. Note that in this heterogeneous geology, one has to be careful when extending

observations made in one site to another located 1.5 km apart.
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Another interpretation assumes horizontal flow channels. It is based on the observations
made in the O-ZNS boreholes (Aldana et al. 2021). Borehole logs show a low permeable
powdery limestone between 2 and 8 m deep, which does not allow rapid vertical transfer of
rainwater. However, the MRS results show increasing water content below 10 m following the
rain season (Figs. 8 and 12). We can explain this observation by horizontal flows above and
below the powdery limestone formation that allow water circulation without runoff and without
transfer through the powdery limestone. In this case, we assume hydraulic connections between
the surface and channels above 2 m and channels below 10 m deep. These connections may
exist somewhere off the monitoring site and thus are not detected with the MRS.

Figs. (11 and 12) demonstrate that the increase of the MRS estimated water column
correlates with the rainfall and not with the rise of the groundwater level. Hence, a water
accumulation in the VZ explains the rise of the MRS signal.

Results presented in Figs. (8 and 11) allow optimizing the MRS monitoring network and
provide additional components for an unsaturated water flow modeling. Water accumulation in
the VZ observed with MRS in 1999 (Fig. 8a) suggests at least four formations with different
hydraulic properties. Fig. (8b) shows only three of them. The hydraulic system is not linear and
its behavior depends on the quantity of the rainfall. For example, Fig. (11a) shows a large water
accumulation in 1999 and a strong correlation between the Hys, the rainfall and the GWL.
However, we do not observe these correlations in 2020 (Fig. 11b). The observation strategy
requires denser sampling, especially during heavy rain events. An accurate water flow modeling
requires at least a few years of MRS monitoring. This will allow getting data corresponding to
large and small rainfalls, which is necessary when modeling non-linear systems.

6. Conclusions
Presenting this study, we show that time-lapse MRS measurements is an efficient

observation tool for providing seasonal variations of the water quantity stored in a thick VZ (0-
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20 m). MRS monitoring allows recording the volumetric water content averaged over the loop
size (75%75 m?). We observe a good correlation of MRS results with the hydrological and
meteorological observations.

For demonstration, we present results acquired in our experimental site near Villamblain and
the O-ZNS observatory in France. We performed a one-year MRS monitoring in 1999 and
another one in 2020. In these years, the hydro-meteorological conditions were different: the
rainfall records show 837 mm in 1999 and 535 mm in 2020 and the ETP was 804 and 1044 mm
respectively. When the rainfall was high (1999), the MRS showed a VZ composed of four layers
with different water content. In 2020, the rainfall was smaller and the MRS showed only three
layers. These observations suggest that the unsaturated water flow depends on the rainfall
intensity.

Our data do not show fast water flow during and immediately after heavy rain events
reported by Mazzilli et al., (2020). In order to better analyze large and small rainfall effects,
and provide the necessary constrains to what appears as a non-linear flow modelling, we
recommend a dense sampling rate during intensive rainfall events.
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Figure captions

Figure 1. Location of the MRS test site in Villamblain with respect to the Beauce aquifer and
the Seine and Loire basins. Blue circles report main agriculture boreholes locations. Poiseaux
and Bricy stations provide respectively the rainfall data and GWL. The map of the Beauce
aquifer is modified from Flipo et al., (2012).

Figure 2. The annual rainfall (blue bars) and the groundwater level (GWL) (red line)
collected between 1965 and 2021.

Figure 3. (a) The geological cross-section observed in the O-ZNS site; (b) physical
properties measured in rock cores (granulometry, calcium carbonate percentage (red curve

with dots), saturated volumetric water content (red curve) and density (black curve).

Figure 4. Photos of the limestone formation observed during construction of a 4 m diameter

and 17 m deep pit at the O-ZNS Observatory.Figure 5. The annual rainfall recorded before the
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monitoring time (1998 and 2019: 600 and 607 mm, respectively) and that corresponding to the
monitoring time (1999 and 2020: 837 and 535 mm, respectively).

Figure 6. An example of the MRS signals versus pulse moment observed during our study:
a) measurements under similar hydro-meteorological conditions; b) two soundings showing
the maximum and the minimum MRS signals. Solid lines show the theoretical signal computed
after the corresponding inverse models. For all these soundings, the noise level was similar
and it is shown only, for one sounding per graph, by the corresponding color in each graph.

Figure 7. a) The water content profiles corresponding to the minimum (black) and the
maximum (red) MRS signals; b) corresponding relaxation times T,"; ¢) corresponding diagonal
elements of the model resolution matrix; d) the resistivity profile provided by electrical
measurements and the lithological log of the boreholes X0119 (03622X0119/FP3-25) and
X0107 (03622X017/F) located near MRS station (see Fig. 1). GWL at both dates are within 30
cm of each other.

Figure 8. MRS inverse models of the water content versus time (color scale) computed down
to 22 m and a daily rainfall corresponding to the monitoring time: a,c) 1999 -2000 data set;
b,d) 2020-2021 data set.

Figure 9. For each sounding, measured amplitude of the MRS signal is plotted versus
normalized pulse moment of the corresponding data set and the inversion fit: a) 1999 -2000
data set; b) 2020-2021 data set.

Figure 10. The water column estimated with MRS in 1999-2000 and in 2020-2021 plotted
versus time. The zero-time corresponds to the 15" of January 1999 and the I° of January 2020.

Figure 11. The equivalent water column (Hygs), the monthly rainfall and the GWL versus
time: a) 1999 — 2000 data sets; b) 2020 — 2021 data set. In these graphs, the vertical scale for

plotting the MRS water column is set different for showing more details in figure 11b.
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Figure 12. The water column estimated with MRS (red), the cumulative rainfall (black) and

the depth of the GWL (blue) observed in Villamblain in 1999-2000.

e  We present an innovative approach for non-invasive quantification of the water content in the
unsaturated limestone

e  We confirm the possibility of time-lapse MRS measurements of the water content

e In our test site, MRS shows seasonal and annual variations in the water content in the unsaturated zone

e  We use existing hardware and software that renders our method easily available for users
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