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Abstract: This study aims to analyze spatio-temporal piezometric data and integrate them with
geological, geotechnical, and geophysical data to enhance their interpretation. The research focuses
on a site located in the Meuse and Haute-Marne departments of France, which has been under
investigation since 1994 as part of the surface facilities characterization for the Meuse-Haute-Marne
underground laboratory and the CIGEO (Centre Industriel de stockage Géologique) Andra project.
These investigations span different spatial and temporal scales. We observed the contribution of
water masses associated with external forcing and identified two types of aquifer responses: a rapid
response to rainfall events when fractures are well-connected, and minor reactivity at the matrix
level. Additionally, we demonstrated that the matrix compartment can be finely characterized
through a combined interpretation of piezometric response analysis, fracture analysis, and surface
nuclear magnetic resonance (SNMR) soundings. The methodology developed in this project offers
an improved understanding of karst piezometry and/or unsaturated zone extension, which is
essential for comprehend ding flow dynamics and better constraining the functioning of karst
aquifers. Furthermore, this site serves as an ideal workshop for studying flow in fractured media,
providing valuable insights into hydrodynamic behavior in complex subsurface environments.

Keywords: hydrogeology; karst; piezometric analysis; fracturing; SNMR

1. Introduction

Karst aquifers generally have significant water resources and reserves, which are still
relatively under-utilized and in some regions of the world represent the essential, if not
the only, resource [1–3]. As a result, the search for new water resources (water for food,
water shortage support, agriculture. . .) leads to an increasing interest in karst systems,
either to optimize seasonal exploitation (active management) or to establish systems to
protect quality (protection perimeters and protection works) or quantity (sizing of works in
urbanized areas) [1]. Additionally, studying these systems is essential during geotechnical
or civil engineering investigations [4].

If karst aquifers are first to be studied using a descriptive and comparative approach [5],
then piezometric records are fundamental data for characterizing these systems. They
are measured in the field, either at the source or by direct measurement of the water
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column in the borehole [6]. It is an essential measure for understanding the behavior of
an aquifer [7,8], for characterizing and evaluating its functioning and its hydrodynamic
parameters (storage coefficient and hydraulic conductivity) [9–12], and also for detecting
interactions between different structures during its operation [13]. These parameters can
be extracted by analyzing signals acquired under active stress (usual hydraulic tests) or
passive stress (tidal effect, [14]). These data are essential for the exploitation of water
resources [15,16] as well as for civil engineering investigations [17,18].

However, in complex systems such as karst aquifers, the structure and the functioning
of aquifers are difficult to understand due to the high heterogeneity degree and the different
types of porosity that are involved in groundwater circulation. Indeed, the piezometric
levels measured in boreholes are influenced by different types of water volumes coming
from the matrix, fractures, or conduits [19–21]. Boreholes that are only a few meters
apart can have piezometric levels that differ significantly, in part due to different dynamics
between matrix and fractures and/or karst conduits. These differences in piezometric levels
may also be due to varying degrees of saturation within the aquifer. Water circulation in this
type of environment is thus constrained by hydrodynamic heterogeneities, which induce
preferential circulation and, therefore, non-uniform water (and pressure) transfers [22,23],
with a continuum between very fast, non-dispersive flows (piston or conduit flows) and
very slow, highly dispersive flows (diffuse flows) [24–26]. Borehole logs, wall imaging
techniques, and core analysis provide high-resolution fracturing information. Combined
with hydraulic tests, they provide relevant information on the hydrodynamic functioning
of the aquifer, such as fracturing, karstification degree, and connectivity. Nonetheless, the
obtained information only reflects the well spatial scale, so there is a high uncertainty far
from the wells. In these subsurface geological environments, flows are generally not linked
to a particular structure or homogeneous reservoir but are distributed at all scales [27]. This
complexity poses the problem of detecting, measuring (and being representative of), and
monitoring these flows in 4D [19,28].

Non-intrusive techniques such as geophysical methods can complement and spatialize
the geological and hydrogeological knowledge gained by analyzing the water levels in
boreholes [29]. These methods are based on analyzing the propagation of physical variables
(e.g., electromagnetic field, acoustic waves). This propagation is influenced by various
factors, including the presence or absence of water in the environment being studied [30].
Among these methods, surface nuclear magnetic resonance (SNMR) provides a signal
directly linked to the presence of groundwater. The initial amplitude of the SNMR signal
is directly related to the presence of mobile water in the subsurface, while its relaxation
time can be related to pore size [31,32]. This method thus provides direct information on
groundwater hydrodynamic properties in karst environments [33].

When industrial activities are spread out above or within fractured and/or karstified
aquifers, it is important to develop a comprehensive hydrodynamic functioning model
to ensure the durability of the resources and minimize related risks. As an example,
the French National Agency for the Management of Radioactive Waste (Andra) aims to
securely dispose of high and low-intermediate level long-lived radioactive waste at the
CIGEO (Centre Industriel de stockage Géologique) project (Meuse, France). The work
support zone, and the ramp zone facilities, will be used for digging and building the
underground structures located at a depth of approximately 500 m and for receiving
and inspecting waste packages and preparing them for transfer to the underground
facilities via a ramp these zones measuring around 550 hectares lies on the “Calcaires du
Barrois” series. The basal part of the “Calcaires du Barrois” is the dominant formation
at the outcrop, consisting of a complex hydrosystem with two horizons of differing
permeability. The upper horizon is fractured, resulting from the decompression and
cryoturbation phenomena of the last deglaciations, while the underlying horizon exhibits
diffuse karstification. However, this karstification is not concentrated enough to produce
large-scale dissolution features such as caves or metric drains. To properly size surface
facilities and reservoir access shafts, a better understanding of the flow dynamics within
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this formation is essential. Additionally, the hydrogeological characterization of the
“Calcaires du Barrois” is a key part of the project, aimed at establishing an effective
environmental monitoring network.

The hydrodynamic behavior of the “Calcaires du Barrois” is directly linked to the
fracturing of the environment. Numerous geological and geotechnical investigations
have been conducted over hundreds of boreholes at this site over the years, providing
data on fracturing, and petrophysics. Piezometry and hydrodynamics investigation has
been conducted according to dozens of piezometers. Nineteen boreholes were re-used
as piezometers. These were selected from an area of 13 km2 as they have provided good
quality data series for more than 8 years. Because this density of investigation is not often
available for studying karst systems [29], we designed this project to use these facilities to
study the hydrogeologic complexities of this “fractured-rock karst site”.

We decided to bring together the data collected at the study site and evaluate the data
as a whole, complemented by SNMR. This investigation is directly related to the presence
of mobile water in the subsurface and provides direct information on the hydrodynamic
properties of mobile groundwater in karst environments. It is particularly suited to the
study area. We thus combined (1) the analysis of long piezometric records with (2) full
fracture analysis from borehole logs and (3) geophysical measurements to gain further
insight into the complex “Calcaires du Barrois” system. This approach is used to shed
more light on hydrodynamic responses and their origins in the complex “Calcaires du
Barrois” system. We also provide methodological insights that are easily transposable to
other studies aiming at water body characterization in karst environments.

2. Context
2.1. Study Site

The Meuse/Haute-Marne region is located on the south-eastern edge of the Paris
Basin, between the valleys of the Marne and the Meuse rivers (France, Figure 1A) and,
more precisely, in the outcrop zone of the Upper Jurassic formations (“Calcaires du
Barrois” series), at the boundary of the presence of Cretaceous terrains. The “Calcaires du
Barrois” series is a succession of limestone strata (Sublithographic limestone, Dommartin
limestone, “Oolithe de Bure” formation, and Decayed limestones) and a marl layer that
is approximately 10 m thick (“Pierre Chaline” formation), separating the Sublithographic
limestone and the Dommartin limestone. The Kimmeridgian marls form the bedrock on
which the sedimentary sequence rests (Figure 1A,B,D). This series dips northwest towards
the center of the Paris Basin with an average dip of about 1 degree [34]. This shallow
dip is associated with a plateau morphology: the “Calcaires du Barrois” series plateau.
This plateau is cut by relatively narrow, incised valleys. It is bordered to the east by the
Ormançon River and to the west by the Saulx River. Between these two rivers flow the
Bureau and Orge rivers, tributaries of the Saulx.

The study site covers 13 km2 and is located at the head of the Orge catchment. It is
bounded by the Orge River to the west and the Bureau River to the east (Figure 1C). These
two rivers are characterized by dry periods from April to October. The Bureau joins the
Orge near Bure (Figure 1A). In this sector, only the Sublithographic limestone is exposed.
In detail, this limestone is composed of five levels, which are distinguished by variations in
facies (multi-centimetric limestone-mudstone alternation at the bottom of the series) and
thickness (up to 15 m for level N5) (Figure 1B).

Between 2002 and 2023, rainfall was measured at the CMHM (Centre Meuse-Haute-
Marne) site with a weather station (hourly and daily). The average annual rainfall (over
21 years) recorded at the CMHM was 946 mm. The annual precipitation at CMHM ranged
between 750 mm (in 2004) and 1200 mm (in 2007).



Water 2024, 16, 1700 4 of 25Water 2024, 16, x FOR PEER REVIEW 4 of 26 
 

 

 
Figure 1. (A)—Geological map of the study area. The white dashes represent the location of the 
future waste reception, control, and preparation area of the CIGEO site area called Descendrie area. 

Figure 1. (A)—Geological map of the study area. The white dashes represent the location of the
future waste reception, control, and preparation area of the CIGEO site area called Descendrie area.
(B)—Lithostratigraphic succession of the study area and location of the aquifers in this succession.
(C)—Focus on the study area, showing the location of piezometers, geological boreholes, and SNMR
soundings. The numbers correspond to the piezometer names in Appendix A. (D)—North-West
(A)/South-East (B) cross-section with vertical exaggeration (10×).
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2.2. Geological and Hydrogeological Characteristics of the “Calcaires du Barrois” Series

The local hydrogeological system of the “Calcaires du Barrois” series consists of three
more-or-less well-connected aquifer levels where the series is complete (Figure 1B). These
are, from the bottom to the top [34]:

• The Sublithographic limestones (25 m thick) are lithographic micritic limestones with
rare bioclastic beds and rare marly interbeds of decimetric thickness.

• The Dommartin limestones (63 m thick) consist of about 25 m of micritic limestones
with bioclastic beds and marl interbeds at the base, an interval of about 25 m of micritic
limestones with very rare bioclasts and bioclastic packstones at the top of this interval,
and about 13 m of micritic limestones with very little bioclasticity at the top of the
Dommartin limestones.

• The Decayed limestones (36 m—thick), which correspond to micritic limestones with
little bioclasticity.

These levels are separated by aquitards such as the “Pierre Chaline” formation,
a predominantly marly level, and the “Oolithe de Bure” formation, formed by a massive
bed of beige limestone with oolites and a sparitic matrix. Depending on the degree of
fracturing, these aquitards can be relatively permeable. The Kimmeridgian marl with
exogyres that underlie the “Calcaires du Barrois” series forms an impermeable layer. The
upper and lower limestone layers contained in these marls are also aquifers to a lesser
extent. The aquifers in this series supply numerous springs with low flow rates [34].

The water table in the Sublithographic limestones is unconfined in the upstream part
of the catchment but becomes captive north of the town of Bure under the “Pierre Chaline”
formation. The water table in the Dommartin limestones is semi-captive due to the limited
extent of the Oolithe de Bure. Over the extent of the study area, the water table in the
Decayed limestones is unconfined.

Karstification is well developed within the “Calcaires du Barrois” series. In addition,
typical karst features can be observed at the surface (sinkholes, wells). Speleological
explorations to the north-west of the area [35] have highlighted the extensive development
of karstification in the “Calcaires du Barrois” series. In the study area, numerous losses
and resurgences of the Orge and Ormançon have been observed where these rivers cross
the “Pierre Chaline” marls [36].

3. Data and Methods

The proposed methodology is based on spatial analysis of piezometric and fracture
records, coupled with imaging and monitoring of water content using the SNMR method.

3.1. Hydrogeological Investigations: Piezometry Analyses

The extensive instrumentation at the site provides a considerable amount of borehole
data. Our first objective was to extract from these records statistical or correlative indicators
of the hydrodynamic behavior of the structures, and then to use these indicators to establish
groups of similar hydrodynamic functioning.

Seven piezometric time series indicators were defined in this project:

1. The variance, which is measured via time series variation coefficient, an indicator of
the dispersion of the distribution of piezometric levels.

2. The maximum amplitude (difference between the “Calcaires du Barrois” series base
and the water level extremum piezometric levels). The base of the “Calcaires du
Barrois” series is used as a reference to compare the height of piezometric variations
measured in the boreholes.

3. The slopes of piezometric rises and recession. The positive and negative slopes of the
piezometric curves provide information on the rate of piezometric rise and the rate at
which wells are drying up. These indicators are determined by studying the derivative
of piezometric variations as a function of time. These derivatives are calculated at all
points of a hydrograph using the finite difference method. The indicators provide
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information on the hydrodynamic parameters of the system. They therefore provide
an insight into the structure of the system, such as the relative fracture density in the
vicinity of the studied piezometers.

4. System inertia or memory effect. This parameter quantifies the time taken for an event
to affect the chronicle or, in other words, the time n taken for an event occurring
at time t to not affect the event recorded at time t + n. The inertia of the system is
expressed by the autocorrelation function [37]. This function is a measure of the
degree of dependence on events in the same chronicle by assessing their repetitive
nature. A significant memory effect reflects a certain degree of flow regulation by the
system and, therefore, the importance of a capacitive character [38,39]. The memory
effect is an indicator of the structure of the system and fracturing.

5. Response time and cross-correlation coefficient. These indicators examine the strength
of the relationship between the input signal, rainfall, and what can be considered as
an approximation of the output signal, piezometry. It is assumed that there is a causal
relationship between these two variables. The cross-correlation function corresponds
to the transfer function between the two signals and provides information about the
structure of the system.

These indicators were grouped by hydrodynamic behavior using principal component
analysis and hierarchical ascending classification (HAC).

This approach was applied to 19 piezometers spread over the Descenderie area and
over two time periods (Appendix B). Four of the 19 piezometers have a continuous series of
over 25 years (piezometers 16, 17, 18, and 19) and the other piezometers have a continuous
series since 2016. Datasets from recordings on the 19 piezometers between November 2016
and July 2021 were selected for use in this project because they provide the longest records
to harmonize the processing, and they have been homogenized at hourly time steps. Before
statistical processing, an analysis of the raw data was performed to quantify the missing
data for all records (water samples or well tests). Over the 8 years of recording, the missing
data represent 6.5% of the total data collected from the 19 piezometers.

Data on piezometric variations (mNGF) have been continuously recorded at quarter-
hourly or hourly intervals by pressure sensors (Diver, Ven Essen Instrument) (Appendix B).
Ranges are 10 m for pressure with an accuracy of 0.5 cm H2O, and between −20 ◦C and
80 ◦C with an accuracy of +/−0.1 for temperature.

3.2. Geological Investigations: Fracturing Analysis

The fracturing and diffuse karstification degrees of the “Calcaires du Barrois” series
have been described using borehole logging coupled with core analysis when possible. One
of the objectives was to estimate the effect of lithology on the density and vertical extent
of fracturing and karstification along the marl–limestone sequence where the flows seem
to occur.

We used the following logs:

1. Optical Televiewer borehole wall imaging (sensor OPTV), which provides a complete,
continuous scan of the borehole and, thus, provides a developed, oriented image of
the borehole walls that can be used for subsequent image processing allowing measure
dips and identify and orient planes of stratification, fracturing, and schistosity, (shown
in polar plots). The characteristics of the Optical Televiewer are 360◦ camera 2 m long
and 50 mm in diameter with 1 mm resolution. The quality of the images obtained
depends mainly on the acquisition conditions in the borehole: the turbidity of the
water, the diameter of the borehole, and the stability of the ground.

2. Natural radioactivity logging or “Gamma Ray” (GR) measures the natural gamma
radioactivity of rocks. It measures the content of naturally radioactive elements
in the rocks and thus clarifies and correlates the lithological cross-section obtained
by sampling the ground during drilling. In the study area, it can be used to distinguish
between marl intervals (high values) and limestone intervals (low values). Correlations
between boreholes are based on this measurement.
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We used 54 boreholes that had been drilled in the study area; they traversed both
the Sublithographic limestones and the “Pierre Chaline” formation, depending on their
location (Figure 1C). Forty-eight (48) of the 54 boreholes were cored and investigated
using two types of logging: optical and gamma-ray. Thirty were logged optically and by
gamma-ray; one was optically logged and 17 were investigated by gamma-ray logging. Of
the 6 boreholes drilled destructively, only the gamma-ray logs could be used. Drilling and
logging were conducted in 2015 and 2016. In most cases, wall imaging in boreholes is not
relevant below the water level due to issues with turbidity.

3.3. Geotechnics Investigations: Hydraulic Tests

Two types of hydraulic tests were carried out: (i) Lefranc tests and (ii) pumping tests,
carried out after the groundwater table had stabilized.

3.3.1. Lefranc Tests

The Lefranc water test is an in situ test used to determine the value of the local
permeability coefficient (KL), which may differ significantly from the bulk permeability
coefficient. The Lefranc water test applies to all fine or gravelly soils below the water table,
where the assumed permeability coefficient is greater than approximately 10−6 m/s. It can
be conducted in exploratory boreholes as work progresses.

Lefranc tests are conducted either under constant load (water is injected into the
borehole at a constant rate until the level in the borehole stabilizes) or under variable
load (a volume of water is injected into the borehole and the drop in level is monitored as
a function of time). These tests are carried out in 1 m increments as the borehole progresses.

One month after drilling completion, two constant flow injection tests were conducted
throughout the borehole ({28}, {29}; Figure 1C). For {28}, the tests were carried out by
injecting water at a constant rate of 0.02 l/s for 2 h and then, after a recovery time of 21 h,
an injection of 0.03 L/s for 7 h. The protocol used for {29} was more or less the same in
terms of injection time and recovery time. However, the injected flow rates are doubled, i.e.,
0.04 L/s and then 0.06 L/s. Pressure measurements in the borehole with a DIVER pressure
probe were continued for 450 h after the end of the tests. The different flow rates used for
these tests were chosen by the companies conducting the geotechnical investigations.

Results of the constant load tests were based on the expression of [40], which expresses
the permeability coefficient as a function of flow rate, a factor that depends only on the
borehole shape and its position with respect to the aquifer boundaries, the water column
height, and the borehole diameter. Only measurements recorded after stabilization were
used to determine the permeability coefficient.

Twenty-six hydraulic tests (Lefranc tests) were conducted [41] by a company specialized
in geotechnical studies during the destructive drilling of 4 boreholes (Figure 1C). A total of
16 slug tests were performed by injecting water at a constant rate of 1 L/s for 1 h into three
boreholes {25}, {26} and {27}. Tests that did not produce significant measurements (very low
infiltration) were continued for one hour with a variable load. This consisted of 10 tests,
including 5 in borehole {24}, 1 in borehole {25}, 1 in borehole {27}, and 3 in borehole {26}.

3.3.2. Pumping Tests

The constant flow test, which is the most commonly used pumping test, consists of
lowering the piezometric surface of the water table by pumping and measuring changes in
the level of this surface, as a function of time, as well as the flow rate pumped. This allows
the permeability coefficient of the tested layer and the storage factor to be determined.

The pumping was carried out in borehole {20} (source borehole) and the changes in the
piezometric surface over time were monitored using 3 piezometers (observation boreholes)
located 3 m {21}, 8 m {22}, and 20 m {23} from the borehole (Figure 1C).

The pump test was carried out in December 2015 according to the NF P94-130
standard [42]. The lowering of the groundwater level was measured using pressure sensors
in the 3 control piezometers. The pumping test was stopped after 1 h to prevent the pump
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from draining. The piezometric level was measured in the source borehole being pumped
and in the 3 observation piezometers during a recovery period of 21.5 h after pumping was
stopped. The interpretations of the pumping test are derived from the analytical solution
developed by Moench [43] for the source borehole and from the modified Theis [44] solution
for one of the observation piezometers. The analytical solution developed by Moench [43]
takes into account the incomplete borehole effect and the parietal effect in a homogeneous
and anisotropic-free aquifer with a drip. The analytical solution developed by Theis [44]
was originally developed for use in confined aquifers, but can also be used for unconfined
aquifers by correcting the drawdown data [45].

The permeability coefficient k obtained from the pumping test is the horizontal
permeability coefficient of the layer. It is a global or “large” coefficient, representative
of the average hydraulic behavior of the volume of the layer under test. The storage factor
or S coefficient is dimensionless. It gives the change in the volume of water contained in
a vertical prism with a horizontal section of unit area for a unit change in the hydraulic load.

3.4. Hydrogeophysics Investigations: Surface Nuclear Magnetic Resonance (SNMR)

We used SNMR to analyze the spatial and temporal variation of water content to
estimate the location of water volumes passing through these fractured environments [30,32].
The measuring device was NUMISPoly equipment from IRIS Instruments, with a coincident
transmitting/receiving eight-square loop configuration composed of two squares with
40 m sides.

SNMR signal parameters (initial amplitude E0 and observed transverse relaxation time
T2*) are derived from the SNMR signal envelope assuming a mono exponential decay [33]. The
SNMR water content (mobilizable water content) was derived from E0. The effective porosity
in which the water is stored has been was derived from the apparent transverse relaxation
time T2* [32]. The hydraulic parameters of the aquifers are then estimated qualitatively: The
water content gives an image of the drainage porosity of the reservoir, and the T2* constant
provides information on the characteristics of water-filled pores [46]. Measuring T2* is easier
and faster than measuring T1 because the T1 assessment requires the use of a two-pulse
protocol with a variable delay between pulses [47]. In the absence of magnetic heterogeneities,
the T2* estimate is considered reliable [47], so we used T2* in our survey.

Several procedures have been used to improve the quality of SNMR data in this
study [48]. To compensate for the fact that electromagnetic (EM) noise has a large influence
on the measurement, an EM noise measurement campaign was conducted prior to drilling
to select the areas with the least EM noise. An eight-square loop shape was favored to
further reduce the EM noise effect on the soundings. The excitation pulse was repeated
and the recording sequences were averaged to reduce the influence of random noise.

SNMR signal filtering is indispensable to improve the signal-to-noise ratio and to allow
the estimation of SNMR parameters. The filtering procedure was chosen based on tests
carried out using the raw noise data on a synthetic signal and performed using NumPro
12 × 2 from the SAMOVAR suite. A notch filter of the type global Narrow was used to
attenuate the disturbance field due to the 50 Hz harmonics of the power lines present near
the sounding [49]. The maximum noise level for the use of a stack was set at 500 nV, and
the maximum average noise level was set to 50 nV. Damage to the signal caused by filtering
was calculated using the RMSE (Root Mean Square Error). The RMSE compares the square
root of differences between predicted and observed values.

SNMR data quality was estimated based on the average signal-to-noise ratio (S/N) [50]
derived from stacked and filtered measurements [51]. The higher the S/N, the higher the
reliability of the SNMR survey. We consider SNMR soundings to be of acceptable quality
when the S/N is ≥ 2.

A total of 19 SNMR soundings were implemented in 3 acquisition zones, under
different hydraulic regimes. Acquisition zones covered the entire sector with varying
thicknesses of Sublithographic limestone (3 m, 12 m, and 25 m). In each zone, a single
low-water campaign (summer 2021) and a high-water campaign (spring 2022) were conducted
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to characterize the seasonal water level variations. To better assess SNMR water content
dynamics, additional measurements were performed at site 38 prior and after rainfall
events during both low water (7 soundings over 38 days from 23 June 2021 to 30 July 2021)
and high water (9 soundings over 8 days from 5 April 2022 to 12 April 2022).

Only soundings with an average number of recording sequences (stacks) greater than
200 and a signal-to-noise ratio greater than 2.5 are presented in this paper (Table 1).

Table 1. Table of SNMR surveys and their main characteristics (name, site, date, average number
of stacks, signal-to-noise (S/N) ratio, maximum depth with good resolution, rainfall in the 7 days
preceding the sounding (Rainfall D-7), and the hydraulic regime.

Sounding
Name Site Date

Average
Number of

Stacks

Ratio
S/N

Maximum
Depth

Resolution (m)

Rainfall D-7
(mm)

Hydraulic Regime
High-Water (HW) or

Low-Water (LW)

{37} {37} 1 March 2022 299 2.51 24.41 7.8 HW

{38}_1 {38} 23 June 2021 274 2.67 25.77 10.4 LW

{38}_2 {38} 28 June 2021 288 2.7 25.77 21.0 LW

{38}_3 {38} 11 April 2022 367 9.18 21.6 48.4 HW

{38}_4 {38} 12 April 2022 243 6.63 21.6 48.4 HW

{39} {39} 3 March 2022 289 7.78 24.41 4.4 HW

A smooth inversion was performed with SVD (singular value decomposition) type
regularization. We chose a relatively low regularization (15 for water content and 20 for
T2*) based on a preconception of the geology of the soundings. A sharp contrast in
hydrodynamic properties is indeed expected between the upper part, the limestone part
and the marl, and the lower part of the sounding. The uncertainty in the water content is
reflected in the 95% confidence interval of the SAMOVAR plots.

4. Results
4.1. Piezometric Data Processing (2016–2021)

Table 2 shows the values of the piezometric indicators determined for each borehole,
together with the percentage of missing data for that borehole. These results will be used
as the basis for the multi-criteria analysis that will characterize the comparative phase of
this study.

Table 2. Table of values of piezometric indicators for each structure.

Name 1-Variance 2-Amplitude
(m)

3-Flood
Rise

Gradient

3-Recovery
Gradient

4-Inertia
(Days)

5-Response
Time (Hours)

5-Rainfall-
Piezometry
Correlation

Missing
Data (%)

{1} 1.71 8.7 1.72 × 10−6 −1.25 × 10−7 69 25 0.14 1.59

{2} 1.14 8.88 1.13 × 10−6 −1.24 × 10−7 61 16 0.24 3.23

{3} 1.52 7.02 6.61 × 10−6 −1.26 × 10−7 62 37 0.18 7.05

{4} 1.7 15.93 7.88 × 10−7 −1.91 × 10−7 115 30 0.03 1.17

{5} 0.65 8.82 3.31 × 10−7 −9.18 × 10−8 40 18 0.23 0.02

{6} 0.82 6.71 5.57 × 10−7 −1.23 × 10−7 56 199 0.09 0.35

{7} 2.08 18.87 1.84 × 10−6 −2.98 × 10−7 74 16 0.17 3.77

{8} 0.45 8.11 9.26 × 10−8 −3.98 × 10−9 2 15 0.24 0

{9} 0.92 10.13 3.41 × 10−7 −1.10 × 10−7 54 18 0.2 1.59

{10} 0.88 12.89 1.49 × 10−7 −3.35 × 10−8 30 17 0.21 0
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Table 2. Cont.

Name 1-Variance 2-Amplitude
(m)

3-Flood
Rise

Gradient

3-Recovery
Gradient

4-Inertia
(Days)

5-Response
Time (Hours)

5-Rainfall-
Piezometry
Correlation

Missing
Data (%)

{11} 0.23 3.71 9.99 × 10−8 −6.81 × 10−9 8 4 0.36 0

{12} 0.4 5.11 7.88 × 10−8 −1.32 × 10−9 7 13 0.21 0.02

{13} 1.4 10.86 2.31 × 10−6 −1.04 × 10−7 74 16 0.18 0.28

{14} 0.64 4.83 4.93 × 10−9 −5.02 × 10−10 42 20 0.23 0.06

{15} 0.55 2.44 3.95 × 10−7 −3.12 × 10−8 68 176 0.1 0

{16} 0.82 10.91 6.49 × 10−7 −1.26 × 10−8 6 13 0.29 0.76

{17} 0.99 5.28 1.43 × 10−6 −1.31 × 10−7 65 100 0.16 2.28

{18} 3.2 11.66 3.79 × 10−6 −3.63 × 10−7 71 68 0.11 70.61

{19} 0.99 5.16 4.87 × 10−6 −5.66 × 10−8 60 39 0.19 29.38

4.1.1. Monocriteria Statistical Analysis
Strict Signal Indicators

For the 19 piezometers studied during the period 2016–2021, the coefficient of variation
ranges from 0.23 to 3.2. This indicator is difficult to interpret in isolation from the other
indicators. However, it is relevant to describe the variability of the signal. The maximum
amplitude between the lowest and highest levels in each series is highly variable. It ranges
from 2.4 to 18.9 m at piezometers {15} and {7}, which are about 750 m apart. The average
maximum amplitude is 8.73 m with a dispersion of values of 4.2. These indicators reflect
the heterogeneity of piezometric behavior in the structures.

Hydrodynamic Parameter Indicators

Piezometer {14} has the lowest rates of piezometric rise and recovery with values of
4.93 × 10−9 and −5.02 × 10−10. The highest velocities are observed for piezometer {3},
a piezometric rise with a value of 6.6 × 10−6, and structure {18}, for recovery with a value
of −3.63 × 10−7. The slope values give a relative indication of the rate at which changes
occur once a response begins after a rainfall event. The variation in these values supports
the hypothesis of a heterogeneous environment with quite different behavior from one
structure to another. The variation gives an idea of the hydrodynamic characteristics of the
environment around the structures.

System Structure and Fracture Indicators

The inertia values derived from interpretation of the autocorrelation functions (Table 2)
again highlight a divergence in the memory effect of the system in the vicinity of the
investigated structures. The values range from 2 to 115 days, 400 m apart. In general, the
interpretation of the autocorrelation curves shows that the memory effect can be quite
different between one structure and another, despite the short distance between them.
This is the case for holes {16} and {6}, 80 m apart, with memory effects of 6 and 69 days,
respectively. These results are considered to be statistically robust.

The phase shift values between input and output signals, derived from the interpretation
of the rain–piezometry cross-correlation curves, reflect variable response times ranging
from 4 h {11} to 8.5 days {6} (Table 2).

The associated correlation coefficients are also variable, ranging from 0.03 {4} to
0.36 {11}. In absolute terms, these “rainfall–piezometric” correlation values appear to be
quite low, reflecting the inertia of the system.
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4.1.2. Multi-Criteria Statistical Analysis

Multi-criteria analyses have the advantage of being able to characterize how the
indicators work together and to determine which indicators are likely to discriminate
between the piezometric signals from different boreholes (Principal Component Analyses
(PCA)). Hierarchical Ascending Classifications classify the piezometers based on the
coordinates of the points in the PCA.

The PCA was performed on all seven indicators for the 19 piezometers located in the
study area. On the F1F2 axis, the percentage of information explained was 75.48%.

The distribution of the indicators in the variable space shows that all the indicators
are significant on the F1F2 axes (due to their proximity to the circle of radius 1), except the
slope of the flood rise (Figure 2C).

The amplitude of the variations correlates with the variance and the slopes of the
piezometric rises in the series and is anti-correlated with the recovery slopes (Figure 2C).
The inertia is anti-correlated with the rainfall–piezometric parameter. Response time shows
no correlation with other indicators.

According to the distribution of structures in the space of individuals (Figure 2B,D),
points {6} and {15} are strongly expressed on the F2 axis and seem to be discriminated by
their response time.

Points {4}, {7}, and {18}, which are strongly expressed on the F1 axis, can be explained
by their dispersion and variation amplitude values, which vary inversely to recovery slopes,
which are also strongly expressed in the variation of these structures.

Points {8}, {11}, {12}, {14}, and {16} are expressed on the F1 axis and are strongly
explained by their “rainfall–piezometry” correlation value.

On the other hand, the remaining points {1}, {2}, {3}, {5}, {9}, {10}, {13}, {17}, and {19}
form a median group that is moderately expressed on both axes (Figure 2B,D).

A HAC was then used to discriminate between groups of piezometers based on the
coordinates of the points in the PCA. Five groups stood out on the dissimilarity dendrogram.
The HAC was performed for a significance threshold of 0.08, symbolized by a solid line on
the dendrogram. At the end of this analysis, five groups stand out (Figure 2A).

The first group (A1, pink) discriminates between points {4}, {7} and {18}. This can
be explained by the F1 axis, which is mainly responsible for the “rainfall–piezometry”
correlation, amplitude, and dispersion. The representative piezometer in this group is {18}.
The group is representative of highly transmissive behavior.

A second group (A2, red), which essentially shows “rainfall–piezometry” correlation
values expressed primarily on the F1 axis, consists of points {8}, {11}, {12}, {14}, and {16}.
The representative piezometer in this group is {16}. This group is related to the fracturing
of the environment and therefore has a transmissive behavior.

A third group (A3, green), representing the response time indicator, is strongly
expressed on the F2 axis and consists of points {6} and {15}. The representative piezometer
in this group is {15}, which is typical of a capacitive environment.

A fourth group (A4, purple), the median, differs from the first by the best flood
gradients, an indicator that is not very representative on the F1F2 axes and consists of
points {3} and {19}. The most representative piezometer in this group is {19}. This group
presents both transmissive and capacitive behavior.

A fifth and final group (A5, black), median, which has no axis and is therefore a factor of
influence, consists of points {1}, {2}, {5}, {9}, {10}, {13}, and {17}. The representative piezometer
in this group is {17}. This group has an above transmissive and capacitive behavior.
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Figure 2. Result of multi-criteria statistical analysis. (A)—Mapping of piezometer positions according
to the groups resulting from the hierarchical classification. The colors are associated with the groups
determined by the hierarchical classification. (B)—Hierarchical classification of piezometers according to
the selected criteria described in methodology. (C)—PCA variable graph. (D)—PCA individuals’ graph.
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4.2. Processing Geological and Geotechnical Data
4.2.1. Fracturing Data

Gamma Ray logs are used as a reference for all geological and fracture studies in the
study area and are used to correlate Sublithographic limestone levels from one borehole to
another. Areal fracturing has led to the development of a karst network that is visible on
optical logs, as shown in Figure 3C,E,F).
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Figure 3. (A)—Weathered zone. (B)—Fracturing in a piezometer of group A1 (poorly developed
fracturing). (C)—Fracturing in a borehole near a piezometer of group A2 {16}, with highly developed
fracturing. (D)—Fracturing in a borehole near a Group A3 piezometer {29}, with vertical and
horizontal fracturing visible. (E)—Dissolution marks in a borehole distant from the piezometers
and therefore not able to be connected to a functioning group. (F)—Highly developed and partly
karstified fracturing (presence of conduit) in a borehole that cannot be connected to a piezometric
functioning group.

Below and sometimes at some distance from the altered surface zone (Figure 3A),
centimeter-scale horizontal drains are most commonly found in the limestone intervals of
the most marly levels, following the bedding planes (Figure 3B,D). These drains, which
show clear traces of dissolution, are often found in the limestone interbeds of N4 and N2
(Figure 1B) or in the upper part of the Exogyres marls (Figure 3B,E,F).

Fracture orientation detected by wall imagery from 25 boreholes (3 of which are to
the north of the study area) is summarized in Figure 4. A primary direction centered on
N150◦E is visible, with a scatter of measurements around this value. In detail (Figure 4),
perpendicular directions dominate in some of the boreholes.
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The fractures identified by the methods used are local and difficult to match from one
borehole to another.

4.2.2. Hydraulics Tests
Lefranc Tests: Permeability on the Scale of the Borehole

Results of the tests conducted on boreholes {24}, {25}, {26}, and {27} are shown in
Figure 5.
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Figure 5. Permeability tests (Lefranc) at various normalized depths in relation to the natural terrain
(NT). Legend colors correspond to those shown in Figure 1B.

Stratigraphically, the tests were conducted in the “Pierre Chaline” formation to a depth
of 4.5 m, in the upper part of the Sublithographic limestone (N5) at depths from 4.5 m
to 13.5 m, in the middle part of the Sublithographic limestone (N4) at depths from 17 to
18.5 m, and in the lower part of the Sublithographic limestone (N3 to N1) at depths from
22.5 m to 30 m. Kimmeridgian marls were also encountered in a single borehole {28}.

Permeability results from constant load tests range from 10−4 to 10−6 m/s, with
permeability decreasing with depth. Permeability results from variable load tests range
from 10−8 to 10−10 m/s, regardless of the formation and test depth.

The formations are permeable to semi-permeable (10−5 to 10−6 m/s) down to a depth
of 17 m (N5). Then, in the middle to lower part of the Sublithographic limestone (N4 to
N1), they reach values of 10−8 to 10−10 m/s. A more permeable zone at 10−5 m/s in the
lower part of the limestone (N3) was encountered in {25}.

The permeability differences measured reflect the general anisotropy of the various
lithologies of the Sublithographic limestones. However, they also reflect anisotropy on
a larger scale. For example, borehole {24} crosses the upper and middle parts of the
Sublithographic limestones (N5 and N4), which have low permeabilities in the order of
10−8 to 10−10 m/s, whereas it is located 800 m from the other boreholes, which have higher
permeability ranges (Figure 5). The borehole {24} is also very close to Group A2 and A5
piezometers, which have more-or-less transmissive behavior.

The results for the N5 formation remain consistent among nearby boreholes {25}, {26}
and {27}. For the N3 formation, the variation in values at the same depth is significant, with
differences of 10−4 m/s between two nearby boreholes ({25} and {26}). The N3 formation
contains many more marly layers than the N5 formation. This explains the much greater
permeability variation within this formation and also between the two formations.
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Pumping Tests: Permeability at Aquifer Scale

Analyses of the pumping test and the disturbance in the only responsive observation
piezometer give permeability values between 10−8 and 10−7 m/s. The difference between
these values can be explained by the fact that different volumes were studied due to the
heterogeneity of the medium being excited by the tests.

The storage coefficient for both pumped and interference boreholes obtained from
these tests is approximately 10−3 m/s.

4.3. SNMR Data
4.3.1. SNMR Signal

The lowest initial amplitude (E0) over all soundings is between 5 and 10 nV. Initial
amplitudes associated with the highest pulse moments range between 1 and 5 nV. These
very low initial amplitude values do, however, allow some interpretation, since the
signal-to-noise ratio of the soundings (Table 1) is always greater than 2.5.

The SNMR signals are provided in Figure 6. Uncertainty bounds are derived by
considering minimum and maximum values from all SNMR signal parameter sets (signal
amplitude e and T2* relaxation time) that yield a 10% increase in the root mean squared
error (RMSE) fitting error as compared to the optimal RMSE, as proposed by [51].
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Figure 6. SNMR signal parameters as a function of the energizing pulse, for all soundings (Σ Pj
to Pj − 7 = sum of rainfall over the 7 days preceding the sounding). (A)—Initial signal amplitude.
(B)—Apparent transverse relaxation time T2*.

Two groups of responses stand out. The first group, consisting of soundings {38}_1
and {38}_2, has initial signal amplitudes approximately 3 nV lower at low pulse moments
than the group consisting of soundings {38}_3, {38}_4, {37} and {39}, which suggests lower
water content in the upper part of the sounding. High uncertainties are associated with T2*
estimates. Sounding {37} stands out with relatively lower T2*, which may be associated
with small porosity dimensions. These original data (Figure 6) are unaffected by any
inversion artefacts. It is therefore interesting to compare these trends with the inverted
results (Figure 7).
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4.3.2. Inversion Results

The inversion results are displayed in Figure 7 with a 95% confidence interval on
SNMR water content derived from the SVD inversion [52]. This approach provides
an estimate of the uncertainty bounds of the water content in each layer considered
separately. It accounts for the fact the buried water layers that have equal water volumes
can, to some extent, yield equivalent SNMR responses. The results show very low to
low water contents, which do not exceed 0.9% (1.5% considering the maximum inversion
uncertainties), and that have an average value of 0.42%, with highest water content being
reached in the first 0-5m (Figure 7A). These results indicate and quantify the low water
storage capacity of the Sublithographic limestone matrix. In addition, the trends seen
in Figure 6 are confirmed with these inverted data, since the same trends are present
(two response groups and a very limited quantity of water content).

The T2* estimates are consistent with a filtered, non-inverted SNMR signal, with
significantly lower values associated with Sounding {37} (see Section 4.3.1). High values
associated with Sounding {38}_2 are not significant as they are associated with high
signal uncertainties.

Soundings performed under different hydrologic conditions exhibit contrasting behaviors
in the upper 0–5 m. Soundings {38}_1 and {38}_2 were performed in low water levels
with significant antecedent precipitations. They have have lowest water content (0.3% in
average). Soundings {37} and {39} were performed in high water levels with little antecedent
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precipitations. The have intermediate water content (0.55% in average). Soundings {38}_3
and {38}_4 were performed in high water levels with important antecedent precipitations.
The have the highest water content (0.8% in average). SNMR inversions thus evidence both
a primarily seasonal time-scale variation on the limestone water content, and a significant
but secondary short (daily) time-scale variation.

The uncertainties provided in Figure 7 show the minimum and maximum water
content that may be associated with each water layer, taken separately. Maximum water
content for a specific water layer is associated with minimum or at least reduced water
content in other layers. Such representation of uncertainty is not adequate to assess the
minimum and maximum water content over the whole sounding. As a complement to
Figure 7, we thus provide uncertainty bounds for sounding {38} for equivalent models
that yield the minimum and the maximum water volumes over the investigated depth [53]
(Figure 8). The average water content is between 0.57–0.61% and 0.51–0.63% for soundings
{38}_4 and {38}_3, respectively, while it is only between 0.19–0.25% and 0.33–0.35% for
soundings {38}_2 and {38}_1, respectively.
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Figure 8. SNMR inversion for soundings performed at location {38}. Temporal water content
variability between high ({38}_3 and {38}_4) and low ({38}_1 and {38}_2) water levels can be significant.

5. Discussion

Large borehole networks are often installed with geotechnical objectives in mind, and
the data collected as part of these studies are often not linked to hydrogeological studies
as such. Although these boreholes can be reused as piezometers, they were not originally
designed as such. In many cases, these boreholes were dug throughout the structure and are
not cased. This greatly complicates the interpretation of water level variations in response
to internal or external forcing. Our study site benefits from such a network of discrete
boreholes set up for geotechnical purposes. In the following discussion, we examine the
strengths and weaknesses of this network, as well as possible ways of overcoming them.
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5.1. Piezometric Response and Fracture Network Connectivity

Statistical analysis of these chronicles requires a large dataset and, depending on the
indicators used, makes it possible to classify the different piezometric variations according
to their response to rainfall. This descriptive analysis made it possible to characterize five
behaviors, grouping 19 piezometers and identifying transmissive (groups A1 and A2),
an inertial (group A3), and a group with mixed behaviors (groups A4 and A5) (Figure 9).
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rainfall events.

Considered alone, piezometric response does allow some relevant insights into the
hydrodynamics behavior. This is the case for Groups A4 and A5, where the analysis of
the piezometric response provides information on the more-or-less inertial functioning
of the boreholes, and suggests the presence of fractures in the process of development or
a poorly connected fracture network. It is also the case for Group A1, for which neither
geological drillings allowing fracture analysis, nor geophysical logs, are available near the
piezometers. According to the descriptive analysis, Group A1 behaves like a permeable
medium with a rapid response time to rainfall events but a relatively long memory effect
with a slow decrease in water level. We associated such behavior with a moderate degree
of fracturing (Figure 3B), with the rapid water level rise in the piezometer being simply
due to the filling of the piezometer and not significative of the hydrodynamic response
of the water table in the piezometer area. The SNMR results confirm this interpretation,
as the significantly lower T2* associated with sounding {37} hints at a significative matrix
contribution to the effective porosity.

Detailed fracture analysis may evidence discrete features that are not relevant for
understanding hydrodynamic responses. For example, group A3 is associated with matrix
functioning, despite the presence of open fractures near one piezometer in this group
(Figure 3D). The orientation of these open fractures is perpendicular to the main flow,
which may explain the inertial behavior of this piezometer.

In other cases, detailed fracture analysis using geological boreholes and SNMR can
avoid erroneous water level dynamics interpretation. In the example provided in Figure 10,
optical imaging allows to identify a karst conduit that is responsible for the regulation of the
groundwater level. SNMR sounding {39}, located close to piezometer {16} (Figure 10), did
not record evidence of significative water content below this fracture. We thus formulate
the hypothesis that the water level below this base level does not contribute to the flow
and may not be considered as representative from the water table.
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5.2. Hydraulic Tests and Local Matrix Characterization

In karstified environments, permeabilities can vary by several orders of magnitude
depending on the scale of measurement (laboratory, borehole, and catchment) [27]. For
each of these permeability ranges, different measurement methods are used. Hydraulic
tests carried out in this study are mostly sensitive to the near borehole media.

Permeability measurements carried out indicate higher permeability at the surface of
the Sublithographic limestones and lower permeability at depth in these limestones, in the
marls, and in the marlier limestone layers. These values highlight a semi-permeable behavior
for limestones to be impermeable when marls predominate, whereas the piezometric
response tends to highlight the reactivity of the system.

In our study, the duration of the Lefranc tests is too short and the pumping test flow
rates are too low to attract the more distant water contained within the carbonate matrix or
connected fractures, so they mainly provide local matrix characterization.

5.3. SNMR and Water Content Quantification

Information on water mobilization in response to forcing obtained from piezometric
responses, fracturing analysis, and hydraulic tests remains incomplete as they do not
quantify the water saturation of the medium. SNMR measurements provide access to
the water content and its variation over a wider access radius than those investigated by
borehole tests or piezometric variations.

In our study, very low (3 and 8 nV) SNMR signals associated with high signal-to-noise
ratio allow us to quantify very low (<0.6%) water content with significative variability.

We relate this variability to both a primarily seasonal time-scale variation of the
limestone water content and a significant but secondary short (daily) time-scale variation.
This result reinforces the interpretation of the piezometric behavior of matrix-like and mixed
matrix/transmissive groups, with mostly seasonal matrix dynamics and daily-to-weekly
fissures and fracture dynamics.
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6. Conclusions

This study utilized a variety of methods to better understand the functioning of karst
groundwater systems. With karst outcrops covering 10-15% of the world’s continental
surface [21], understanding these hydrosystems is crucial for addressing the challenges
associated with the exploitation of groundwater resources. It is estimated that around 25%
of the world’s population relies on groundwater extracted from karst areas for drinking
water [52]. Additionally, studying these systems is essential during geotechnical or civil
engineering investigations [4].

Karst hydrosystems are complex due to their triple porosity (matrix, fractures, and
conduits) and inherent heterogeneity. Both the fracture properties and the hydrodynamic
properties of the carbonate matrix determine the functioning of karst aquifers. Piezometric
information is often the basis for understanding flow organization. Many studies rely on
discrete piezometric data to characterize these complex environments where flows are
distributed according to permeability constraints.

Our study benefits from a large network of boreholes initially implemented for
geotechnical purposes. Despite the density of this observation network, the collection
of water level variations is not easily linked to the hydrogeological properties of the aquifer.
While piezometric responses alone provide some insights into hydrodynamic behavior,
detailed fracture analysis can reveal discrete features that are not always relevant for
understanding these responses. However, in some cases, combining detailed fracture
analysis from geological boreholes with SNMR is necessary to avoid erroneous interpretations
of water level dynamics.

High-density and high-quality data in karst environments are rarely available due to
the complexity and heterogeneity of these systems. Comprehensive datasets are crucial
for accurate analysis and modeling, yet they are challenging to obtain. By leveraging the
extensive and high-quality data from this unique site, we can gain valuable insights into
the hydrogeologic complexities of fractured-rock karst systems, providing a strong basis
for effectively understanding and managing these environments

The combination of geological, hydrogeological, and geophysical measurements in
this project highlights the contribution of water masses with two types of aquifer responses:
a rapid response at hourly-to-daily timescales to rainfall events in well-connected fractures,
and a slower response at seasonal timescales in the matrix. The characterization of the
dynamics and the quantification of the water content in the matrix and fissured/fractured
compartments were enabled by the combined interpretation of piezometric response
analyses and SNMR data.

Thus, coupling various separately collected measurements provides a key to understanding
the aquifer as a whole. Future work could include longer pumping tests or modelling
fluctuations of base groundwater levels to better assess matrix flows.
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Appendix A

Table A1. Links between number, name, and information.

Number Name Information Number Name Information

1 CIG1028 Piezometry 31 CIG1031 Borehole imaging

2 CIG1029 Piezometry 32 CIG1080 Borehole imaging

3 CIG1030 Piezometry 33 CIG1088 Borehole imaging

4 CIG1031 Piezometry 34 CIG1120 Borehole imaging

5 CIG1227 Piezometry 35 CIG1122 Borehole imaging

6 CIG1228 Piezometry 36 CIG1254 Borehole imaging

7 CIG1229 Piezometry 37 EST3BIS SNMR

8 CIG1230 Piezometry 38 EST14 SNMR

9 CIG1237 Piezometry 39 EST18 SNMR

10 CIG1245 Piezometry 40 CIG1005 Fracturing

11 CIG1246 Piezometry 41 CIG1009 Fracturing

12 CIG1247 Piezometry 42 CIG1011 Fracturing

13 CIG1248 Piezometry 43 CIG1077 Fracturing

14 CIG1249 Piezometry 44 CIG1078 Fracturing

15 CIG1250 Piezometry 45 CIG1079 Fracturing

16 EST1012 Piezometry 46 CIG1080 Fracturing

17 EST1021 Piezometry 47 CIG1086 Fracturing

18 EST1037 Piezometry 48 CIG1088 Fracturing

19 EST5071 Piezometry 49 CIG1090 Fracturing

20 CIG1023 Pumping tests 50 CIG1108 Fracturing

21 CIG1024 Pumping tests 51 CIG1114 Fracturing

22 CIG1025 Pumping tests 52 CIG1116 Fracturing

23 CIG1026 Pumping tests 53 CIG1117 Fracturing

24 CIG1137 Lefranc tests 54 CIG1118 Fracturing

25 CIG1138 Lefranc tests 55 CIG1120 Fracturing

26 CIG1139 Lefranc tests 56 CIG1121 Fracturing

27 CIG1140 Lefranc tests 57 CIG1252 Fracturing

28 CIG1237 Lefranc tests 58 CIG1253 Fracturing

29 CIG1250 Lefranc tests 59 CIG1254 Fracturing

30 CIG1011 Borehole imaging
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Appendix B

Table A2. Characteristics of the piezometers used in this study. Type and data-acquisition start dates.

Name Depth (m) Borehole Screen Geological Level Data Data Acquisition
Start On

{16} 25.5 Ø 112/122.5 mm + gravel
packing

Sublithographic
limestone (N1)

Pressure
Temperature

13 April 1996
30 June 1999

{17} 30 Ø 113/125 mm opening
1 mm + gravel packing Kimmeridgian marls

Pressure
Temperature

Sampling

4 April 2000
6 July 2000
6 July 2000

{18} 20.2 Ø 113/125 mm opening
1 mm + gravel packing Kimmeridgian marls

Pressure
Temperature

Sampling
5 April 2000

{19} 39.06 Ø 119.8/125 mm Kimmeridgian marls Pressure
Temperature

20 December 1995
10 July 1999

{1} 20 gravel packing Kimmeridgian marls Pressure 25 January 2016

{2} 14 gravel packing Kimmeridgian marls Pressure 17 February 2016

{3} 28 gravel packing Kimmeridgian marls Pressure 25 February 2016

{4} 30 gravel packing Kimmeridgian marls Pressure 27 January 2016

{5} 30.3 gravel packing Kimmeridgian marls Pressure
Temperature 31 August 2016

{6} 30.3 gravel packing Kimmeridgian marls Pressure
Temperature 31 August 2016

{7} 30.3 gravel packing Kimmeridgian marls Pressure
Temperature 22 August 2016

{8} 32 gravel packing Kimmeridgian marls Pressure
Temperature 31 August 2016

{9} 30.3 gravel packing Kimmeridgian marls Pressure
Temperature 31 August 2016

{10} 20.3 gravel packing Kimmeridgian marls Pressure
Temperature 18 August 2016

{11} 20.3 gravel packing Sublithographic
limestone (N1)

Pressure
Temperature 16 June 2016

{12} 15.4 gravel packing Kimmeridgian marls Pressure
Temperature 29 September 2016

{13} 30.35 gravel packing Kimmeridgian marls Pressure
Temperature 22 August 2016

{14} 15.3 gravel packing Sublithographic
limestone (N5)

Pressure
Temperature 24 November 2016

{15} 30.3 gravel packing Sublithographic
limestone (N4)

Pressure
Temperature 3 August 2016
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