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Abstract
Limestone aquifers constitute important drinking water resources but are vulnera-

ble to groundwater contaminations. They are also known to be often heterogeneous.

However, the hydraulic properties of their entire vadose zone and the relationship of

these hydraulic properties with their mineralogical and geochemical characteristics

remain rarely studied. The hydraulic properties of soft (soil, powdery limestone, and

calcareous sand) and hard (limestone rock) materials sampled throughout the entire

vadose zone profile of the Beauce limestone aquifer (France) were determined with

the multistep outflow method applied using a triaxial system. Physical, mineralogi-

cal, and geochemical analysis brought valuable information about factors contribut-

ing to the heterogeneity of the hydraulic properties and helped understanding water

flow pathways within the vadose zone. The hydraulic properties of the soft materials

were strongly related to their physical properties but also to the proportion and the

nature of clay minerals. The massive rock presented a few thin microfissures where

calcite was replaced by phyllosilicates, thus increasing its water retention capacity.

The low hydraulic conductivity of the massive rock could explain the occurrence of

perched water tables in the vadose zone. The weathered rock displayed fissures and

vugs and was also characterized by the presence of phyllosilicates. The development

of a secondary porosity and footprints of water–rock interactions and mass transfers

highlighted the transformation of the limestone rock into a more permeable material.

This study also pointed out the need to characterize the impact of natural fractures

observed at the core scale on the preferential water flow at the field scale.

Abbreviations: EDS, energy dispersive X-ray spectroscopy; ETP,
maximum Penman–Monteith potential evapotranspiration; MSO, multistep
outflow; PVC, pressure-volume controller; SEM, scanning electron
microscopy; VZ, vadose zone; WTL, water table level
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1 INTRODUCTION

Limestone aquifers have an overriding interest in many coun-
tries, especially in the geographic areas under intensive agri-
culture, as they constitute important drinking water resources
but are also vulnerable to groundwater pollutions (Aisopou
et al., 2015). Even though limestone aquifers are regularly
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considered as a single unit, the geology of such aquifers is,
in fact, often highly heterogeneous as the upper units may
be crushed or weathered (soft materials), whereas the lower
units are generally unaltered and/or fractured (hard materi-
als) (Dar et al., 2017; Williams et al., 2006). The knowledge
of water flow and solute transport through limestone aquifers
is consequently limited and perceived as especially complex,
given the differences in the properties of their geological units
(Mosthaf et al., 2018). The hydraulic characterization of these
aquifers is commonly carried out in situ and under saturated
conditions with slug and pumping tests (Ackerer & Delay,
2010; Audouin & Bodin, 2008) or characterization methods
such as advanced tracer tests (Maurice et al., 2012; Mosthaf
et al., 2018; Somogyvári et al., 2016). The vadose zone (VZ),
which extends from the soil surface down to the aquifer, is
considered as a key interface of the critical zone and is of
major importance in understanding and managing contamina-
tion problems for the protection and preservation of ground-
water resources. Although many authors highlighted that the
evaluation of the hydraulic properties (water retention and
hydraulic conductivity) of the VZ materials is a cornerstone in
the study of water flow, heat, and mass transfers in the critical
zone (Lekshmi et al., 2014; Nolz, 2016; Robinson et al., 2008;
Shahbazi et al., 2020; Singh et al., 2018; Vereecken et al.,
2008; Whalley et al., 2013), there is, to our best knowledge,
no study focused on the characterization of the saturated and
unsaturated hydraulic properties of the whole VZ materials of
a limestone aquifer.

A wide variety of laboratory methods exist for the determi-
nation of the saturated and unsaturated hydraulic properties
of VZ materials (Gribb et al., 2004; Masrouri et al., 2008),
such as the pressure plate apparatus (Bittelli & Flury, 2009),
the centrifuge method (Caputo & Nimmo, 2005), the evap-
oration method (Schindler & Müller, 2006; Wendroth et al.,
1993), the rigid-wall (Chapuis, 2004) and the flexible-wall
permeameters (triaxial cell) (Huang et al., 1998; Samingan
et al., 2003), the one-step (van Dam et al., 1992) and multi-
step outflow (MSO) method (Eching et al., 1994; van Dam
et al., 1994), each with their advantages and disadvantages
(Bordoni et al., 2017; Chapuis, 2012; Cresswell et al., 2008;
Schelle et al., 2010; van den Berg et al., 2009).

Some of the works dedicated to the characterization of the
VZ try to determine relationships that link physical proper-
ties (bulk density, texture, etc.) to hydraulic properties using
pedotransfer functions (Assouline & Or, 2013; Patil & Singh,
2016; Vereecken et al., 2010, 2016; Zhang & Schaap, 2019).
However, very few aim at understanding the mechanisms
at the origin of these relationships, especially those linking
hydraulic properties to material characteristics (physical, min-
eralogical, and geochemical properties).

In this study, the hydraulic properties of samples of five
soft and five hard VZ materials taken from three cored
boreholes have been determined using the MSO method

Core Ideas
∙ Vadose zone (VZ) hydraulic properties have been

measured on core samples.
∙ VZ materials displayed high heterogeneity in their

properties.
∙ Hydraulic properties of VZ materials are related to

their microscopic and macroscopic features.
∙ Mineralogical and geochemical analysis reveal

water flow pathways.
∙ Perched water table may occur in the VZ profile.

applied by a triaxial system. Physical, mineralogical (X-ray
diffraction), and qualitative geochemical analyses (scanning
electron microscopy/energy dispersive X-ray spectroscopy
[SEM/EDS]) have also been made in order to investigate the
relationships between macroscopic or microscopic features
and hydraulic properties with the aim of revealing water flow
pathways. In the meantime, numerical simulations have been
performed with the HYDRUS-1D model using the measured
hydraulic properties to provide key information on water flow
throughout the whole VZ of the aquifer.

2 MATERIALS AND METHODS

2.1 Description of the Beauce aquifer
system

The Beauce aquifer system is located in the center of France
and extends over 9,700 km2 (de Frutos Cachorro et al., 2017)
between the Seine river (northeastern part) and the Loire
river (southwestern part) (Figure 1). This mostly unconfined
aquifer is one of the largest groundwater reservoirs in France
and is mainly composed of Cenozoic limestone from upper
Oligocene to lower Miocene whose origin is mostly lacustrine
(Ménillet & Edwards, 2000). Its thickness and its topography
ranges from 10 to 200 m and from 70 up to 190 m, respectively
(Flipo et al., 2012). The land use consists essentially of agri-
culture (74%), 50% of which is irrigated (Lejars et al., 2012).
Over the past decades, human activities and mostly intensive
agriculture have affected the groundwater quality with nitrates
and pesticides, notably atrazine and bentazon, at concentra-
tions that still exceed regulatory limits (DDT, 2016).

In this context, the O-ZNS (Observatory of transfers in
the VZ) project aims to understand and quantify mass and
heat transfers throughout the heterogeneous VZ of the Beauce
limestone aquifer, by integrating observations over a wide
range of spatial (from nanometer to meter) and temporal
(from minutes to decades) scales by means of a large access
well (depth = 20 m, diameter = 4 m) surrounded by several
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F I G U R E 1 Representation of the Beauce aquifer system (modified from Flipo et al., 2012). The red dot indicates the location of study site

F I G U R E 2 Location of the experimental site and distance between the three cored boreholes (B1, B2, and B3)

boreholes in order to combine broad characterization and
focused specific monitoring techniques.

2.2 Location of the study site, climate, and
water table level data

The experimental field site is situated at Villamblain, 30 km
northwest of the city of Orléans (France) (coordinates:
X = 48˚1′5.131′′; Y = 1˚34′55.333′′) (Figure 2). The climate
of the study site is continental-temperate with an annual aver-
age temperature of 10.5 ˚C.

Meteorological data were collected from the Bricy weather
station located about 20 km east of the study site. From
1966 to 2017, the mean annual rainfall was 642.7 mm with
a minimum of 413.3 mm observed in 1990 and a max-
imum of 929.8 mm observed in 2001. The mean annual
Penman–Monteith potential evapotranspiration (ETP) (Mon-
teith, 1965) was 801.2 mm. The water table level (WTL) data

were collected daily from a monitoring piezometer situated at
Poiseaux, about 4 km south of the study site. From 1966 to
2017, the mean WTL was −18.62 m, with a maximum WTL
of −14.84 m observed on 18 May 2001 and a minimum WTL
of −22.45 m observed on 26 Aug. 1992.

2.3 In situ sampling of the VZ

Three cored boreholes (B1, B2, and B3) separated by about
10 m one from the other were drilled in March 2017 down
to the depth of 20 m in order to sample the entire VZ of
the Beauce aquifer (Figure 2). Core samples were drilled into
polycarbonate liners (96-mm i.d.) with a three annular com-
partments corer to avoid sample contamination by the drilling
fluid. The first 2 m of the VZ were drilled by hydraulic per-
cussion and the 18 m below were sampled by rotary drilling
using water as drilling fluid. The lithologies encountered
throughout the VZ (0–20 m deep) were described by visual
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F I G U R E 3 General layout of the experimental triaxial system (modified from Huang et al., 1998). P, pressure; PVC, pressure-volume
controller

examination of the undisturbed core samples. A soil with a
thickness between 1.0 and 1.8 m was observed at the top of the
VZ. This soil is typical of the Beauce region and is referred to
as a loamy clay Calcisol (Duval & Isambert, 1992; Michot
et al., 2003) according to the French soil reference system
(Baize & Girard, 2009) or a Hypereutric Cambisol accord-
ing to the World Reference Base for Soils (IUSS Working
Group WRB, 2015) and has a silty loam texture according to
USDA (2012) classification. The soil lays on a highly hetero-
geneous Miocene lacustrine fragmented powdery limestone
facies (referred to as “powdery limestone”) that was cryotur-
bated in its upper part during the Quaternary (Michot et al.,
2003; Ould Mohamed & Bruand, 1994) and which also con-
tains calcareous sand interbeds. The thickness of this layer is
from 5.2 to 6.7 m. Finally, the last main stratigraphic facies
is a 12.2- to 13.4-m-thick massive, fractured, or weathered
hard limestone rock (Pithiviers limestone) (Schnebelen et al.,
1999).

2.4 Hydraulic properties measurements

Undisturbed samples were re-cored in the laboratory at
different depths based on the lithological description made
on the cored samples. The sample diameter was adapted
to the experimental device (70-mm diam.) and most of the

samples had a thickness of 30 mm. Rock samples were
ranging from 25 to 50 mm in thickness due to difficulties in
sampling this massive fractured/weathered material. Three
samples from the soil formation (SA, SB, and SC), three
samples from the powdery limestone facies with different
textures (PA, PB, and PC) and two samples from the cal-
careous sand interbeds (IA and IB) were re-cored. Since
rock materials presented more variations in their appearance
(fissuring, fracturing, upstream/downstream weathering),
five representative rock samples (RA, RB, RC, RD, and RE)
were selected to capture the impact of these variations on
hydraulic properties. All samples used for hydraulic property
measurement were undisturbed except for IB (sand deposit),
which was repacked to the observed field bulk density.

In order to estimate the unsaturated hydraulic properties of
the VZ materials, the MSO was applied using a flexible-wall
permeameter (triaxial system) (Figure 3) because of the possi-
bility (a) to simultaneously determine the water retention and
hydraulic conductivity curves of soft and hard materials with-
out the need to change the method; and (b) to reproduce the
field conditions generated by the lithostatic pressure of the
overlying layers by applying a confining stress to the sample.

The measurement system consists of a triaxial cell of
230-mm diam. and 530-mm height with a maximum confine-
ment pressure of 3.5 MPa (GDS Instruments). A high-flow
ceramic plate with a 100-kPa air-entry value was bonded into
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the pedestal so that large unsaturated water pressure gradients
can be maintained within the sample when unsaturated exper-
iments were carried out. The sample was isolated from the
cell via a flexible membrane, which allowed the application
of a confinement pressure to the sample. The pedestal was
connected to four 2-MPa pressure-volume controllers (PVCs)
via five high-pressure Swagelok valves. Three PVCs (Back-,
Base- and Cell-PVC) were designed to control water pressures
and one PVC (Gas-PVC) controlled air pressure (Figure 3).

The MSO experiments were carried out using the triax-
ial system and by following the same experimental procedure
applied by Eching et al. (1994). This technique allows measur-
ing the hydraulic properties of porous samples by applying an
isotropic consolidation (Huang et al., 1998) and varying the
matric potential by steps (Schelle et al., 2010). Unsaturated
hydraulic properties were measured within the pF value range
0.5–3.0.

The liquid phase was a solution of deionized water with
0.01 M of CaCl2 and three drops of 10% diluted NaOCl
per liter. The solution was deaerated before the experiment.
The gas (nonwetting) phase was N2 with 99.9% purity. The
temperature of the room was continuously monitored with
a 107-series temperature probe (Campbell Scientific) in
order to register fluctuations and correct for viscosity of the
aqueous solution.

The samples were saturated upwards during 24–48 h. The
axis translation (Fredlund & Rahardjo, 1993) technique was
applied in order to dissolve the remaining air bubbles and to
prevent the cavitation of water in the system (Huang et al.,
1998). Its principle is based on the upwards translation of the
origin of reference for the pore water pressure from the stan-
dard atmospheric condition to a larger pressure so as to pro-
mote the dissolution of the eventual air phase initially trapped
into the sample (Vanapalli et al., 2008). Sample saturation
was checked through the calculation of Skempton’s coeffi-
cient (Fredlund & Rahardjo, 1993), which is defined as the
ratio between the increment of pore water pressure and the
increment of confinement pressure when the sample is sub-
jected to an increment of confinement pressure (Makhnenko
& Labuz, 2013). Once the saturation step was validated, the
measurement of the saturated hydraulic conductivity (Ks)
was made using the standard constant-head method accord-
ing to the French norm NF X 30-443 (AFNOR, 2014). Under
steady state conditions, the flow rate was monitored until both
upstream and downstream flow rates were permanently equal
during at least 24 h. Subsequently, the equilibrium condition
(zero flux) was imposed by applying a zero pressure gradient
through the sample before the unsaturated condition experi-
ment begins. After reaching hydraulic equilibrium, the first
pressure increment was applied with the Gas-PVC (Figure 3).
The matric head and the cumulative outflow volume were
continuously monitored at the base of the ceramic plate. For
each pressure step, the net normal stress σc (kPa) and the

matric head h (cm) were calculated by

σc = σ3 − 𝑈a (1)

ℎ = 𝑈 ′
w − 𝑈a (2)

where σ3 is the cell pressure (kPa), U′w is the pore water pres-
sure head at the material-plate interface (kPa), and Ua is the
pore air pressure (kPa).

Air pressure was applied through the top cap (Figure 3) in
steps to values of 10, 30, 60, 100, 200, 330, 600, and 900 cm
for the calcareous sand interbeds and rock samples. For the
powdery limestone samples, the steps were of 20, 50, 100,
200, 400, 600, and 900 cm. The criterion considered to switch
to the next pressure step was an outflow value lower than
50 mm3 h−1 (Eching et al., 1994). The volumetric water con-
tent at the end of the outflow experiment was determined by
oven drying the sample at 105 ˚C for 24 h. The saturated volu-
metric water content (θs), in addition to the volumetric water
content values at each pressure step, were then back calcu-
lated using the oven-dry mass of the sample and the measured
cumulative outflow volumes at each pressure step. The water
retention curves were then obtained for each sample within the
pF value range 0.0–3.0. The measurement of the water reten-
tion curve was extended to the pF range 4.0–6.0 by using the
WP4C Dewpoint Potentiometer (METER Group). For direct
calculation of the unsaturated hydraulic conductivity (K [cm
d−1]), it was assumed that the water pressure head in the sam-
ples varies linearly with depth (Eching et al., 1994). Calcula-
tion of K from outflow data was based on the method of Gard-
ner (1956). Additional details can be found in Aldana (2019).

2.5 Bulk physical properties measurements

Particle size distribution of unconsolidated materials was
determined using the French procedures NF P 94-057
(AFNOR, 1992) for sedimentation analysis and NF P 94-056
(AFNOR, 1996a) for sieving analysis. Specific surface area
was measured with the surface analyzer NOVA 2200e (Quan-
tachrome Instruments) via sorption isotherm measurements.

Bulk density values (ρb) were calculated by dividing the
oven dry weight of the samples by their bulk volume. Bulk
volumes were calculated from the dimensions of the cylindri-
cal cores.

2.6 Mineralogical and geochemical analyses

Mineralogical composition was determined using X-ray
diffraction (XRD), both on bulk materials and on their
clay fraction. For the bulk mineralogy determination, ran-
dom powders (<50 μm) were prepared and analyzed
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using the Debye–Sherrer method (Gravereau, 2012). After
carbonate removal, <5-μm clay fraction was characterized
using oriented mounts. Diffraction was obtained using the
Bragg–Brentano geometry (Gravereau, 2012).

Nondestructive and qualitative chemical analysis of the
hard limestone rock samples was performed using backscat-
tered electrons detection with an energy dispersive X-ray
spectrometer (EDS) integrated to a scanning electron micro-
scope (SEM) (Merlin Compact ZEISS). Textural analysis
was performed with an Everhart–Thornley secondary electron
detector.

Carbonate content of the samples was determined by cal-
cimetry according to the French procedure NF P 94-048
(AFNOR, 1996b).

2.7 Simulation of the water flow in the VZ

The measured hydraulic properties (water retention and
hydraulic conductivity data) were used to estimate the
hydraulic parameters of each sample using the RETC soft-
ware (van Genuchten et al., 1991). A numerical simulation of
the water flow within the VZ of the Beauce limestone aquifer
was then undertaken over a period of 52 yr (1 Jan. 1965–31
Dec. 2017) with the HYDRUS-1D software (Šimůnek et al.,
2016).

2.7.1 General assumptions

The simulation of water flow in the VZ was performed using
the HYDRUS-1D software (Šimůnek et al., 2016).

The one-dimensional vertical water flow in the VZ was
described by the Richards equation (Richards, 1931):

∂θ
∂𝑡

= ∂
∂𝑧

[
𝐾

(∂ℎ
∂𝑧

+ 1
)]

(3)

with θ the volumetric water content (cm3 cm−3), t the time
(d), z the coordinate along the vertical axis pointing positively
upwards (cm), h the matric head (cm), and K the hydraulic
conductivity (cm d−1).

We used van Genuchten’s expression (van Genuchten,
1980) to describe the water retention curve (Equation 4) and
the application of the statistical pore connection model estab-
lished by Mualem (1976) to the van Genuchten model to pre-
dict the hydraulic conductivity (Equation 5).

θ(ℎ) =

{
θr +

θs−θr
[1+|αℎ|𝑛]−𝑚 ℎ < 0

θs ℎ ≥ 0

with 𝑚 = 1 − 1
𝑛

𝑛 > 1 (4)

T A B L E 1 Representation of the vadose zone profile for B2:
material number, sample identifier, borehole, depth interval, and
observation node depth

B2

Material Sample Borehole Interval
Observation
node depth

m

1 OA
a / 0.0–0.3 /

2 OB
a / 0.3–0.6 /

3 OC
a / 0.6–1.0 1.0

4 PA B2 1.0–3.5 3.5

5 IA B2 3.5–4.1 4.1

6 PB B1 4.1–4.6 4.6

7 IB B3 4.6–4.9 /

8 RA B2 4.9–5.2 5.2

7 IB B3 5.2–5.5 5.5

9 PC B2 5.5–6.6 6.6

10 RB B2 6.6–7.4 7.4

11 RC B2 7.4–7.6 7.6

10 RB B2 7.6–9.0 /

12 RD B2 9.0–16.0 9.4

13 RE B2 16.0–23.0 /

aCompaction caused by hydraulic percussion had an impact on the hydraulic prop-
erties of the soil samples, which are consequently not discussed in this work.
Parameters of the soil materials were taken from Ould Mohamed et al. (1997).

with θr and θs being the residual and saturated volumetric
water content (cm3 cm−3), respectively, α being an empiri-
cal parameter related to the matric head at the inflection point
of the retention curve (cm−1), and n a pore size distribution
parameter (–), which determines the slope of the curve at the
inflection point.

𝐾(ℎ) = 𝐾s𝑆
𝑙
e

[
1 − (1 − 𝑆e

1
𝑚 )

𝑚
]2

with 𝑆e =
θ − θr
θs − θr

(5)

with 𝐾s being the saturated hydraulic conductivity (cm d−1),
𝑆e being the effective saturation (–), and l being a pore con-
nectivity parameter (–), which was fixed at 0.5 (Mualem,
1976).

2.7.2 Representation of the VZ profile

Since the majority of the samples (except PB and IB, cf.
Table 1) were re-cored from B2, the study of the water flow
in the VZ was focalized on this profile, which was reconsti-
tuted in HYDRUS-1D. The lithological heterogeneities along
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this VZ profile were reproduced based on visual descriptions
of the undisturbed cored samples. A 23-m-deep profile com-
posed of 13 different materials was created for B2 (Table 1).
Each material corresponds to a sample whose hydraulic prop-
erties have been determined in the laboratory.

2.7.3 Initial and boundary conditions

As the WTL at the time of the start of the simulation was
−19.84 m, the initial matric head profile was defined follow-
ing Equation 6 with hi =−100 cm for−18.84< z< 0.00 m and
hi varying linearly from −100 to +316 cm from z =−18.84 m
to z = −23.00 m.

ℎ(𝑧, 𝑡) = ℎ𝑖(z)

𝑡 = 𝑡0 (6)

with 𝑡0 being the time of the start of the simulation (d), and ℎ𝑖

the matric head at 𝑡0 at depth z (m).
At the soil surface boundary, a water flux was imposed as

the upper boundary condition by the daily ETP and rainfall
data.

The daily variations of the WTL were used as the lower
boundary condition:

ℎ(𝑧, 𝑡) = ℎb(𝑡)

𝑧 = 𝑧max (7)

with ℎb being the matric head observed at zmax (m), and
zmax = −23.00 m.

2.7.4 Parameterization of the model

The RETC software (van Genuchten et al., 1991) was used to
fit the θ(h) and K(h) curves (Equations 4 and 5) to the mea-
sured water retention and hydraulic conductivity data. The
hydraulic parameters of the samples were obtained accord-
ing to the following steps. For the powdery limestone (PA,
PB, and PC) and the calcareous sand interbeds samples (IA
and IB), initial values of θr , θs, α, n and Ks were obtained by
using the Rosetta software (Schaap et al., 2001) based on the
particle size distribution and bulk density measured for each
sample. For the hard rock samples, initial values of θr , α, and
n were obtained using the results of a study made near the
experimental field site (Amraoui et al., 2017), θs was obtained
using experimental values, and Ks was obtained using the first
experimental value of the K(h) curves. These initial values
were then used as an input for the RETC software. As rec-

ommended by Sisson and van Genuchten (1991) and Yates
et al. (1992), the relative weights of hydraulic conductivity
data against retention data ranged from 0.1 to 1.0.

The values optimized with RETC for parameters θr , θs, α, n
and Ks were then used to simulate water flow with HYDRUS-
1D from 1 Jan. 1966 to 31 Dec. 2017 (52 yr).

3 RESULTS AND DISCUSSION

3.1 Lithological description and physical
properties of the VZ materials

After coring the whole VZ profiles, all materials have been
observed and described, from the surface down to a depth of
20 m. We have observed both vertical and horizontal spatial
variability (i.e., within a single borehole and between them
[B1, B2, and B3]). Four main lithologies were identified along
the VZ profiles, including three soft and one hard materials.
The first soft material was a brown soil having a fine-grained
texture and a plastic consistency (Figure 4). The first 20 cm
corresponded to the ploughed layer except for B1, which was
cored in a noncultivated field. The undisturbed soil horizon
was found below the ploughed layer and extends from 0.8
(B2) to 1.6 m (B3) deep. The undisturbed soil had a silty
loam texture according to USDA (2012) classification with
higher clay, silt, and fine sand content and lower proportion
of calcite-rich gravel (<3.5%) than the other VZ materials
(Table 2). Since compaction caused by hydraulic percussion
from coring had modified the soil samples, the results of their
hydraulic properties measurements will not be presented.

The second soft material observed in the VZ represents a
fragmented powdery limestone. The thickness of this mate-
rial ranged from 3.4 to 5.9 m. The powdery limestone sam-
ples had a loam to silty loam texture according to USDA
(2012) classification, with an average clay fraction of 19%
(Table 2). This lithology had a crumbly consistency contain-
ing cemented aggregates and large-sized particles in the upper
part of the interval (between 1 and 6 m deep). The lower end
of this layer (between 6 and 7 m deep) had a more silty tex-
ture and displayed a slightly plastic consistency (Figure 5,
Table 2).

The third soft material was referred to as calcareous sand
interbeds. This material is from 0.5 to 1.5 m thick and was
observed between 3.5 and 6.1 m deep. This lithology primar-
ily contains fine to large sand particles and gravels (Table 2),
presents a high macroporosity (i.e., clearly visible to the naked
eye) (Figure 6), and has a sandy loam to sand texture accord-
ing to USDA (2012) classification.

The fourth type of lithology observed in the VZ profile
was a hard calcite-rich limestone rock having a microcrys-
talline texture with high carbonate content (>90%) and larger
values of bulk density with respect to the soft materials
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F I G U R E 4 Core samples of the interval 0.0–1.3 m for B2. The rectangles represent the SB sample in red and the PA sample in blue

T A B L E 2 Bulk physical properties of the vadose zone samples

Particle size distribution
Sand

Lithology
Sample–
borehole Depth Clay Silt Fine

Medium
large Gravel ρb SSA CaCO3

m % g cm−3 m2 g−1 %

Soil SA–B1 0.40 25.1 51.9 9.7 9.8 3.5 1.65 40.7 N/A

SB–B2 0.75 N/A N/A N/A N/A N/A 1.48 N/A 17.9

SC–B3 1.55 25.8 52.6 10.0 10.2 1.4 1.59 44.9 11.2

Powdery limestone PA–B2 1.25 13.9 32.5 9.4 31.5 12.7 1.64 N/A 92.3

PB–B1 5.05 24.8 34.0 7.7 23.2 10.3 1.72 8.6 79.8

PC–B2 6.35 19.2 50.4 6.0 20.3 4.1 1.62 12.5 69.4

Calcareous IA–B2 3.75 8.1 24.1 5.2 46.6 16.0 1.62 23.6 90.1

Sand interbeds IB–B3 4.10 12.5 87.1 0.4 1.56 7.2 93.5

Rock RA–B2 5.15 1.98 91.2

RB–B2 6.85 2.31 90.4

RC–B2 7.50 2.38 92.6

RD–B2 14.65 2.46 90.3

RE–B2 16.15 2.29 98.2

Note. Particle size distribution and specific surface area analysis were performed only for soft materials since the hard rock materials displayed a well-cemented micro-
crystalline texture. The analysis of the fine particles (<50 μm) for sample IB was not possible due to insufficient quantity. The value (12.5%) represents the mean bulk fine
fraction (clay to fine sand). ρb, bulk density; SSA, specific surface area; N/A, not available.

(Table 2). Named “rock,” this lithology was observed from
around 5 m deep and was 12.5–13.5 m thick. The rock showed
different features such as upstream or downstream weathering
with (micro-) fissures (<1 mm), (macro-) fractures (>1 mm),
vugs (dissolution voids [<5 mm] initiating karstification pro-
cesses), and matrix alteration (Figure 7).

3.2 Saturated hydraulic properties of the
VZ materials

The saturated hydraulic properties of the VZ materials were
generally consistent with their bulk physical properties. We
observed that the Ks values of the powdery limestone and
calcareous sand interbeds materials were generally decreas-
ing as particle size decreases whilst the opposite was noted
for the values of θs (Figure 8, Tables 2 and 3). We also
observed higher average values of θs and Ks for calcareous
sand interbeds than for powdery limestone and rock samples

(Figure 8, Table 3). Differences by a factor of 10 or more
were observed for Ks between some samples within the same
lithology (e.g., PA and PB for powdery limestone and RC
and RD for rock samples) (Figure 8). Ould Mohamed (1995)
reported average θs values of 0.35 cm3 cm−3 for the powdery
limestone materials sampled between 0.65 and 1.70 m deep.
These values were in good agreement with those observed for
PA samples, which was taken within the same depth inter-
val (Tables 2 and 3). Rock samples presented widely spread
values of Ks with sample RE having the largest among all
samples and sample RC having the smallest one (Figure 8).
The values of θs also differ significantly from one sample
to another within the same lithology. The θs values of the
rock samples ranged generally from 0.13 to 0.17 cm3 cm−3

and were relatively low with respect to the soft materials
(except for RA, cf. Table 3). The θs values of the rock samples
were in good agreement with those obtained by Legchenko
et al. (2020) in a study conducted near the experimental
site.
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F I G U R E 5 Core samples of the interval: (a) 4.7–5.7 m for B1 and (b) 6.0–7.0 m for B2. The rectangles represent the PB sample in red and the
PC sample in black

F I G U R E 6 Core samples of the interval: (a) 3.6–4.6 m for B2 and (b) 4.0–5.0 m for B3. The rectangles represent the IA sample in blue and the
IB sample in red

An artifact related to the measurement of Ks was observed
with respect to the values of K(h). The Ks values were always
lower than the unsaturated values of K close to saturation
(Figure 8). This artifact is probably due to the measurement
protocol [saturation of the sample, reverse flow direction
between Ks and K(h) measurements, confinement pressure

applied on the sample, cf. Chapuis, 2012] and is currently
under investigation. Measured Ks values should therefore
be considered with caution as they are probably underes-
timated. This effect was more pronounced for calcareous
sand interbeds and rock samples than for powdery limestone
samples (Figure 8).
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F I G U R E 7 Core samples of the interval: (a) 4.6–6.0 m, (b) 6.0–7.0 m, (c) 7.0–8.0 m, (d) 14.0–15.0 m, and (e) 16.0–17.0 m for B2. The
rectangles represent the RA sample in blue, the RB sample in red, the RC sample in black, the RD sample in purple, and the RE sample in green

3.3 Unsaturated hydraulic properties of the
VZ materials

The shapes of the experimental water retention curves of
powdery limestone samples were similar despite a small dif-
ference between PB and the two other samples (Figure 8b).
Powdery limestone samples displayed θ values ranging from

0.25 to 0.36 cm3 cm−3 for the applied matric potentials
0.5 < pF < 3.0 (Figure 8b). These values were in good agree-
ment with those reported by Michot et al. (2003) for the pow-
dery limestone horizon found just below the soil between 0.88
and 0.98 m deep. In the dry range (4.0 < pF < 6.0), all curves
showed similar trends and were in good agreement with
their textures (Table 2). The shape of K(h) curves was quite
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F I G U R E 8 Comparison between experimental and fitted (with RETC) water retention [θ(h)-up] and hydraulic conductivity [K(h)-down]
curves for powdery limestone (b), calcareous sand interbeds (c), and rock (d) samples. Experimental Ks data points are not filled with colors and are
placed at pF 0. Hydraulic properties of soil materials (a) were drawn from the parameters obtained by Ould Mohamed et al. (1997) for three soil
samples: OA, OB, and OC (cf. Table 4), which were sampled at a distance of about 1 km of the experimental site and at a depth of 25, 45, and 65 cm,
respectively

T A B L E 3 Confinement pressure applied on each sample during the experiment and experimental values of volumetric saturated water content
(θs) obtained for each sample

Powdery Limestone
Calcareous Sand
Interbeds Rock

Lithology PA PB PC IA IB RA RB RC RD RE

σc, kPa 15 80 102 58 64 82 112 124 270 300

θs, cm3 cm−3 0.3666 0.3080 0.3491 0.3775 0.4336 0.3400 0.1499 0.1440 0.1364 0.1639

Note. σc, net normal stress.

different among the samples with a large decrease of K above
pF 1.0 for PA and above pF 1.8 for PB. Sample PC showed a
more gradual decrease of K in the measurement range when
pF increases (Figure 8b).

The average water retention capacity of calcareous sand
interbeds was the lowest among the soft materials, except at
saturation (Figure 8c). The K(h) values for calcareous sand
interbeds samples were close throughout the full range of pF.
The K values at pF 1.0 were higher than those of the other
VZ materials and then decrease drastically when pF increases
(Figure 8c).

The hydraulic properties of the rock samples were highly
heterogeneous (Figure 8d). Sample RA showed a fast decrease
of θ between saturation and pF 1.0, probably induced by its
secondary porosity. Then, water retention capacity decreased
gradually between pF 1.0 and 5.0 (Figure 8d). Samples RB and
RC had a nearly constant water content in the range between
saturation and pF 2.5 where no or little drainage occurred
which means that they hardly desaturated. On the contrary,
water retention of samples RD and RE decreased gradually
over the same range of pF (Figure 8d). The water content for
most of the rock samples at the end of the unsaturated experi-

ment (for pF around 3.0) was close to 0.06 cm3 cm−3. Regard-
ing K(h), all samples displayed a progressive decrease of K as
pF increases except for sample RC, whose K values remained
nearly constant through the 0.0–3.0 pF range (Figure 8d).

The θr , θs, α, n, and 𝐾s parameters fitted with RETC based
on the experimental results provided a satisfactory descrip-
tion of the experimental water retention and hydraulic con-
ductivity curves (R2 > .915, except for PB and RC) (Figure 8,
Table 4). The trends in the values of the parameters θs and
𝐾s fitted with RETC for the VZ materials were consistent
with the experimental observations made above, although the
water retention curves for samples IA, IB, and RA could have
been more accurately reproduced near saturation by using a
dual-porosity model (Figure 8, Tables 3 and 4).

3.4 Relationships between the hydraulic
properties and the physical, mineralogical, and
geochemical characteristics of the VZ materials

In this section, we explore whether the hydraulic proper-
ties of the VZ materials could be related to their physical,
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T A B L E 4 Residual (θr ) and saturated (θs) water content, fitting
parameters (α and n), and saturated hydraulic conductivity (Ks) fitted
using the RETC software for the vadose zone materials

Sample 𝛉𝐫 𝛉𝐬 α n 𝑲𝐬 R2

cm3 cm−3 cm−1 cm d−1

OA
a 0.1870 0.4040 0.0092 1.2400 30.24 /

OB
a 0.1900 0.4100 0.0105 1.2200 53.57 /

OC
a 0.1970 0.4200 0.0098 1.1700 47.52 /

PA 0.0000 0.3656 0.0064 1.2710 0.2924 0.916

PB 0.0000 0.3180 0.0131 1.1732 0.3063 0.774

PC 0.0000 0.3356 0.0010 1.3199 0.0625 0.974

IA 0.0000 0.3918 0.0715 1.2002 35.22 0.957

IB 0.0000 0.3698 0.1600 1.2349 285.49 0.939

RA 0.0000 0.1170 0.0804 1.1879 95.79 0.925

RB 0.0000 0.1421 0.0035 1.1734 1.6192 0.970

RC 0.0286 0.1446 0.0016 3.1133 0.0034 0.593

RD 0.0000 0.0991 0.0596 1.1069 133.44 0.979

RE 0.0000 0.1375 0.1015 1.1858 256.98 0.934

aParameters of soil materials (OA, OB, and OC) were taken from Ould Mohamed
et al. (1997).

mineralogical, and geochemical characteristics. Because dis-
tinct characterization methods were applied to soft and hard
samples, these two types of materials will be discussed sepa-
rately.

3.4.1 Soft materials (soil, powdery limestone,
and calcareous sand interbeds samples)

In addition to calcite, we clearly observed that palygorskite
(a nonswelling clay) and other secondary clay minerals were
present in the soft materials (Figure 9a and 9b). As shown
by glycolation, smectite (a swelling clay) was present in the
soil sample in larger proportions with respect to the powdery
limestone materials (Figure 9b). The presence of smectite and
palygorskite is supported by the specific surface area anal-
ysis that showed that the largest values correspond to soil
(Table 2), as also observed by Ould Mohamed et al. (1997).
The soil samples showed low carbonate content (<18%, cf.
Table 2) due to weathering (Michot et al., 2003). The pres-
ence of kaolinite and illite (nonswelling clays) (Figure 9b) is a
sign of the more intense weathering of soil (Velde & Meunier,
2008) compared with the other VZ materials. When linked
to the hydraulic properties of the soil samples given by Ould
Mohamed et al. (1997) and the information given by Michot
et al. (2003), these physical and mineralogical results could
explain the highest water retention capacity observed for the
soil in comparison with the other VZ materials (Figure 8).

The lower water retention capacity of powdery limestone
compared with the soil samples (Figures 8a and 8b) was

related to the lower clay fraction and the lower content in
smectite of this material (Table 2, Figure 9b). The hydraulic
conductivity values of the powdery limestone samples were
relatively low given their loam to silty loam texture according
to USDA (2012) classification. The fact that the samples PA
and PB were less silty than sample PC (Table 2) could explain
their lower K(h) values for pF > 2 (Figure 8b).

Regarding the hydraulic properties of the calcareous sand
interbeds samples, θ(h) curves displayed a rapid decrease
within the range of saturation to pF 1.0 and mean K values
near saturation were the largest among all soft materials
(Figure 8c). These results were expected since calcareous
sand interbeds had large particle sizes (Table 2). We further
observed a larger decrease of the θ values near saturation
(pF < 1.0) for IB, which was in good agreement with its
texture since the latter displayed a coarse-grained texture
while IA had a finer-grained texture (Figure 8c, Table 2).

3.4.2 Hard materials (limestone rock samples)

Compared with the soft materials (Figures 8a, 8b, and 8c),
the limestone rock samples displayed a higher heterogeneity
in their hydraulic properties (Figure 8d). This variability was
related to the natural composition of the rock and to the geom-
etry of its pores. The relatively low experimental θs values
found for the rock samples (except RA, cf. Table 3) are due
to the diagenetic processes of compaction and cementation
which yielded the rock. As long as the rock has no secondary
porosity developed by weathering processes, its water reten-
tion and hydraulic conductivity are expected to be very low
(Tiab & Donaldson, 2004).

Samples RB and RC showed strong differences in their
hydraulic properties compared with samples RA, RD, and RE
(Figure 8d). Observed through the naked eyed, RB and RC
samples seemed hardly permeable at first sight (Figure 10a)
and could therefore be considered as a massive rock which
is mainly composed of calcite (Figure 11a). However, the
SEM/EDS analysis highlighted the presence of few microfis-
sures with an average thickness of 15 μm (Figure 10b). We
also observed that calcite was replaced by a 2:1 Al-rich
phyllosilicates (palygorskite) (Figures 10b and 11b) in some
areas where water was probably stored as a result of adsorp-
tion and capillary forces (Tiab & Donaldson, 2004). These
types of phyllosilicates are typically observed in partially sat-
urated pores where capillary water exists and solute trans-
port is controlled by chemical diffusion (Meunier, 2005). The
presence of swelling clays such as smectites (Figure 11b)
and the absence of large pores (>15 μm) could explain the
nearly constant θ values measured between saturation and
pF 2.5 for samples RB and RC and why no desaturation was
observed (Figure 8d). The presence of clays in the rock matrix
also showed that the massive rock was permeable even if no
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F I G U R E 9 Diffractograms obtained by X-ray diffraction (XRD) for (a) the bulk material (<50 μm, random powder) and (b) the clay fraction
after decarbonatation (<5 μm, oriented mounts) of one soil (SB) and one powdery limestone (PB) sample. EG, ethylene-glycol treatment

F I G U R E 1 0 Analysis of the sample RB (6.85 m deep): (a) top view of the sample showing the replacement site of the matrix, (b) chemical
map using SEM (EDS detector); red: Al, blue: Ca, yellow: Si
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F I G U R E 1 1 Diffractograms obtained by XRD for (a) the bulk material (<50 μm, random powder) and (b) the clay fraction after
decarbonatation (<5 μm, oriented mounts) of a massive rock (RC), an upstream (RA) and a downstream (RD) weathered rock sample. EG,
ethylene-glycol treatment

macroporosity (fractures, vugs) was observed. As a conse-
quence of physical and/or chemical reactions, the migration
of fine particles (clay minerals), notably illite, smectite, and
kaolinite may also have caused a reduction of the permeabil-
ity of the rock materials induced by the accumulation of those
minerals in pore throats (Aksu et al., 2015; Russell et al., 2017;
Wilson et al., 2014).

Observed through the naked eye, RA, RD, and RE samples
showed intense weathering highlighted by the presence of fis-
sures (<1 mm) (Figure 12a) and vugs (<5 mm) (Figure 13a) at
their surfaces and by the replacement of calcite by secondary
minerals (Figures 11b, 12b, and 13c). These weathered rock
samples have developed a secondary porosity and displayed

higher K values near saturation (pF range 0.5–1.5) and lower
(or close) K values within the pF value range 2.0–3.0 than the
massive (microfissured) samples (RB and RC) (Figure 8d).

The sample RA was localized in the VZ profile within the
sequence of powdery limestone and calcareous sand interbeds
materials, and therefore also above the massive rock facies
(Table 2), and could consequently be considered as an exam-
ple of upstream weathered rock. We observed that the calcite
(represented in blue in Figure 12b) was replaced by phyllosil-
icates (represented in red-brown in Figure 12b) in the matrix
of the rock which highlighted that water has been flowing
through the sample. According to the diffractograms, paly-
gorskite is the main secondary mineral in the rock matrix,
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F I G U R E 1 2 Analysis of the sample RA (5.15 m deep): (a) top view of the sample showing the weathering of the matrix, (b) chemical mapping
using scanning electron microscopy (SEM, energy dispersive X-ray spectroscopy [EDS] detector); red: Al, blue: Ca, yellow: Si, brown: K, purple: Mg

F I G U R E 1 3 Analysis of the sample RD (14.65 m deep): (a) top view of the sample showing an intense weathering, (b) picture of a dissolution
void (vug) observed under optical microscope (crossed polarizer mode), (c) chemical analysis of the dissolution void using scanning electron
microscopy (SEM, energy dispersive X-ray spectroscopy [EDS] detector); blue: Ca, red: Fe, purple: Si, yellow: Al

after calcite (Figure 11a and 11b). The value of ρb (Table 2)
and the presence of palygorskite (Figure 11b) were consis-
tent with the high experimental value of θs observed for RA
(Table 3). The near total absence of smectite (Figure 11b)
could explain the large decrease in water retention capacity
of the RA sample within the pF value range of saturation to
1.0 (Figure 8d).

Within the VZ profile, the samples RD and RE were local-
ized just above or in the zone of water table fluctuation
(Table 2) and could therefore be considered as examples of
downstream weathered rock. We observed voids spread all
over the surface of the two rock samples (Figure 13a), and
a chemical mapping of these vugs for the sample RD showed
that the material has undergone dissolution–recrystallization
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F I G U R E 1 4 Analysis of a natural macrofracture and associated secondary minerals observed in a rock sample localized at a depth of 6.6 m in
B2: (a) highlight of the macrofracture, and (b) chemical analysis of the macrofracture profile using scanning electron microscopy (SEM, energy
dispersive X-ray spectroscopy [EDS] detector); blue: Ca, red: Fe

episodes, which produced a secondary porosity (Putnis, 2002)
and yielded the rock into a more permeable material through
weathering processes (Velde & Meunier, 2008) (Figures 13b
and 13c). Some authors indeed observed that weathering has
a major impact in enhancing permeability in Cenozoic lime-
stone aquifers, notably through the enlargement of intercon-
nected vugs (Cunningham et al., 2009; Worthington et al.,
2016). The red round-shape ring showed the precipitation of
goethite (Figure 13c), which is probably related to an episode
of drying of the aquifer. Calcite has also recrystallized in
the vugs (dissolution voids) over the oxide ring (Figure 13c),
which highlighted that water has been flowing through this
network after oxide deposition. As illustrated in Figure 11b
and Figure 13c, the matrix of the downstream weathered rock
and the dissolution voids also showed the presence of phyl-
losilicates (swelling and nonswelling clays), which replaced
calcite. The presence of kaolinite and smectite, along with
iron oxides (goethite), highlights recent water–rock interac-
tions (Velde & Meunier, 2008). The lower water retention
capacity of the upstream (RA) and downstream weathered
rock samples (RD and RE) compared with the massive rock
samples (RB and RC) (Figure 8d) could also be explained by
their smaller proportions in smectites (Figure 11b).

Natural (macro-) fractures (>>1 mm) were observed dur-
ing the visual description of core samples (Figure 14a). At the
core scale, evidence was found that these fractures had been
exposed to water flow as demonstrated by the presence of iron
oxides (goethite) next to the macrofracture. Only calcite and
goethite were observed next to the fractures, and no replace-
ment of calcite by phyllosilicates was observed (Figure 14b).
This indicates that intensive leaching of water has occurred
in the open fractures (Meunier, 2005). These fractures have
been active at some stage in the history of the Beauce lime-
stone aquifer, leading to much larger values of K than those
measured on the samples at the laboratory scale. However,
this phenomenon could occur only under or close to fully sat-
urated conditions.

3.5 Application to the simulation of water
flow through the VZ profile

The simulated θ profile for B2 at the date of the drilling
(14 Mar. 2017) was in good agreement with the experimen-
tal measurements made on the undisturbed core samples at
the same date (R2 = .900, cf. Figure 15a). Overestimations
of experimental θ by the model were noted in PA material
(2 m deep) and, to a lesser extent, in RD material from 11.0
to 15.0 m deep, whereas underestimations of experimental
θ by the model were noted in the RB material (8.5 m deep)
(Figure 15a, Table 1).

Simulated θ profiles observed at the minimum WTL
(−22.45 m on 26 Aug. 1992), corresponding to a dry VZ pro-
file, and at the maximum WTL (−14.84 m on 18 May 2001),
corresponding to a wet VZ profile, showed that the most sig-
nificant changes in θ (>0.10 cm3 cm−3) were observed in
the powdery limestone PA (between 1.0 and 3.5 m deep) and
calcareous sand interbeds (IA and IB, between 3.5 and 5.5 m
deep) materials with differences up to 0.23 cm3 cm−3 between
the two profiles (Figure 15b, Table 1). Inversely, slight vari-
ations of θ (<0.05 cm3 cm−3) were found in PC and in all
rock materials until the water table was reached and could be
explained by the nearly constant θ values measured between
saturation and pF 3.0 in these materials (Figures 8b and 8d).

Positive values of matric head were noted in several VZ
materials located above the least permeable materials (PC and
RC, cf. Table 4) (Figure 16) and were correlated with years
showing annual rainfall–ETP balance close or above 0 cm
(1978–1984, 1988, 2001–2002). This indicates that perched
water tables may have occurred in the VZ profiles, caused by
accumulation of water above the weakly permeable materials.
The highest value of matric head (h= 173 cm) was observed in
RB material on June 2001 (Figure 16), which was the wettest
year (rainfall = 930 mm) during the simulation period and
highlighted the building up of a perched water table up to a
depth of 5.7 m. Despite the small thickness of the massive
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F I G U R E 1 5 Comparison between (a) experimental water content measured for the vadose zone (VZ) B2 profile at the date of the drilling (14
Mar. 2017) and those simulated by the model; (b) simulated water content for the VZ B2 profile at the dates corresponding to the minimum water
table level (WTLMIN = −22.45 m on 26 Aug. 1992) and the maximum water table level (WTLMAX = −14.84 m on 18 May 2001)

F I G U R E 1 6 Simulated matric head observed at the observation nodes for the vadose zone B2 profile

rock material RC taken into account in the representation of
the VZ profile for B2 (0.2 m, cf. Table 1), its very low K val-
ues, which remained nearly constant over the range of satu-
ration to pF 2.5 (Figure 8d), caused considerable fluctuations
of the matric head and water status in the materials situated
above (cf. RA, IB, PC, and RB in Figure 16). The materials
located below RC showed less variations of their matric head
and a drier water status over the simulation period (cf. RD
in Figure 16). These results may suggest that the water flow
in the downstream weathered rock materials (RD and RE) is

generally slow, and equivalent to those in the massive rock
(RC) unless the water table reaches up these materials and
brings them to saturation. However, given the high lithologi-
cal heterogeneity of the rock materials (Figure 7) and the pres-
ence of (macro-)fractures (>1 mm) along the VZ profile (Fig-
ure 14), these observations and the occurrence and thickness
of the perched water tables would probably be less signifi-
cant at the three-dimensional field scale, as the water could
and probably will be drained laterally by preferential flows
through fractures into the more permeable materials.
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F I G U R E 1 7 Conceptual scheme summarizing the properties of the VZ materials obtained at the laboratory scale and the impact of these
properties on water flow at the borehole scale. DW, downstream weathered; EG, ethylene-glycol treatment; UW, upstream weathered; WTLMIN,
minimum water table level; WTLMAX, maximum water table level; VZ, vadose zone

3.6 Summary of the results

We have explored the relationship between hydraulic prop-
erties and physical, mineralogical, and geochemical features
within a heterogeneous VZ of a limestone aquifer. Three bore-
holes were drilled in March 2017, and four types of lithol-
ogy were identified along the VZ profiles, including three soft
(soil, powdery limestone, and calcareous sand interbeds) and
one hard (limestone rock) materials. Based on all the results
obtained through this study, a conceptual scheme summariz-
ing the properties of the VZ materials obtained at the labora-
tory scale and the impact of these properties on water flow at
the borehole scale has been produced (Figure 17).

At the top of the VZ, the soil presented the highest water
retention capacity, which could be explained by the presence
of swelling clay (smectite) and palygorskite, and high varia-
tions of water content and matric head, which indicated that
water flow was strongly influenced by meteorological patterns
(rainfall and ETP).

The fragmented powdery limestone observed beneath the
soil displayed low hydraulic conductivity, which suggests that
slow water flow takes place along these materials. The lower
part showed smaller variations of water content than the upper
part, which could be explained by its higher water retention
capacity.

The calcareous sand interbeds showed significant changes
in their water content due to their high saturated water content
and low water retention capacity. The high hydraulic conduc-
tivity of this material near saturation is responsible for fast
water flow for a wet water status, whereas its low hydraulic
conductivity when drying results in slow water flow for a dry
water status.

The properties of the hard limestone rock materials were
highly heterogeneous. The upstream weathered rock showed
fissures (<1 mm) and the development of a secondary poros-
ity resulting from the replacement of calcite by phyllosilicates
(mainly palygorskite) in its matrix. The absence of smectite
could explained the low water retention capacity of this rock
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facies. The hydraulic properties of the upstream weathered
rock indicated that the water flow can be fast near saturation
and slow under dry conditions. The massive rock facies, which
seemed hardly permeable at first sight, actually showed the
presence of microfissures (15 μm thick) around which cal-
cite was replaced by secondary clay minerals with the pres-
ence of (a) palygorskite, which could suggest that water was
stored by capillary forces and adsorption processes and that
solute transport through these microfissures was driven by
chemical diffusion; (b) smectite, which could indicate that
this material was permeable even if macropores were not
observed and could explain its water retention capacity. The
very low hydraulic conductivity of this material may cause
accumulation of water in the facies located above and thus
lead to the occurrence of perched water tables in the VZ pro-
file. The downstream weathered rock, which was localized
just above or in the zone of water table fluctuation, showed
vugs (<5 mm) caused by dissolution processes, with precipi-
tation of iron oxides (goethite) in it and replacement of calcite
by phyllosilicates which emphasized water–rock interactions.
This facies has also undergone dissolution–recrystallization
episodes, which could have enhanced its permeability through
the enlargement of vugs. The downstream weathered rock
located in the VZ profile showed slight variations of water
content and an overall dry water status as long as the water
table remains far below. In view of its hydraulic properties
measured at the laboratory (sample) scale, the water flow
along this facies is highly affected by the presence of the
weakly permeable massive rock located above, which could
restrict downward water flow and promote perched water
tables and lateral flow towards large fractures.

4 CONCLUSION

Valuable information about the link between hydraulic prop-
erties and microscopic and macroscopic features of the geo-
logical formations of the Beauce limestone aquifer were gath-
ered throughout this multidisciplinary study. Insufficiently
studied so far, the hydraulic properties of the lithologies
encountered within the VZ of this aquifer showed strong con-
trast and stressed the high heterogeneity of the water reten-
tion and hydraulic conductivity properties of both soft and
hard materials. The petrographic investigations implemented
through the mineralogical and geochemical analysis provided
key evidence on the influence of the presence or absence of
different types of secondary minerals and the impact of weath-
ering processes on water flow within the VZ.

Finally, the soft and hard VZ materials displayed highly
heterogeneous hydraulic properties and mineralogical com-
position, which seems to have a considerable influence on
water retention and water flow at the borehole scale. It also
seems that the fissures and vugs developed by weathering

processes represent a more or less interconnected network of
pores through which water can flow, but which may drain
quite rapidly when drying. The weakly permeable massive
rock facies, which displayed higher water retention capacity
and lower hydraulic conductivity than the weathered rock,
could lead to the occurrence of perched water tables within
the VZ and seems to affect significantly water flow through
the materials situated above and below. After this study, on-
going work is focused on describing the impact of the materi-
als heterogeneity and climate on water flow and solute travel
time through this highly heterogeneous VZ.

The deciphering of the multitude of coupled processes that
govern water flow and solute transport within such a het-
erogeneous VZ is complex and cannot be performed in an
exhaustive way with the examination of only a dozen sam-
ples at the laboratory scale. It is also worth noting that the
presence of natural fractures, found at the field scale and that
had been subjected to intense leaching of water at some point
in the past, may lead to preferential water flow resulting in
much higher values of hydraulic conductivity than those mea-
sured on the samples at the laboratory scale. These obser-
vations underline the necessity to carry out further compre-
hensive in situ studies through the instrumentation of the VZ
materials with innovative hydrogeological and geophysical
sensors, which will allow data acquisition over a long time
and help simulating one- or three-dimensional water flow and
solute transport at larger scales. This will allow a better under-
standing of transport processes in the VZ of the vulnerable
Beauce limestone aquifer and help sustainable management
and preservation of the water resource.

A C K N O W L E D G M E N T S
This study was conducted within the framework of the O-ZNS
project which is part of PIVOTS project (https://plateformes-
pivots.eu/o-zns/?lang=en). We gratefully acknowledge the
financial support provided to the PIVOTS project by the
Région Centre-Val de Loire (ARD 2020 program and CPER
2015−2020) and the French Ministry of Higher Education
and Research (CPER 2015−2020 and public service sub-
sidy to BRGM). This operation is co-funded by European
Union. Europe is committed to the Centre-Val de Loire region
with the European Regional Development Fund. This research
work was co-funded by the Labex VOLTAIRE (ANR-10-
LABX-100-01). We also gratefully acknowledge Stephane
Ruy (UMR 1114 EMMAH INRA-UAPV) for having allowed
us to access his laboratory and use the WP4C Dewpoint
Potentiometer.

AU T H O R C O N T R I B U T I O N S
Carlos Aldana: Conceptualization; Data curation; Formal
analysis; Investigation; Visualization; Writing-original draft.
Arnaud Isch: Conceptualization; Data curation; Formal
analysis; Investigation; Methodology; Resources; Software;

https://plateformes-pivots.eu/o-zns/?lang=en
https://plateformes-pivots.eu/o-zns/?lang=en


20 of 22 ALDANA ET AL.Vadose Zone Journal

Validation; Visualization; Writing-original draft; Writing-
review & editing. Ary Bruand: Conceptualization; Funding
acquisition; Project administration; Supervision; Writing-
review & editing. Mohamed Azaroual: Conceptualization;
Funding acquisition; Project administration; Resources;
Supervision; Writing-review & editing. Yves Coquet: Con-
ceptualization; Formal analysis; Project administration;
Resources; Supervision; Validation; Writing-review &
editing.

C O N F L I C T O F I N T E R E S T
The authors declare no conflict of interest.

O R C I D
Arnaud Isch https://orcid.org/0000-0001-6318-3420
Ary Bruand https://orcid.org/0000-0001-6914-297X
Mohamed Azaroual https://orcid.org/0000-0001-5541-
3396
Yves Coquet https://orcid.org/0000-0001-6458-5763

R E F E R E N C E S
Ackerer, P., & Delay, F. (2010). Inversion of a set of well-test interfer-

ences in a fractured limestone aquifer by using an automatic down-
scaling parameterization technique. Journal of Hydrology, 389, 42–
56. https://doi.org/10.1016/j.jhydrol.2010.05.020

AFNOR. (1992). Norme française pour la reconnaissance et
essais de sols. Analyse granulométrique. . Méthode par
sédimentation (NF P 94-057). Association Française de
Normalisation.

AFNOR. (1996a). Norme française pour la reconnaissance et essais de
sols. Analyse granulométrique. Méthode par tamisage à sec après
lavage (NF P 94-056). Association Française de Normalisation.

AFNOR. (1996b). Norme française pour la reconnaissance et essais
de sols. Détermination de la teneur en carbonate. . Méthode du cal-
cimètre (NF P 94-048). Association Française de Normalisation.

AFNOR. (2014). Déchets-Détermination en laboratoire du coefficient de
perméabilité à saturation d’un matériau-Perméamètre à paroi flex-
ible à gradient hydraulique constant (NF X 30-443). Association
Française de Normalisation.

Aisopou, A., Binning, P. J., Albrechtsen, H. J., & Bjerg, P. L. (2015).
Modeling the factors impacting pesticide concentrations in groundwa-
ter wells. Groundwater, 53, 722–736. https://doi.org/10.1111/gwat.
12264

Aksu, I., Bazilevskaya, E., & Karpyn, Z. T. (2015). Swelling of clay min-
erals in unconsolidated porous media and its impact on permeability.
GeoResJ, 7, 1–13. https://doi.org/10.1016/j.grj.2015.02.003

Aldana, C. (2019). Etude des propriétés de transfert de la zone non sat-
urée. Application aux Calcaires Aquitaniens de l’aquifère de Beauce
(Doctoral dissertation, Université d’Orléans).

Amraoui, N., &Thiéry, D. (2017). Projet ESPOL : Modélisation à dif-
férentes échelles de l’écoulement et du transport dans le sol et la
zone non saturée (Rapport final. BRGM/RP-67056FR). Bureau de
Recherches Géologiques et Minières.

Assouline, S., & Or, D. (2013). Conceptual and parametric represen-
tation of soil hydraulic properties: A review. Vadose Zone Journal,
12(4). https://doi.org/10.2136/vzj2013.07.0121

Audouin, O., & Bodin, J. (2008). Cross-borehole slug test analysis in
a fractured limestone aquifer. Journal of Hydrology, 348, 510–523.
https://doi.org/10.1016/j.jhydrol.2007.10.021

Baize, D., & Girard, M. C. (2009). Référentiel pédologique 2008. Quae.
Bittelli, M., & Flury, M. (2009). Errors in water retention curves

determined with pressure plates. Soil Science Society of America
Journal, 73, 1453–1460. https://doi.org/10.2136/sssaj2008.0082

Bordoni, M., Bittelli, M., Valentino, R., Chersich, S., & Meisina, C.
(2017). Improving the estimation of complete field soil water charac-
teristic curves through field monitoring data. Journal of Hydrology,
552, 283–305. https://doi.org/10.1016/j.jhydrol.2017.07.004

Caputo, M. C., & Nimmo, J. R. (2005). Quasi-steady centrifuge method
for unsaturated hydraulic properties: Technical note. Water Resources
Research, 41(11). https://doi.org/10.1029/2005WR003957

Chapuis, R. P. (2004). Permeability tests in rigid-wall permeameters:
Determining the degree of saturation, its evolution, and its influ-
ence of test results. Geotechnical Testing Journal, 27, 304–313.
https://doi.org/10.1520/GTJ10905

Chapuis, R. P. (2012). Predicting the saturated hydraulic conductivity of
soils: A review. Bulletin of Engineering Geology and the Environ-
ment, 71, 401–434. https://doi.org/10.1007/s10064-012-0418-7

Cresswell, H. P., Green, T. W., & Mckenzie, N. J. (2008). The adequacy
of pressure plate apparatus for determining soil water retention. Soil
Science Society of America Journal, 72, 41–49. https://doi.org/10.
2136/sssaj2006.0182

Cunningham, K. J., Sukop, M. C., Huang, H., Alvarez, P. F., Curran, H.
A., Renken, R. A., & Dixon, J. F. (2009). Prominence of ichnologi-
cally influenced macroporosity in the karst Biscayne aquifer: Strati-
form “super-K” zones. Geological Society of America Bulletin, 121,
164–180. https://doi.org/10.1130/B26392.1

Dar, F. A., Arora, T., Warsi, T., Devi, A. R., Wajihuddin, M.d., Grutza-
mer, G., Bodhankar, N., & Ahmed, S. (2017). 3-D hydrogeological
model of limestone aquifer for managed aquifer recharge in Raipur of
central India. Carbonates and Evaporites, 32, 459–471. https://doi.
org/10.1007/s13146-016-0304-7

DDT. (2016). Masse d’eau souterraine FRGG092 “Calcaires tertiaires
libres de Beauce.” Direction départementale des territoires du Loiret.
Service eau, environnement et forêt.

de Frutos Cachorro, J., Erdlenbruch, K., & Tidball, M. (2017). A
dynamic model of irrigation and land-use choice: Application to the
Beauce aquifer in France. European Review of Agricultural Eco-
nomics, 44, 99–120. https://doi.org/10.1093/erae/jbw005

Duval, O., & Isambert, M. (1992). Notice explicative de la carte
pédologique de Villamblain (Beauce) au 1/10 000e, Contrat de
recherche site expérimental de Villamblain, rapport période 1991–
1992. SESCPF-INRA.

Eching, S. O., Hopmans, J. W., & Wendroth, O. (1994). Unsaturated
hydraulic conductivity from transient multistep outflow and soil water
pressure data. Soil Science Society of America Journal, 58, 687–695.
https://doi.org/10.2136/sssaj1994.03615995005800030008x

Flipo, N., Monteil, C., Poulin, M., de Fouquet, C., & Krimissa, M.
(2012). Hybrid fitting of a hydrosystem model: Long-term insight into
the Beauce aquifer functioning (France). Water Resources Research,
48, W05509. https://doi.org/10.1029/2011WR011092

Fredlund, D. G., & Rahardjo, H. (1993). Soil mechanics for unsaturated
soils: Fredlund/soil mechanics for unsaturated soils. John Wiley &
Sons.

Gardner, W. R. (1956). Calculation of capillary conductivity from
pressure plate outflow data. Soil Science Society of America

https://orcid.org/0000-0001-6318-3420
https://orcid.org/0000-0001-6318-3420
https://orcid.org/0000-0001-6914-297X
https://orcid.org/0000-0001-6914-297X
https://orcid.org/0000-0001-5541-3396
https://orcid.org/0000-0001-5541-3396
https://orcid.org/0000-0001-5541-3396
https://orcid.org/0000-0001-6458-5763
https://orcid.org/0000-0001-6458-5763
https://doi.org/10.1016/j.jhydrol.2010.05.020
https://doi.org/10.1111/gwat.12264
https://doi.org/10.1111/gwat.12264
https://doi.org/10.1016/j.grj.2015.02.003
https://doi.org/10.2136/vzj2013.07.0121
https://doi.org/10.1016/j.jhydrol.2007.10.021
https://doi.org/10.2136/sssaj2008.0082
https://doi.org/10.1016/j.jhydrol.2017.07.004
https://doi.org/10.1029/2005WR003957
https://doi.org/10.1520/GTJ10905
https://doi.org/10.1007/s10064-012-0418-7
https://doi.org/10.2136/sssaj2006.0182
https://doi.org/10.2136/sssaj2006.0182
https://doi.org/10.1130/B26392.1
https://doi.org/10.1007/s13146-016-0304-7
https://doi.org/10.1007/s13146-016-0304-7
https://doi.org/10.1093/erae/jbw005
https://doi.org/10.2136/sssaj1994.03615995005800030008x
https://doi.org/10.1029/2011WR011092


ALDANA ET AL. 21 of 22Vadose Zone Journal

Journal, 20, 317–320. https://doi.org/10.2136/sssaj1956.
03615995002000030006x

Gravereau, P. (2012). Introduction à la pratique de la diffraction des
rayons X par les poudres. . 3rd cycle. Diffraction des rayons X par
les poudres, Université Bordeaux.

Gribb, M. M., Kodesova, R., & Ordway, S. E. (2004). Comparison of soil
hydraulic property measurement methods. Journal of Geotechnical
and Geoenvironmental Engineering, 130, 1084–1095. https://doi.org/
10.1061/(ASCE)1090-0241(2004)130:10(1084)

Huang, S., Fredlund, D. G., & Barbour, S. L. (1998). Measurement of the
coefficient of permeability for a deformable unsaturated soil using a
triaxial permeameter. Canadian Geotechnical Journal, 35, 426–432.
https://doi.org/10.1139/t98-011

IUSS Working Group WRB. (2015). World Reference Base for soil
resources 2014, update 2015. International soil classification sys-
tem for naming soils and creating legends for soil maps (World Soil
Resources Rep. 106). FAO.

Legchenko, A., Baltassat, J. M., Duwig, C., Boucher, M., Girard, J. F.,
Soruco, A., Beauce, A., Mathieu, F., Legout, C., Descloitres, M.,
& Gabriela Patricia, F. A. (2020). Time-lapse magnetic resonance
sounding measurements for numerical modeling of water flow in vari-
ably saturated media. Journal of Applied Geophysics, 175, 103984.
https://doi.org/10.1016/j.jappgeo.2020.103984

Lejars, C., Fusillier, J. L., Bouarfa, S., Coutant, C., Brunel, L., &
Rucheton, G. (2012). Limitation of agricultural groundwater uses in
Beauce (France): What are the impacts on farms and on the food-
processing sector. Irrigation and Drainage, 61, 54–64. https://doi.org/
10.1002/ird.1659

Lekshmi S. U. S., Singh, D. N., & Shojaei Baghini, M. (2014). A criti-
cal review of soil moisture measurement. Measurement, 54, 92–105.
https://doi.org/10.1016/j.measurement.2014.04.007

Makhnenko, R. Y., & Labuz, J. F. (2013). Saturation of porous rock
and measurement of the b coefficient. Paper presented at the 47th
U.S. Rock Mechanics/Geomechanics Symposium, San Francisco,
CA. https://doi.org/10.13140/RG.2.1.1373.3604

Masrouri, F., Bicalho, K. V., & Kawai, K. (2008). Laboratory hydraulic
testing in unsaturated soils. Geotechnical and Geological Engineer-
ing, 26, 691–704. https://doi.org/10.1007/s10706-008-9202-7

Maurice, L. D., Atkinson, T. C., Barker, J. A., Williams, A. T., &
Gallagher, A. J. (2012). The nature and distribution of flowing
features in a weakly karstified porous limestone aquifer. Journal
of Hydrology, 438–439, 3–15. https://doi.org/10.1016/j.jhydrol.2011.
11.050

Ménillet, F., & Edwards, N. (2000). The Oligocene–Miocene Cal-
caires de Beauce (Beauce Limestones), Paris Basin, France. In E.
H. Gierlowski-Kordesch & K. R. Kelts (Eds), Lake basins through
space and time: AAPG Studies in Geology (Vol. 46, pp. 417–424).
https://doi.org/10.1306/St46706C38

Meunier, A. (2005). Clays (1st ed.). Springer.
Michot, D., Benderitter, Y., Dorigny, A., Nicoullaud, B., King, D., &

Tabbagh, A. (2003). Spatial and temporal monitoring of soil water
content with an irrigated corn crop cover using surface electrical resis-
tivity tomography. Water Resources Research, 39(5). https://doi.org/
10.1029/2002WR001581

Monteith, J. L. (1965). Evaporation and environment. Symposia of the
Society for Experimental Biology, 19, 205–234.

Mosthaf, K., Brauns, B., Fjordbøge, A. S., Rohde, M. M., Kerrn-
Jespersen, H., Bjerg, P. L., Binning, P. J., & Broholm, M. M. (2018).
Conceptualization of flow and transport in a limestone aquifer by mul-

tiple dedicated hydraulic and tracer tests. Journal of Hydrology, 561,
532–546. https://doi.org/10.1016/j.jhydrol.2018.04.011

Mualem, Y. (1976). A new model for predicting the hydraulic conduc-
tivity of unsaturated porous media. Water Resources Research, 12,
513–522. https://doi.org/10.1029/WR012i003p00513

Nolz, R. (2016). A review on the quantification of soil water bal-
ance components as a basis for agricultural water management
with a focus on weighing lysimeters and soil water sensors /Ein
Überblick über die Ermittlung von Wasserhaushaltsgrößen als Basis
für die landeskulturelle Wasserwirtschaft mit Fokus auf Lysime-
ter und Bodenwassersensoren. Die Bodenkultur: Journal of Land
Management, Food and Environment, 67(3). https://doi.org/10.1515/
boku-2016-0012

Ould Mohamed, S. (1995). Etude du fonctionnement hydrique hivernal
d’un sol limono-argileux de Petite Beauce : Application d’un modèle
d’infiltration et incidence sur la lixiviation du nitrate (Doctoral dis-
sertation, Université d’Orléans).

Ould Mohamed, S., & Bruand, A. (1994). Morphology and origin of
secondary calcite in soils from Beauce, France. In A. J. Ringrose-
Voase & G. S. Humphreys (Eds), Developments in soil science (Vol.
22, pp. 27–36). https://doi.org/10.1016/S0166-2481(08)70395-7

Ould Mohamed, S., Bruand, A., Raison, L., Bruckler, L., Bertuzzi,
P., & Guillet, B. (1997). Estimating long-term drainage at a
regional scale using a deterministic model. Soil Science Society of
America Journal, 61, 1473–1482. https://doi.org/10.2136/sssaj1997.
03615995006100050027x

Patil, N. G., & Singh, S. K. (2016). Pedotransfer functions for estimat-
ing soil hydraulic properties: A review. Pedosphere, 26, 417–430.
https://doi.org/10.1016/S1002-0160(15)60054-6

Putnis, A. (2002). Mineral replacement reactions: From macroscopic
observations to microscopic mechanisms. Mineralogical Magazine,
66, 689–708. https://doi.org/10.1180/0026461026650056

Richards, L. A. (1931). Capillary conduction of liquids through porous
mediums. Journal of Applied Physics, 1, 318–333. https://doi.org/10.
1063/1.1745010

Robinson, D. A., Campbell, C. S., Hopmans, J. W., Hornbuckle, B.
K., Jones, S. B., Knight, R., Ogden, F., Selker, J., & Wendroth, O.
(2008). Soil moisture measurement for ecological and hydrological
watershed-scale observatories: A review. Vadose Zone Journal, 7,
358–389. https://doi.org/10.2136/vzj2007.0143

Russell, T., Pham, D., Neishaboor, M. T., Badalyan, A., Behr, A., Geno-
let, L., Kowollik, P., Zeinijahromi, A., & Bedrikovetsky, P. (2017).
Effects of kaolinite in rocks on fines migration. Journal of Natural
Gas Science and Engineering, 45, 243–255. https://doi.org/10.1016/
j.jngse.2017.05.020

Samingan, A. S., Leong, E. C., & Rahardjo, H. (2003). A flexible wall
permeameter for measurements of water and air coefficients of per-
meability of residual soils. Canadian Geotechnical Journal, 40, 559.
https://doi.org/10.1139/t03-015

Schaap, M. G., Leij, F. J., & van Genuchten, M. Th. (2001). Rosetta:
A computer program for estimating soil hydraulic parameters with
hierarchical pedotransfer functions. Journal of Hydrology, 251, 163–
176. https://doi.org/10.1016/S0022-1694(01)00466-8

Schelle, H., Iden, S. C., Peters, A., & Durner, W. (2010). Analysis of
the agreement of soil hydraulic properties obtained from multistep-
outflow and evaporation methods. Vadose Zone Journal, 9, 1080–
1091. https://doi.org/10.2136/vzj2010.0050

Schindler, U., & Müller, L. (2006). Simplifying the evaporation
method for quantifying soil hydraulic properties. Journal of Plant

https://doi.org/10.2136/sssaj1956.03615995002000030006x
https://doi.org/10.2136/sssaj1956.03615995002000030006x
https://doi.org/10.1061/(ASCE)1090-0241(2004)130:10(1084)
https://doi.org/10.1061/(ASCE)1090-0241(2004)130:10(1084)
https://doi.org/10.1139/t98-011
https://doi.org/10.1016/j.jappgeo.2020.103984
https://doi.org/10.1002/ird.1659
https://doi.org/10.1002/ird.1659
https://doi.org/10.1016/j.measurement.2014.04.007
https://doi.org/10.13140/RG.2.1.1373.3604
https://doi.org/10.1007/s10706-008-9202-7
https://doi.org/10.1016/j.jhydrol.2011.11.050
https://doi.org/10.1016/j.jhydrol.2011.11.050
https://doi.org/10.1306/St46706C38
https://doi.org/10.1029/2002WR001581
https://doi.org/10.1029/2002WR001581
https://doi.org/10.1016/j.jhydrol.2018.04.011
https://doi.org/10.1029/WR012i003p00513
https://doi.org/10.1515/boku-2016-0012
https://doi.org/10.1515/boku-2016-0012
https://doi.org/10.1016/S0166-2481(08)70395-7
https://doi.org/10.2136/sssaj1997.03615995006100050027x
https://doi.org/10.2136/sssaj1997.03615995006100050027x
https://doi.org/10.1016/S1002-0160(15)60054-6
https://doi.org/10.1180/0026461026650056
https://doi.org/10.1063/1.1745010
https://doi.org/10.1063/1.1745010
https://doi.org/10.2136/vzj2007.0143
https://doi.org/10.1016/j.jngse.2017.05.020
https://doi.org/10.1016/j.jngse.2017.05.020
https://doi.org/10.1139/t03-015
https://doi.org/10.1016/S0022-1694(01)00466-8
https://doi.org/10.2136/vzj2010.0050


22 of 22 ALDANA ET AL.Vadose Zone Journal

Nutrition and Soil Science, 169, 623–629. https://doi.org/10.1002/
jpln.200521895

Schnebelen, N., Ledoux, E., Bruand, A., & Creuzot, G. (1999). Strati-
fication hydrogéochimique et écoulements verticaux dans l’aquifère
des calcaires de Beauce (France): Un système anthropisé à forte vari-
abilité spatiale et temporelle. Comptes Rendus de l’Académie des Sci-
ences - Series IIA - Earth and Planetary Science, 329, 421–428.
https://doi.org/10.1016/S1251-8050(00)80066-X

Shahbazi, A., Saeidi, A., & Chesnaux, R. (2020). A review of exist-
ing methods used to evaluate the hydraulic conductivity of a frac-
tured rock mass. Engineering Geology, 265, 105438. https://doi.org/
10.1016/j.enggeo.2019.105438

Šimůnek, J., van Genuchten, M. Th., & Šejna, M. (2016). Recent devel-
opments and applications of the HYDRUS computer software pack-
ages. Vadose Zone Journal, 15(7). https://doi.org/10.2136/vzj2016.
04.0033

Singh, G., Kaur, G., Williard, K., Schoonover, J., & Kang, J. (2018).
Monitoring of water and solute transport in the vadose zone: A review.
Vadose Zone Journal, 17, 160058. https://doi.org/10.2136/vzj2016.
07.0058

Sisson, J. B., & van Genuchten, M. Th. (1991). An improved analy-
sis of gravity drainage experiments for estimating the unsaturated
soil hydraulic functions. Water Resources Research, 27, 569–575.
https://doi.org/10.1029/91WR00184

Somogyvári, M., Bayer, P., & Brauchler, R. (2016). Travel-time-based
thermal tracer tomography. Hydrology and Earth System Sciences,
20, 1885–1901. https://doi.org/10.5194/hess-20-1885-2016

Tiab, D., & Donaldson, E. (2004). Petrophysics. Theory and practice of
measuring reservoir rock and fluid transport properties. Gulf Profes-
sional Publishing.

USDA. (2012). Field book for describing and sampling soils, version
3.0. National Soil Survey Center.

van Dam, J. C., Stricker, J. N. M., & Droogers, P. (1992). Inverse method
for determining soil hydraulic functions from one-step outflow exper-
iments. Soil Science Society of America Journal, 56, 1042–1050.
https://doi.org/10.2136/sssaj1992.03615995005600040007x

van Dam, J. C., Stricker, J. N. M., & Droogers, P. (1994). Inverse
method to determine soil hydraulic functions from multistep outflow
experiments. Soil Science Society of America Journal, 58, 647–652.
https://doi.org/10.2136/sssaj1994.03615995005800030002x

van den Berg, E. H., Perfect, E., Tu, C., Knappett, P. S. K., Leao, T. P.,
& Donat, R. W. (2009). Unsaturated hydraulic conductivity measure-
ments with centrifuges: A review. Vadose Zone Journal, 8, 531–547.
https://doi.org/10.2136/vzj2008.0119

van Genuchten, M. Th. (1980). A closed-form equation for predicting
the hydraulic conductivity of unsaturated soils. Soil Science Society
of America Journal, 44, 892–898. https://doi.org/10.2136/sssaj1980.
03615995004400050002x

van Genuchten, M. Th., Leij, F. J., & Yates, S. R. (1991). The RETC
code for quantifying hydraulic functions of unsaturated soils. Robert
S. Kerr Environmental Research Laboratory.

Vanapalli, S. K., Nicotera, M. V., & Sharma, R. S. (2008). Axis trans-
lation and negative water column techniques for suction control.
Geotechnical and Geological Engineering, 26, 645. https://doi.org/
10.1007/s10706-008-9206-3

Velde, B., & Meunier, A. (2008). The origin of clay minerals in soils and
weathered rocks. Springer.

Vereecken, H., Huisman, J. A., Bogena, H., Vanderborght, J., Vrugt, J.
A., & Hopmans, J. W. (2008). On the value of soil moisture mea-
surements in vadose zone hydrology: A review. Water Resources
Research, 44, W00D06. https://doi.org/10.1029/2008WR006829

Vereecken, H., Schnepf, A., Hopmans, J. W., Javaux, M., Or, D., Roose,
T., Vanderborght, J., Young, M. H., Amelung, W., Aitkenhead, M.,
Allison, S. D., Assouline, S., Baveye, P., Berli, M., Brüggemann, N.,
Finke, P., Flury, M., Gaiser, T., Govers, G., . . . Young, I. M. (2016).
Modeling soil processes: Review, key challenges, and new perspec-
tives. Vadose Zone Journal, 15(5). https://doi.org/10.2136/vzj2015.
09.0131

Vereecken, H., Weynants, M., Javaux, M., Pachepsky, Y., Schaap, M. G.,
& van Genuchten, M. Th. (2010). Using pedotransfer functions to esti-
mate the van Genuchten–Mualem soil hydraulic properties: A review.
Vadose Zone Journal, 9, 795–820. https://doi.org/10.2136/vzj2010.
0045

Wendroth, O., Ehlers, W., Hopmans, J. W., Kage, H., Halbertsma, J.,
& Wösten, J. H. M. (1993). Reevaluation of the evaporation method
for determining hydraulic functions in unsaturated soils. Soil Science
Society of America Journal, 57, 1436–1443. https://doi.org/10.2136/
sssaj1993.03615995005700060007x

Whalley, W. R., Ober, E. S., & Jenkins, M. (2013). Measurement of the
matric potential of soil water in the rhizosphere. Journal of Experi-
mental Botany, 64, 3951–3963. https://doi.org/10.1093/jxb/ert044

Williams, A., Bloomfield, J., Griffiths, K., & Butler, A. (2006). Char-
acterising the vertical variations in hydraulic conductivity within the
Chalk aquifer. Journal of Hydrology, 330, 53–62. https://doi.org/10.
1016/j.jhydrol.2006.04.036

Wilson, L., Wilson, M. J., Green, J., & Patey, I. (2014). The influence
of clay mineralogy on formation damage in North Sea reservoir sand-
stones: A review with illustrative examples. Earth-Science Reviews,
134, 70–80. https://doi.org/10.1016/j.earscirev.2014.03.005

Worthington, S. R. H., Davies, G. J., & Alexander, E. C. (2016).
Enhancement of bedrock permeability by weathering. Earth-Science
Reviews, 160, 188–202. https://doi.org/10.1016/j.earscirev.2016.07.
002

Yates, S. R., van Genuchten, M. Th., Warrick, A. W., & Leij, F. J.
(1992). Analysis of measured, predicted, and estimated hydraulic con-
ductivity using the RETC computer program. Soil Science Society
of America Journal, 56, 347–354. https://doi.org/10.2136/sssaj1992.
03615995005600020003x

Zhang, Y., & Schaap, M. G. (2019). Estimation of saturated hydraulic
conductivity with pedotransfer functions: A review. Journal of
Hydrology, 575, 1011–1030. https://doi.org/10.1016/j.jhydrol.2019.
05.058

How to cite this article: Aldana, C., Isch, A.,
Bruand, A., Azaroual, M., & Coquet, Y. Relationship
between hydraulic properties and material features in
a heterogeneous vadose zone of a vulnerable
limestone aquifer. Vadose Zone J. 2021;20:e20127.
https://doi.org/10.1002/vzj2.20127

https://doi.org/10.1002/jpln.200521895
https://doi.org/10.1002/jpln.200521895
https://doi.org/10.1016/S1251-8050(00)80066-X
https://doi.org/10.1016/j.enggeo.2019.105438
https://doi.org/10.1016/j.enggeo.2019.105438
https://doi.org/10.2136/vzj2016.04.0033
https://doi.org/10.2136/vzj2016.04.0033
https://doi.org/10.2136/vzj2016.07.0058
https://doi.org/10.2136/vzj2016.07.0058
https://doi.org/10.1029/91WR00184
https://doi.org/10.5194/hess-20-1885-2016
https://doi.org/10.2136/sssaj1992.03615995005600040007x
https://doi.org/10.2136/sssaj1994.03615995005800030002x
https://doi.org/10.2136/vzj2008.0119
https://doi.org/10.2136/sssaj1980.03615995004400050002x
https://doi.org/10.2136/sssaj1980.03615995004400050002x
https://doi.org/10.1007/s10706-008-9206-3
https://doi.org/10.1007/s10706-008-9206-3
https://doi.org/10.1029/2008WR006829
https://doi.org/10.2136/vzj2015.09.0131
https://doi.org/10.2136/vzj2015.09.0131
https://doi.org/10.2136/vzj2010.0045
https://doi.org/10.2136/vzj2010.0045
https://doi.org/10.2136/sssaj1993.03615995005700060007x
https://doi.org/10.2136/sssaj1993.03615995005700060007x
https://doi.org/10.1093/jxb/ert044
https://doi.org/10.1016/j.jhydrol.2006.04.036
https://doi.org/10.1016/j.jhydrol.2006.04.036
https://doi.org/10.1016/j.earscirev.2014.03.005
https://doi.org/10.1016/j.earscirev.2016.07.002
https://doi.org/10.1016/j.earscirev.2016.07.002
https://doi.org/10.2136/sssaj1992.03615995005600020003x
https://doi.org/10.2136/sssaj1992.03615995005600020003x
https://doi.org/10.1016/j.jhydrol.2019.05.058
https://doi.org/10.1016/j.jhydrol.2019.05.058
https://doi.org/10.1002/vzj2.20127

	Relationship between hydraulic properties and material features in a heterogeneous vadose zone of a vulnerable limestone aquifer
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Description of the Beauce aquifer system
	2.2 | Location of the study site, climate, and water table level data
	2.3 | In situ sampling of the VZ
	2.4 | Hydraulic properties measurements
	2.5 | Bulk physical properties measurements
	2.6 | Mineralogical and geochemical analyses
	2.7 | Simulation of the water flow in the VZ
	2.7.1 | General assumptions
	2.7.2 | Representation of the VZ profile
	2.7.3 | Initial and boundary conditions
	2.7.4 | Parameterization of the model


	3 | RESULTS AND DISCUSSION
	3.1 | Lithological description and physical properties of the VZ materials
	3.2 | Saturated hydraulic properties of the VZ materials
	3.3 | Unsaturated hydraulic properties of the VZ materials
	3.4 | Relationships between the hydraulic properties and the physical, mineralogical, and geochemical characteristics of the VZ materials
	3.4.1 | Soft materials (soil, powdery limestone, and calcareous sand interbeds samples)
	3.4.2 | Hard materials (limestone rock samples)

	3.5 | Application to the simulation of water flow through the VZ profile
	3.6 | Summary of the results

	4 | CONCLUSION
	ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST
	ORCID
	REFERENCES


