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Abstract Some portions of the porous rock matrix in the karst
unsaturated zone (UZ) can contain large volumes of water and
play a major role in water flow regulation. The essential re-
sults are presented of a local-scale study conducted in 2011
and 2012 above the Low Noise Underground Laboratory
(LSBB — Laboratoire Souterrain a Bas Bruit) at Rustrel, south-
eastern France. Previous research revealed the geological
structure and water-related features of the study site and illus-
trated the feasibility of specific hydrogeophysical measure-
ments. In this study, the focus is on hydrodynamics at the
seasonal and event timescales. Magnetic resonance sounding
(MRS) measured a high water content (more than 10 %) in a
large volume of rock. This large volume of water cannot be
stored in fractures and conduits within the UZ. MRS was also
used to measure the seasonal variation of water stored in the
karst UZ. A process-based model was developed to simulate
the effect of vegetation on groundwater recharge dynamics. In
addition, electrical resistivity tomography (ERT) monitoring
was used to assess preferential water pathways during a rain
event. This study demonstrates the major influence of water
flow within the porous rock matrix on the UZ hydrogeological
functioning at both the local (LSBB) and regional (Fontaine
de Vaucluse) scales. By taking into account the role of the
porous matrix in water flow regulation, these findings may
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significantly improve karst groundwater hydrodynamic
modelling, exploitation, and sustainable management.

Keywords Karst - France - Hydrogeophysics - Carbonate
rocks - Matrix porosity

Introduction

Karstified rocks cover a large portion of the world’s surface
(Gunn 2004), particularly around the Mediterranean Sea
(Bakalowicz and Dérfliger 2005). Unfortunately the complex-
ity of karst hydrosystems continues to impede sustainable wa-
ter exploitation and management (e.g. Mangin 1975;
Bakalowicz 1995; Ford and Williams 2007; Goldscheider
and Drew 2007; White 2007). In the context of climate
change, additional stress on water resources may require more
intense exploitation of karst hydrosystem water resources.
These factors and sustainable management require improved
knowledge about how karst hydrosystems function.

Karst is a complex medium with multi-scale heterogeneity.
Water flow pathways are present throughout the entire medi-
um, from rock matrix to fractures and karst features (Fig. 1).
The hydrodynamic role of these water pathways is still poorly
understood (e.g. Bailly-Comte et al. 2010) and water flow
regulation within karst hydrosystems remains an important
issue. On one hand, karst hydrosystems have high permeabil-
ity because a large amount of water moves quickly through
karst conduits and rapid pressure transfer occurs. On the other
hand, karst hydrosystems provide an important buffer effect
because spring discharge remains high even during long dry
periods, as at the Fontaine de Vaucluse spring in France.
Several hypotheses have been advanced to explain the impor-
tant water flow regulation capacity of karst hydrosystems: (1)
significant water storage within the saturated zone in karst
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Fig. 1 Karst system model
showing the Fontaine de Vaucluse
hydrosystem and the Low Noise
Underground Laboratory of
Rustrel (LSBB)
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conduits (e.g. Mangin 1975; Marsaud 1996); (2) water storage
in the epikarst (fractured and weathered near-surface karst;
e.g. Aquilina et al. 2006; Ford and Williams 2007); and (3)
delayed infiltration or travel time within the entire unsaturated
zone (UZ; e.g. Celle-Jeanton et al. 2003; Emblanch et al.
2003; Mudarra and Andreo 2010; Mudarra et al. 2012).
However, this regulation capacity within the UZ is not related
to identified geological features (e.g. fractures, matrix).
Finally, few researchers consider water storage in the UZ zone
to be significant enough to play a role in water flow regulation
and the capacitive function of karst.

Due to these complexities, distributed hydrogeological
modeling of karst systems remains difficult to implement
and is not often done (e.g. Kiraly 1998; Larocque et al.
1999; Scanlon et al. 2003; Worthington 2009; Worthington
and Ford 2009). The usual approach to karst hydrosystems
is the so-called “black box” model (e.g. Mangin 1975;
Marsaud 1996; Labat et al. 2000a, b; Rimmer and Salingar
2006; Fleury et al. 2007; Moussu et al. 2011; Hartmann et al.
2012). However, “black box” models are site-specific. The
lack of physics and geology in such models makes their trans-
fer difficult from one karst system to another. Moreover,
“black-box” modeling (e.g. Fleury et al. 2007) and
hydrochemical estimates (e.g. Batiot et al. 2003) have indicat-
ed large residence time differences within a single karst
hydrosystem.

Most techniques traditionally used in hydrogeology are of
limited success in a complex and heterogeneous media such as
karst (Bakalowicz 2005). Hydrogeologists often apply tech-
niques commonly used in surface hydrology such as natural
and artificial tracers or rainfall/runoff models. In recent years,
surface-based geophysics was added to the methodological
suite to improve the analysis of spatial and temporal variabil-
ity of underground properties (Berkowitz 2002). Numerous
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techniques are available, each with its strengths and
weaknesses. Chalikakis et al. (2011) proposed a general over-
view of geophysical methods for karst media and more
recently Kaufmann and Deceuster (2014) published an over-
view on the use of geophysical surveys to detect ghost rock. In
recent years, an increasing number of hydrogeophysical pro-
jects aimed at studies of karst hydrogeological functioning
have appeared (e.g. Jacob et al. 2008, 2009, 2010; Gondwe
et al. 2010; Zhu et al. 2011; Deville 2013; Mazzilli et al.
2013).

This report presents an integrated hydrogeophysical ap-
proach based on several ground-based geophysical methods
combined with geological and hydrogeological techniques.
This integrated approach provides additional insight into karst
UZ structure and functioning. It also proposes a conceptual
hydrogeological model to explain the multi-annual dynamics
of the studied karst hydrosystem. This conceptual model will
likely promote additional and more accurate hydrodynamic
modeling. The methodological approach was developed and
tested in a typical Mediterranean karst hydrosystem observa-
tory: The Fontaine de Vaucluse — Low Noise Underground
Laboratory (LSBB) karst watershed.

Experimental site
General geological and hydrogeological context

The LSBB, a nearly horizontal underground passageway orig-
inally dug for military purposes, was converted to a research
laboratory in 1997 (Figs. 1 and 2c). It is situated in the
Fontaine de Vaucluse hydrosystem karst UZ, in the village
of Rustrel. The rock cover over the passageway ranges in
thickness from 0 to 519 m depending on the topography.
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Fig.2 a The Fontaine de Vaucluse basin located in France; b The Rustrel
experimental site located in the Fontaine de Vaucluse basin; ¢ Excerpt of
local geological map, No. 942 (after Blanc et al. 1973); d Total porosity of

The general saturated zone of the karst system is approximate-
ly 400 m beneath the LSBB. The 3.8-km-long passageway
traverses the karst medium and arbitrarily intersects faults
and karst networks. As a result, the passageway also intersects
some flow paths in the UZ. Since 2003, more than 61 flow
points have been identified and studied within the laboratory.
Three of the flow points are permanent and 58 are temporary;
they are located between approximate depths of 33 and 440 m
(Garry 2007; Blondel 2008; Barbel-Perineau 2013).

One permanent flow point is located 33 m below the sur-
face at the western extremity of the LSBB passageway
(Fig. 2c). This point, called “point D,” has an average
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discharge of approximately 130 ml/min (Perineau et al.
2011). The flow at point D is of great hydrogeological interest
because it occurs in a featureless zone in a karst environment:
no major fault, no apparent karstification (in both surface,
exokarst, and at depth). Furthermore, it is located several tens
of meters below the so-called “epikarst” zone—according to
Mangin’s schema (Mangin 1975); however, it presents sur-
prisingly smooth water dynamics compared to other flow
points in the LSBB. The flow at D has sometimes increased
after a rain event, while at other times flow has remained
unchanged after a similar amount of rain (Barbel-Perineau
2013). The geological context associated with this puzzling
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hydrogeological behavior led to a research focus on the area
located above point D.

The study site is located within the Fontaine de Vaucluse
karst hydrosystem in southeastern France. The Fontaine de
Vaucluse is the largest karst spring in Europe; between 1877
and 2004 it produced an average daily outlet discharge of
19 m*/s (Cognard-Plancq et al. 2006). The catchment area is
approximately 1,115 km? (Fig. 2b) and the karst UZ is partic-
ularly thick; its average thickness is approximately 800 m
(Puig 1987). The large size is due to the presence of a nearly
1,500-m-thick massive and continuous limestone (Masse
1969, 1976) comprising Necomanian marls to upper Aptian
marls. A part of this carbonate platform is composed of reef
limestone, which may reach a thickness of approximately
450 m in the region (Fig. 2d). This reef limestone contains
Urgonian facies that are traditionally divided into three sub-
divisions: U1, U2, and U3 (Leenhardt 1883). A part of this
Urgonian limestone has exceptionally high total matrix
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Fig. 3 Comparison between different types of geological and
geophysical information: a regional lithostratigraphic log (Masse and
Fenerci-Masse 2011, modified); b 3D geological model (Ollivier et al.
2013) with 252-m-long electrical resistivity tomography (ERT) section
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porosity for a limestone and it covers at least half of the
Fontaine de Vaucluse catchment (e.g. Masse 1969; Léonide
et al. 2014); however, the role of this porosity in water dy-
namics is still unknown.

Local geological structure investigated in previous studies

The geological structure of the study site was investigated
using geophysical and geological surveys (Carricre et al.
2013) and geological modeling (Ollivier et al. 2013). To detect
geological structure, a combination of ground-penetrating ra-
dar (GPR) and electrical resistivity tomography (ERT) were
used to identify geological features that may impact ground-
water dynamics. The GPR results provide near-surface high-
resolution imaging, and thus can provide relevant geological
information such as stratification and fractures (Fig. 3b, c).
Despite the exceptional quality of the results, GPR’s investi-
gational depth remains limited to around 12 m. ERT is able to
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investigate down to 40 m, but it is an integrative technique that
has lower resolution than GPR. In the study area, the investi-
gated limestone is commonly an electrically resistive forma-
tion (more than 2,000 2.m). However, below a depth of 5—
7 m, the ERT profiles reveal several zones of moderate resis-
tivity (around 900 €2.m). In these zones, cross-stratifications
were clearly identified by GPR. The combination of both GPR
and ERT results, in addition to field geological studies and
geotechnical observations (recorded during underground pas-
sageway construction), lead to a well-founded geological in-
terpretation (Fig. 3). Cross-stratifications formed under certain
sedimentation conditions (high energy, for example) may
have produced a more porous limestone; however, during
the first phase of the study, it was impossible to determine
the exact role of the identified geological features. What are
the respective roles of the detected faults, fractures, or crushed
zones? Is it possible to monitor water recharge dynamics in the
moderate resistivity zone? These questions were answered
during the second phase of the study presented in this report.

Ollivier et al. (2013) performed geological modeling
(Fig. 3b) using GOCAD software to combine all available
geophysical, geological, and geotechnical information. This
geological modeling made it possible to propose a well-
founded interpretation for geological structures and to extend
the analysis of the site below the depth investigated by
geophysics.

An integrated hydrogeophysical approach: methods
and tools

The approach used in this study combines several tools (sur-
face based geophysics, geology and tectonics, geotechnical
information, hydrodynamics, and infiltration modeling) to ex-
plain the functioning of the local hydrosystem.

Effective infiltration assessment

To assess as accurately as possible the effective infiltra-
tion entering locally into the karst hydrosystem, ex-
changes between soil/plant/atmosphere were modeled
using CASTANEA (Davi et al. 2005; Dufréne et al.
2005). This model calculates the effective infiltration
by taking into account the following processes: canopy
water interception, tree transpiration, soil and litter
evaporation, dynamics of soil water content and drain-
age. This model is based on the Penmann-Monteith
equation for calculating evapo-transpiration. The model
includes the downregulation of soil drought on transpi-
ration via stomata closure. CASTANEA is a species-
specific model that considers features of the forest en-
vironment in the study area. CASTANEA was validated
in a similar environment (Mediterranean shrubby forest

with holm oak) at the Puéchabon site (southern France)
using eddy-covariance measurements (Davi et al. 2006;
Martin 2012). A requisite inventory of forest species
was conducted for a representative zone measuring
120 m x 20 m to define stand-specific input parameters;
it included a tree inventory to assess the standing bio-
mass, hemispherical photographs to assess the canopy
leaf area index (Davi et al. 2008), and soil pits to esti-
mate soil water content.

Meteorological data were recorded at the Centre
d’Information Régional Agro-Météorologique et
Economique (CIRAME) station at Saint Saturnin-les-Apt
(Fig. 2). Between 2004 and 2012, average daily temperatures
ranged between —7.2 and 28.7 °C. The average annual tem-
perature was 13.5 °C and the average annual rainfall was
660 mm.

Flow measurement

The discharge rate at point D has been monitored since 2003
to study the response of the UZ to natural rainfall events
(Garry 2007; Blondel 2008; Barbel-Perineau 2013). Flow
point D shows smooth hydrodynamic behavior even though
it is located at a depth of 33 m (Figs. 4 and 5).

Within the LSBB passageway, 42 other flow points have
also been monitored since 2003. In this report, a comparison
of point D to point C is given; these two points show the
maximum difference in terms of hydrodynamics. The mea-
surement frequency was almost weekly (349 measurement
campaigns at the end of 2012). Discharges are measured by
collecting water in a graduated cylinder over a period of time.

Geophysics implementation, acquisition strategy,
and field constraints

After extensive testing with a large array of geophysical
methods (electromagnetic, electric, gravimetric, and nuclear
magnetic resonance; Carriere 2014), two efficient and accu-
rate techniques were selected to study hydrodynamics at the
local scale (a few hundred meters squared): ERT and magnetic
resonance sounding (MRS). These geophysical techniques
make it possible to image temporal variation in complemen-
tary physical properties of the subsurface (until 90 m). This
variation may be related to variation in water content and thus
may shed light on hydrodynamic behavior.

Measurements at the study site were conducted at two time-
scales: (1) with a seasonal time step to detect rough variations,
and (2) with a short time step during a large rain event to detect
fast water flows. At the experimental site (Fig. 4), the slope,
the vegetation, and the gravel cover required extensive prep-
aration prior to measurements. The exact position of all geo-
physical measurements was calculated via the real time
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location of geophysical measurements discussed in this report

kinematic (RTK) acquisition method every 2 m using the dif-
ferential global positioning system (GPS) TRIMBLE 5800.

MRS

MRS is the only ground-based geophysical method that can
obtain a signal directly related to the presence of water to a
depth of several meters. MRS, which is designed for a quan-
titative description of aquifer formations, is based on the phe-
nomenon of hydrogen proton magnetic resonance. The MRS

array generates a signal with a specific frequency to excite the
hydrogen protons in water molecules, and the MRS signal
received is specifically related to groundwater (e.g.
Legchenko et al. 2002; Vouillamoz et al. 2003).

The minimal amount of time necessary to conduct an MRS
survey (approximately one day per sounding) and the high
cost of the equipment led to the use of this geophysical tech-
nique at the seasonal time step for imaging seasonal variations
in water content. Only two MRS surveys were repeated at the
seasonal time step and the results of both show the same
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dynamics. In this report, the temporal variability of only one
MRS sounding, MRS S2, is presented and discussed. This
sounding was chosen because it is located above the moderate
resistivity zone detected with ERT.

The acquisition system used is a Numis Plus by IRIS in-
struments. The measurements were collected in summer (July
2011) and in winter (January 2012). To integrate a large area
above water point D, a wide MRS array (80 x 80 m) was
chosen for these surveys. It is important to mention that for
both MRS surveys, electromagnetic noise was low compared
to signal amplitude (ratio signal to noise >1.5), ensuring inter-
pretability and comparability between measurements (e.g.
Legchenko et al. 2002).

The details of MRS results from this site were discussed
and presented by Mazzilli et al. (2012) and Chalikakis et al.
(2014). These results indicated the presence of a significant
amount of water in the UZ karst to a depth of 90 m (MRS
sometimes indicated a water content greater than 10 %). Eight
MRS were conducted at the experimental site to study the
spatial variability of MRS signals. All soundings exhibit sim-
ilar forms; however, significant lateral variation in water con-
tent was observed between soundings (Mazzilli et al. 2012),
revealing that the karst UZ is also a heterogeneous environ-
ment in terms of water content.

ERT

The ERT technique has been widely used in karst areas
because it is robust and reliable (e.g. Cardarelli et al.
2006; Robert et al. 2012). The sensitivity of electrical
resistivity to moisture variations and the rapidity of ERT
measurements (approximately 1 h per section) led to the
selection of this geophysical technique to image rapid
resistivity variation during heavy rainfall. During the
30-day campaign, ERT time-lapse acquisition ranged
from every 3 h during the rain event (17 days) to one
section a day after the rain event.

The acquisition system used is an ABEM Terrameter SAS
4000 (Dahlin 2001) with four channels and 64 electrodes.
Implantation of the ERT electrodes, mainly at limestone out-
crops, required holes that were mechanically dug into the
rock; saltwater and mud were added to ensure a good quality
ground contact. The ERT section LSBB03 acquired with
Gradient array is presented in this report (Fig. 4). The section
is oriented east-west. This direction is perpendicular to the
general slope, is sub-perpendicular to one of the main fault
and lineament directions, and is the most heterogeneous direc-
tion in terms of apparent resistivity spatial distribution
(Carricre et al. 2013). The Gradient array was chosen for this
survey because of its robustness and its rapidity (Dahlin and
Zhou 2004).

A portion of the first ERT results were presented by
Carriere et al. (2015) to evaluate the effectiveness and

technical limits of ERT to monitor water infiltration via pre-
viously recognized karst features under natural conditions.
Apparent (directly measured) resistivity (p,) analysis is not
usually considered in ERT surveys; however, Carriére et al.
(2015) demonstrate that with the current technology, in this
kind of complicated media, existing inversion schemes are not
adequate. It was hoped that raw results with no artifacts related
to inversion schemes could provide relevant information. If
one analyzes variation in resistivity of inverted sections, it is
only possible to observe general evolution of the near surface.
Due to its integrative character, the inversion process
smooths any fine variation even if one tries to observe
only inverted resistivity variation between two consecu-
tive time steps. In this context, apparent resistivity var-
iations (Ap,) between two consecutive time steps were
analyzed. These variations were normalized by the delay
(A7) between consecutive measurements (p, and p,_;;)
using the following equation.

p/rl 100
Ap = (P ) 22 1
on ( n ) o 1)

Results and interpretation

The hydrodynamics of flow points C and D as a function of
recharge (rain and effective infiltration) is presented first,
followed by the results of geophysical monitoring at both
seasonal and event timescales.

Flow dynamics versus rain and effective infiltration

Two hydrological periods can be observed: a dry period from
2004 to 2007 and a rainy period from 2008 to 2013 (Fig. 5;
Barbel-Perineau 2013). Effective infiltration modeling using
CASTANEA (Fig. 5) confirms this alternation of wet and dry
periods. One notes that effective infiltration is quite limited
between 2004 and 2007. Rigorous modeling of effective in-
filtration is essential in supporting subsequent interpretations
because the difference between rain and effective infiltration
can be quite large and can lead to misinterpretation.

During the first dry period, the water discharge at point D
generally decreases and there is no clear reaction during rain
events. On the contrary, during the second rainy period, this
water discharge increases and responses to rain events are
more apparent. The regularity of point D is obvious when
comparing variation ranges between points D and C.

Point C discharge is highly reactive to rainfall; it shows
typical karstic dynamics even though it is located at a depth
of 256 m (Fig. 5). Note that the reactivity of flow point D to a
rain event differs from dry period (no variation) to wet period
(rapid discharge increases for strong rainy events); however,
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the flow rate at point C increases proportionally with effective
infiltration in both dry and wet periods. Without more argu-
ments, it is difficult to explain the difference between D and C.
One can only point out that point D is located within porous
Urgonian limestone and C is located within lower Barremian
limestone (Fig. 2d).

Hydrogeophysical monitoring
Seasonal dynamics

MRS was used to detect the seasonal variation in storage in the
karst UZ between summer 2011 and winter 2012. In processed
MRS results (Fig. 3d), two layers reveal unusual water con-
tents for karst UZ. The first interval with high water content
(10 % water content according to MRS) is at a depth of ap-
proximately 15 m (above low point D); the other high water
content interval (12 % water content according to MRS) is
deeper than 40 m.

Although these elevated water contents are surprising for a
karst hydrosystem UZ, these values agree with the high po-
rosity estimated by other geophysical methods used at the
LSBB (Maufroy 2010; Beres 2013) and total matrix porosity
measured in plugs in the region (e.g. Masse 1969; Léonide et
al. 2014; Fig. 2d).

Significant temporal variations in MRS water content are
observed at several depth levels (Fig. 3d). The measured var-
iations are as high as 3 % water content, indicating that these
storage variations could participate in seasonal water flow
regulation in the karst UZ.

It is difficult to conceive that such a large volume of water
could be stored in fracture and conduit porosity of karst UZ.
For this reason, in this geological context where limestone can
be very porous, the majority of the water content can be at-
tributed to the porous matrix.

The high water content level detected by MRS near the
depth of 15 m corresponds to location of the cross-
stratifications and a moderate resistivity zone detected by
GPR and ERT (Fig. 3b, c). This feature probably contains a
stock of water located above point D, and supplies this water
to point D. Its hydrogeological role will be discussed in the
next section.

Event dynamics

This unique large-scale ERT surface-based experiment
was conducted during a typical Mediterranean autumn
rain event (17 days). A total of 230 mm of rain were
recorded and 120 ERT time-lapse sections were mea-
sured over the same profile (LSBB03) during and after
the rain event (a total of 30 days).

Apparent resistivity values have been arithmetically aver-
aged for each section. Apparent resistivity decreased sharply
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during the rain event from 1,750 to 1,050 2.m (Fig. 6b). These
variations do not seem to be related to temperature variations
because air temperature and water temperature (at point D)
remained stable during the experiment (Carriére 2014); thus,
these electrical resistivity variations can be reasonably related
to variation in water content in the subsurface. Analysis of this
mean apparent resistivity indicator made it possible to select
the 12 critical time steps presented in Fig. 6a: before, during,
and after the rain event. These results are presented (Fig. 6a) as
hourly percentage changes in p,, with a basic representation of
vegetation and soil cover around the profile. Previously rec-
ognized karst features (Carriére et al. 2013) are also
represented.

At the beginning of the rain event (Fig. 6a, section 1 — 2),
Po decreased moderately and homogeneously along the sec-
tion. This resistivity decrease could be related to moistening of
near surface horizons; however, after the first rain event
(Fig. 6a, section 2 — 3), p,, stabilized quickly. During the fol-
lowing heavy rain episode (Fig. 6a, sections 4 — 5 to 7 — 8),
the moistening process appeared to be quite heterogencous
and some zones resembled water pathways or preferential
infiltration zones; nevertheless, it would be unwise to link
observed p,, variations at depth with deep moistening process-
es. The observed variations can also be directly influenced by
near surface variations. Immediately after the rain (Fig. 6a,
sections 9— 10 and 10— 11), p,, increased in some zones.
This result may be related to drainage processes. These zones
correlate well with zones previously identified as preferential
pathways. This second observation reinforced the hypothesis
of preferential pathways playing a hydraulic role that can be
traced with ERT monitoring; however, it is still not possible to
specify properties such as the geometry of these pathways.
Other zones where such drainage processes are not identifi-
able may be related to zones where soil is thicker and remains
moist after rainfall.

The assumed water pathways identified on the basis of
apparent resistivity do not seem to be related to vegetation
density or soil cover variations (Fig. 6); however, these zones
appear related to fractures or fault zones previously detected
by GPR (Carric¢re et al. 2013). Note also that resistivity vari-
ations in fractures are different from those measured in the
crushed zone located in the western part of the profile. A
crushed zone may provide a larger water pathway than a frac-
ture. It is important to emphasize that the methods used in this
study do not image the pathways with certainty.

Fig. 6 a Hourly change in apparent resistivity between two consecutive P>
time steps. Positions of fractures previously detected by ground
penetrating radar (GPR) and basic representation of vegetation and soil
cover; b Evolution of mean apparent resistivity during monitoring versus
rain. Each brown point represents one electrical resistivity tomography
section (Carricre et al. 2015). PsZ is pseudo depth
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Discussion
Local scale: study area

This integrated hydrogeophysical approach at two different
timescales has improved the current understanding knowledge
of the hydrogeological functioning of study site. At the sea-
sonal time step, MRS made it possible to identify water stor-
age variation above and below flow point D. These variations
are related to slow water dynamics within matrix porosity.
This hypothesis is consistent with the regular flow dynamics
at point D, which were observed during both dry and recharge
periods (Fig. 5). Moreover, it is consistent with the large total
matrix porosity within Urgonian limestone, which may reach
20 % (Fig. 2d). At the rain event timescale, ERT monitoring
revealed heterogeneity in infiltration (Fig. 6). Some fractures
or faulted zones previously detected by GPR (Fig. 3) were
identified as probable preferential water pathways (Fig. 7b, d).

During wet periods, when water fills these vertical struc-
tures, hydraulic head (A#) increases above flow point D,
which induces a prompt increase in flow at D as in October
2011 (Fig. 7d) during ERT monitoring (Fig. 6). During this
type of rain event, this increased flow may push forward older,
less mobile water according to the water schema proposed by
Barbel-Perineau (2013) who studied hydrochemistry within
the LSBB.

During long dry periods, as for example, between 2004 and
2007 (Fig. 7a), flow point D did not respond to rain pulses
even during extreme events (Fig. 7b). Thus, there is probably

Fig. 7 a—d Synthetic functioning
model of the local hydrosystem
that supplies flow point D. D flow
variation depends on rain
conditions

Ah| 7

[] .I!..

i
Rainy event during dry period
A
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no significant hydraulic continuity between near-surface wa-
ter-filled fractures and the deeper porous matrix reservoir;
therefore, there is no transmission of a pressure pulse to cause
increased flow at point D. This absence of connection is prob-
ably due to partial drying of the porous matrix reservoir above
point D. The evolution of the dry porous matrix to water-filled
matrix may take several years. This timeframe can explain the
multi-annual inertia to recharge the stock that supplies point
D, as was observed between 2007 and 2010 (Fig. 5).

To confirm this interpretation, three 50 m boreholes were
dug around flow point D at the end of 2014, at a distance of
approximately 20 m. In each borehole, the water level was
measured at a depth of approximately 40 m. Another
hydrogeological study is currently in progress to examine
borehole dynamics and water circulation.

Regional scale: Fontaine de Vaucluse hydrosystem

How can this knowledge about the local hydrosystem at point
D help explain karst hydrodynamics at a larger scale such as
the entire Fontaine de Vaucluse hydrosystem? It is particularly
relevant to study the relationship between rainfall and water
discharge during the period from 2004 to 2012 because re-
charge was highly variable during this period. A long dry
period between 2004 and 2007 was followed by a more rainy
period between 2008 and 2012. The annual dynamics of rain-
fall, effective infiltration, and water discharge presented in
Fig. 8 illustrate these dry and wet periods.

Wet period
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Although these results are applicable to a discussion of the
relationship between rainfall and output flow at LSBB flow
points, the relationship with spring discharge at the Fontaine
de Vaucluse should be approached with caution. However, the
total annual rainfall in Saint Saturnin-les-Apt (Fig. 2b) is rep-
resentative enough of inter-annual rainfall variation in the re-
gion to allow the following discussion.

These inter-annual recharge variations cause changes in
discharge rates at the outlet of the karst system as a whole
(Fontaine de Vaucluse spring) and at local outlets of karst
sub-systems such as water points C and D in the LSBB.
However, these variations are highly variable between the
Fontaine de Vaucluse and water points C and D, and are sum-
marized as follows:

Water point C exhibits typical karst dynamics with large
flow range (a factor of 10) depending on the quantity of
annual effective infiltration. This relationship was clearly
demonstrated in 2007 when effective infiltration was at a
minimum and water flow at C was very low.

The water point D has different dynamics because its
water discharge is quite regular; the range of its annual
discharge variation is only a factor of 2. The flow rate at
point D decreased continuously between 2004 and 2007,
after which its flow increased regularly until 2010.
However, effective infiltration decreased significantly be-
tween 2008 and 2010; thus, there is a kind of delayed
dynamic. The results highlight the importance of porous
matrix on water flow, even in a karst limestone aquifer
system.

The annual water discharge of the Fontaine de Vaucluse
exhibits dynamics similar to those at point D (Fig. 8),

although its flow variation range is slightly larger than
point D, a factor of 3.5. Similar to point D, the flow rate
at the Fontaine de Vaucluse also increased between 2007
and 2010; however, effective infiltration decreased signif-
icantly from 2008 to 2010. This observation suggests that
water flow regulation mechanisms observed at point D
are site-specific. Similar mechanisms of water flow regu-
lation through the porous matrix may play an important
role in the entire Fontaine de Vaucluse hydrosystem
(Fig. 8). Considering the large volume of Urgonian po-
rous formations in the hydrosystem (Fig. 2b), this as-
sumption is a plausible explanation of part of the multi-
annual dynamics of the Fontaine de Vaucluse spring.

Even so, at a daily time step, the Fontaine de Vaucluse
spring can be highly reactive, similar to flow point C; howev-
er, even if floods at the Fontaine de Vaucluse can be impres-
sive, they represent only a limited part of the annual water
discharge. The annual flow dynamics of the Fontaine de
Vaucluse seem to be predominantly influenced by slow water
flow within a porous matrix, as is the case at point D.

Conclusions

This study was conducted at a local scale around the LSBB
underground laboratory to improve the current understanding
of the local karst hydrosystem. The results presented in this
report demonstrate that a considerable volume of water can be
stored within matrix rock in the karst UZ. Masse (1969) mea-
sured exceptional matrix porosity for limestone (up to 20 %)
on the Urgonian platform around Fontaine de Vaucluse

@ Springer
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catchment area; however, the hydrodynamic role of this ma-
trix porosity was not yet known.

MRS surveys confirmed high free water content (5-10 %)
within the karst UZ. This high water content indicates a large
volume of water that cannot be stored within fractures or karst
conduits in the UZ. This water is stored within limestone
layers that were also identified by previous ERT and GPR
surveys; moreover, MRS surveys identified seasonal varia-
tions in stored water (around 3 %), which indicates that this
water reserve is active. The ERT monitoring at the event scale
made it possible to demonstrate that despite the presence of
porous limestone, the study site has characteristics of a
fractured/karstified area in which recharge processes are high-
ly heterogeneous. Rapid water circulation can occur through
preferential water pathways and cause flow peaks at point D.

Without additional measurements, the geophysical survey
cannot be used to extend the hydrodynamic properties ob-
served at the LSBB site to the Fontaine de Vaucluse
hydrosystem, either wholly or in part. That is why it is not
reasonable to try to quantify the consequences of the presence
of porous limestone on the Fontaine de Vaucluse spring flows;
however, considering that Urgonian limestone covers more
than half the surface area of the Fontaine de Vaucluse basin
(Fig. 2b) and that Masse (1969) measured high matrix poros-
ity on the entire Urgonian platform, there are necessarily re-
percussions in Fontaine de Vaucluse outlet flow that may ex-
plain the multi-annual dynamics of water flow (Fig. 8).

If Urgonian limestones play an important role in Fontaine
de Vaucluse hydrodynamics, similar geological formations
can impact the hydrodynamics of other karst hydrosystems
in comparable ways, including areas far from the
Mediterranean Sea where the sedimentary conditions are al-
most identical—for example, Cenozoic carbonate rocks in the
Gulf of Mexico and the Caribbean are highly porous (Halley
and Schmoker 1983). Therefore, on the basis of these results
presented, it is essential to consider the role of the porous
matrix in water flow regulation within a karst UZ.
Hydrodynamic modelling should be adjusted accordingly to
properly assess the groundwater resource potential and im-
prove sustainable management and exploitation of karst
hydrosystems.
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