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ABSTRACT

Tilt fluctuations can potentially reflect the response of hydrosystems to important rainfall. In this
context, long baseline tiltmeters have beeninstalled in an underground tunnel penetrating the Fontaine
de Vaucluse karst to study the medium deformation related to solicitations exerted by water infiltrating
the hydrosystem. The instruments monitor the tilt as well as its spatial variation. Northward tilts
reaching a 1 prad amplitude are observed consecutively to rainfalls. The tilt amplitude is highly
correlated with the Fontaine de Vaucluse outlet flow fluctuations. The measured tilt signal is also
relatively homogeneous over a 150 m length. Different types of structure likely to produce such
observations are tested in order to identify their location with respect to the tiltmeters, their dimension
as well as the amount of water level variation in the structure. Following rainfalls, the infiltration of
water modifies the pore pressure, inducing a medium deformation. The hypothesis of a homogeneous
surface loading on the Vaucluse plateau is first refuted since the related tilt is much lower than the one
measured. The water supplied by rainfalls has to accumulate in discontinuities in order to generate a
higher tilt. So, the deformation related to a pressure exerted on a fracture filled by water is assessed. A
first study reveals the interest of the tilt homogeneity information that constrains strongly the fracture
properties. Thus, the fracture must be located at a distance more than a few hundred metres from the
tiltmeters in order to produce a tilt homogeneous in space. If the fracture is initially dry, it must also be
filled on a height higher than 150 m consecutive to a rainfall in order to generate a tilt amplitude in the
same magnitude as the one measured. Then, we explore the influence of water level variations on the
tilt produced by a fracture located at the interface between the saturated and unsaturated zones, which
are thereby permanently flooded. Since several parameters of that model satisfactorily explain the field
observations, we discuss how simultaneous geodetical observations could provide complementary
information that would further constrain the geometry of the structure at the origin of the medium
deformation.



1. INTRODUCTION

Pressure variations in hydrogeological systems induce fluid flow, but also rock deformation. The
physical processes at the origin of such deformations are related mainly to pressure changes in the
medium and mass transfers. After significant rainfalls, the infiltration of water produces pore pressure
changes in the medium (Kiimpel et al., 1988). Furthermore, the redistribution of the underground water
mass can exert elastic pressure variations by water accumulations (Bawden et al. 2001; Longuevergne
et al. 2009; Jacob et al. 2010). Such deformations related to pore pressure change and water re-
distribution might present different time and spatial scales. Thus, seasonal variations produced by
groundwater loading are likely to generate surface motions (Dong et al. 2002). At the scale of a few days,
important rainy events might also produce local deformations (Braitenberg 1999). When the strain is
sufficiently large and occurring over vast areas, surface motion of a few centimetres can be detected by
geodetic methods such as GPS or INSAR (e.g. Bawden et al. 2001). In the case of fractured orkarstic
aquifers, surface motion hardly reaches a few millimetres (Devoti et al. 2015; Schuite et al. 2015) and
internal motion detection can only be performed by high resolution tiltmeters, strainmeters or levelling
systems. The discovery of the influence of hydrological phenomena on deformations first occurred
duringthe correction of strain and tilt signals intended for investigating crustal deformations associated
with tectonics or volcanology (Evans & Wyatt 1984; Kiimpel et al. 1988; Dal Moro & Zadro 1998;
Braitenberg 1999). These studies progressively revealed the interest of monitoring the deformation for
understanding the dynamics of complex hydrosystems embedded in heterogeneous media. The role of
fractures in water transfer was assessed using tiltmeters by Longuevergne et al. (2009), Jacob et al.
(2010), Schuite et al. (2015) and Devoti et al. (2015). The development of accurate borehole tiltmeters
further allowed the exploration of near surface water infiltration (Jahr et al. 2009; Hermann et al. 2013)
as well as the characterisation of aquifers (Hisz et al. 2013). The capacity of different karstic reservoirs
to store water was also studied using tiltmeters placed in underground karstic caves (Gilli et al. 2010;
Jacob et al. 2010; Tenze et al. 2012; Devoti et al. 2015).

Karstic hydrosystems are embedded in a medium presenting a complex geological structure with a low
permeability matrix through which fractures and drains network allow a faster circulation of fluids
(Bakalowicz 2005). The hydrosystem outlet thus presents in a simplified form two interacting types of
water transfer: a quick flow response to rainfall through localized structures and a slow matrix drainage
contributing to a significant transfer of the total water volume (e.g. Emblanch et al. 2003; Bakalowicz
2005; Garry et al. 2008). So, the understanding of karstic hydrosystem dynamics requires a knowledge
of the main hydrologically active structures. Different geophysical methods provide crucial information
on the geometry of karstic media and on the temporal evolution of the underground properties (e.g.
Jacob et al. 2009; Chalikakis et al. 2011; Carriere et al. 2013, 2016). Tilt measurements are particularly
suited to study hydrological systems as tilt deformation of equivalent amplitude can be produced by
pressure changes within structures of increasing size at an increasing distance to the measuring point.
Therefore the tilt is sensitive to active structures, whether close or far away from the instrument within
large systems. Also, the main tilt orientation points towards the pressure source, thus helping to locate
the hydrologically active structure. Moreover, tiltmeters allow to achieve measurements with a much
higher sensitivity compared to other geodetical tools. Further, tiltmeters are able to record high-
dynamical as well as quick pressure changes, contrary to GPS or InSAR systems. Tilt data also
demonstrate high stability over time so they can provide information on time scales up to tens of years



Published in : Geophysical Journal International (2017), vol. 208,issue 3, pp. 1389- -
= # LIEGE

1402 . a2
DOI: 10.1093/gji/ggw446 & université
Status : Postprint (Author’s version)

(Braitenberg et al. 2006).

In this work, we analyze high resolution long baseline tiltmeter signals recorded in the heart of the
Fontaine de Vaucluse (FdV) karstic hydrosystem with the aim of determining its strain source. Tiltmeters
were installed in the low noise underground laboratory (LSBB, Laboratoire Souterrain a Bas Bruit,
www.lsbb.eu). These tunnels on the southern flank of the Vaucluse plateau offer the opportunity to
access the unsaturated part of the karst, a few hundred metres above the saturated zone. A long
baseline tiltmeter comprising four measurement devices provided accurate tilt signals over more than
one year with a resolution of 1 nrad (Boudin et al. 2008). The tilt was thus measured from a long baseline
tiltmeter and three smaller aligned baselines that supplied information on the tilt gradient. Because it
is infrequent to measure tilts on adjacent baselines, the current experiment offers novel information on
the tilt gradient, which will then be exploited as a new and important modelling constrain to localize
pressure sources. We also found that the long baseline tilt signal is highly similar to the measured flow
at the FdV spring which is the main outlet of the karst hydrosystem.

We first present the context of the experiment. Then, we analyse the correlation between tilt, rain and
the outlet flow of the FdV hydrosystem. From those observations, we model and compare the different
hydro-mechanical processes able to induce the recorded tilts. Three deformation processes associated
with water transfer from rainfall to discharge are considered: (1) a homogeneous load of the plateau
above the LSBB due to the weight of surface rain, (2) water pressure in a fracture after rainfalls, and (3)
water pressure increase in a previously partially flooded fracture at the interface between the
unsaturated and saturated zones. We finally discuss how the most suitable model contributes to
improving the knowledge of the FdV karstic hydrosystem.

2. FIELD EXPERIMENT AND DATA

2.1. GEOLOGICAL CONTEXT

The LSBB is located in the southeast of France, east of Avignon (Fig. 1). This underground laboratory
provides a direct access inside the FdV hydrosystem. The LSBB is excavated in the southern border of
the Vaucluse plateau (Fig. 2a) where monoclinic fractured limestone layers dip by 10° to 20° to the south
(Fig. 3; Jeanne et al. 2012; Senechal et al. 2013). The Urgonian Cretaceous reef limestones hosting the
aquifer present a thickness of approximately 1500 m and outcrops throughout the Vaucluse plateau
(Masse 1969). The base of the aquifer lies on Valanginian and Upper Hauterivian impermeable marls
(Fig. 3). To the south of the plateau, the Apt Basin is covered by impermeable Aptian marls. The FdV
hydrosytem is strongly karstified as shown by the presence of dolines and dry valleys that cut through
the plateau and result from limestones dissolution (Blavoux et al. 1992). In between valleys seepage
through lapies is significant since the soil cover is thin. On flat areas the accumulation of runoff water
generates lapies (Blavoux et al. 1992). Dolines present on the plateau appear to be clogged.

The limestone formation is highly fractured with faults and fractures that present extensions from a few
metres up to a few kilometres. Two main fault types are observed on the LSBB walls: normal and strike-
slip faults oriented at N10°-N40° and strike-slip fault oriented at N150°-N170°, which are also prevailing
at the plateau scale. Both types of faults dip steeply between 80° and 90° (Gaffet et al. 2003). The LSBB
tunnel penetrates the karst medium and the faults network, intersecting some flow paths through the
unsaturated zone. Consequently, about forty water flow points have been identified all over the



laboratory at different depths from about 30 to about 440 m (Garry et al. 2008; Barbel-Perineau et al.
2015; Ollivier et al. 2015). Three of them are perennial while the others present much contrasted
behaviours, reflecting the complexity of the FdV hydrosystem (Garry et al. 2008; Barbel-Perineau et al.
2015; Ollivier et al. 2015) and the difficulty to globally assess water transfers from surface to the FdV
outlet. The analysis of the chemical composition of the water released by a set of fractures favours the
multiple paths hypothesis (Emblanch et al. 2003; Garry et al. 2008).

Figure 1. Location of the LSBB and the Fontaine De Vaucluse outlet south of the Vaucluse plateau.
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Figure 2. (a) Topography above the LSBB, galleries are indicated in red. Vertical deformations were measured at four
points in order to provide tilt on a long-base tiltmeter of about 150 m and on three baselines of about 50 m.
Piezometric data were measured from the well located outside, west of the LSBB. (b) Scheme of the tiltmeters location
in the tunnel.
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The three perennial flows are associated with a slow component, smooth variations of discharge rate,
longer residence time and no fast response to precipitations. On the other hand, some flow points are
associated with a fast component, they leak water very rarely only in response to peculiar rainy periods.
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Between these two components, other flow points present intermediate responses to precipitations.
They could leak water continuously during several days or weeks with variable residence time and com-
plex, likely hysteretic, behaviours (Emblanch et al. 2003; Garry et al. 2008).

2.2. HYDROLOGICAL DATA

The FdV outlet is one of the largest karst springs in the world, draining an area of about 1130 km? (Puig
1987) and supplying the Sorgue river with a considerable average flow of 20 m* s~ (Blavoux et al. 1992;
Cognard-Plancq et al. 2006). More than 600 penetrable caves are identified on the plateau, most of
which developed vertically with four of them being deeper than 500 m. One of the vertical caves, the
Souffleur shaft, reaches the water table at a 750 m depth (Lefahler & Sanna 1990; Audra et al. 2004),
indicating a low average hydraulic gradient (Blavoux et al. 1992). The FdV spring is located at an altitude
of 84 m and distant of about 30 km from the LSBB. Exploration in the outlet vertical shaft evidenced the
deepness of the hydrosystem that reaches at least — 308 m from the surface, that is, 224 m below the
present sea level (Bayle and Graillot 1987; Audra et al. 2004). The thickness of the unsaturated zone is
then estimated to be around 800 m, while the saturated zone is at least 300 m thick (Puig 1987;
Emblanch et al. 2003). The whole Vaucluse plateau is highly permeable with no surface water (Blavoux
et al. 1992) while the water at lower elevation (below 400 m) is mostly captured by surface drainage on
marl cover (Fig. 3).

Figure 3. Conceptual south-north cross-section (Sénéchal et al. 2013, modified from Maufroy 2010). The actual
vertical shifts of faults are unconstrained. The solid horizontal black line corresponds to the tunnel location.
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Daily pluviometry data from the 24th of April 2012 up to the 9th of July 2013 are recorded at Rustrel (Fig.
4a). Nineteen strong rainfall events inducing precipitations higher than 15 mm d=! have been identified.
They are numbered and marked by red vertical lines (Fig. 4a). The average rainfall during this period is
870 mm yr~" and the cumulated precipitation per meteoric event is on average 44 mm for an average
duration of 1.5d.



The beginning (end) of rainfalls analysed below are assigned to the first (respectively last) day
presenting a daily precipitation higher than 0.5 mm.

Flow observation at the outlet is monitored in the Sorgue river, at the Moulin station, located at a
distance of 400 m from the FdV spring. During the studied period, the average flow is of 20 m*s, ranging
from 4 m?® s (Fig. 4b) to 50 m* s in low and high water situation. The volume of water that can be
mobilized is estimated from similar low flow values at 45 x 10° m3, while the volume of the reservoir
storing the water released during high flow rates is evaluated to be approximately 390 x 10° m* (Fleury
et al. 2007). Flow peaks reach values higher than 50 m® s following strong rainy events on the 9th and
the 17th event (see Fig. 4a) or following successive rainfalls such as the 15th event. Precipitations
occurring after drought periods are not systematically followed by outlet flow increase such as the rainy
events 3,4, 5,6, 7 and 12. Likewise, no obvious variation on the flow decay occurred after the 18th rainy
event that followed a strong precipitation event. Flow increase occurs approximately 2 d after the first
day of the corresponding rain, while flow peaks appear 5.4 d after the first rainy day. At the end of 2014,
a well was drilled a few hundred metres southeast to the LSBB to monitor water level variations that
fluctuate around an elevation of 165 m. Head variations are highly correlated with the FdV outlet flow
(r*=0.93). A20 m elevation of the water level is recorded, associated with a flow increase of about 15 m®
s

2.3. TILT DATA

Two types of tiltmeters, a hydrostatic and a pendulum type, are installed in the anti-blast tunnel, which
is protected by two sets of airlock doors to limit disturbances due to air circulation and temperature
variation (Chawah et al. 2015). The hydrostatic, or baseline, tiltmeters are oriented at 350°N and are
located at 430 m elevation, that is, a depth of about 250 m below surface (Fig. 2). Hydrostatic tiltmeters
consist of borosilicate vessels connected with horizontal polytetrafluoroethylene tubes in which the
liquid level corresponds to a local equipotential of the gravity field (Boudin et al. 2008). Therefore, a
medium vertical rotation with respect to the gravity field induces a differential variation of the liquid
level in the vessels. The tilt value is then obtained by dividing the difference in liquid level variation by
the corresponding baseline length. The tiltmeter is constituted by four vessels equipped with two
different sensors measuring the liquid level variations which are subsequently converted into tilt values
(Fig. 2b). Two vessels distant by 146.3 m are equipped with fibre optic interferometers (Seat et al. 2012)
and Linear Variable Differential Transformer (LVDT) sensors measuring liquid level variations. The LVDT
sensors, detect a linear displacement using a passive electrical sensor by induction. In between, two
additional vessels, equipped with LVDT sensors, allow measuring the tilt of three equivalent smaller
tiltmeters that present, from south to north, respective baselines of 48.85, 49.0 and 48.43 m (hereafter
denoted as tiltmeter a, b and c; Fig. 2). A pendulum tiltmeter was also installed in a borehole at the end
of the tunnel, close to the hydrostatic tiltmeters (Fig. 2b). Over a few months, the pendulum tiltmeter
measured the tilt variations as well as their geographical orientation, close to the hydrostatic tiltmeter
orientation. The decomposition of the signal on the NS and E-W directions shows that tilt variations
following rainfall events mostly occur along the N-S axis, but with an amplitude and a phase different
from those observed by the hydrostatic tiltmeter (Chawah et al. 2015). In the following, we will consider
that hydrologically induced tilt is systematically aligned along the N-S direction, as observed when the
deformation source is associated with fractures.
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Tiltmeters were set up on April 2nd, nevertheless the first three weeks of data are not considered here
as they correspond to the stabilization of the hydrostatic tilmeter. We analyse tilt data from 2012 April
24 t0 2013 July 9 beyond which the LVDT signals are perturbed due to defective operation of the sensors.

Figure 4. (a) Pluviometry data in mm d=L. (b) Flow at the FdV outlet. (c) Tilts measured along the 350°N direction with
the long base of about 150 m. An increase of the tilt indicates that the southern block rises up. Red lines indicate rain
events with precipitations higher than 15 mm. Tilt variations higher than 0.3 prad are marked by red stars. The red
crosses denote the starting of the flow and tilt increase on the plots (b) and (c), respectively.
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During the experiment, the optical-based sensors are found to exhibit relatively weak sensitivity to
thunderstorms, while the signature of electrical perturbations is seen on LVDT sensors (jumps). Over a
period of 1 yr, both the recorded optical and LVDT data along the long baseline show a conspicuous
agreement (Fig. 5a). However, the tilt signals on the long baseline display a non-linear drift of about —
160 nrad yr~* during the experiment. This drift appears to be associated with an anomalous behaviour



of the last vessel as it is also observed on the tiltmeter ¢ and not on the a and b instruments (Fig. 5b).
The source of the drift is currently not fully understood yet, although we suspect a local mechanical
origin rather than a measurement deficiency, since both the optical and LVDT sensors display the same
tendency. Seasonal variations related to temperature or barometric pressure fluctuations could also
affect the signal of the long base tiltmeter, however that influence is difficult to distinguish since the
analysed data were collected over a period slightly longer than a year. Nevertheless, the tiltmeter was
installed in a tunnel, 250 m below the surface, closed by two sets of airlock doors limiting disturbances
due to air circulation and temperature variation.

Figure 5. Comparison of the tilts measured with the different sensors. (a) Long-base tilt measured with optical and
LVDT sensors. (b) Tilt measured with the smaller instruments a, b and ¢ with LVDT sensors.
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In the tunnel hosting the tiltmeters, the temperature fluctuates actually with an amplitude lower than
0.05 °C. Maximum perturbations associated with such a thermal variation cannot exceed a few tens of
nrad, that is, an order of magnitude lower than the drift (Boudin 2004). In the following, we analyse tilt
signals at the temporal scale of a rain event (a few days) and found that the anomalous drift, even
though significant over longer periods, does not influence insights inferred from our study.

The tides are not considered here and have been removed from tilt signals using the ETERNA software
(Wenzel 1994; Boudin et al. 2008). The subsequent tilt data present peaks occurring after meteoric
events (Fig. 4c) which are also followed by flow rise at the FdV outlet, in the Sorgue river (Fig. 4b). For all
events, the south direction is rising up after decreasing, in agreement with observations by the
pendulum tiltmeter located in a nearby borehole. It has been observed that groundwater fluctuations
can affect the tilt signal with a variable orientation (Weise et al. 1999). However, measurements in the
FdV hydrosystem show that the tilt in the east-west direction, extracted from the pendulum data, does
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not present particular variations after rainfalls (Chawah et al. 2015). Spikes with back and forth
variations are not observed following rainfalls as previously reported (e.g. Gilli et al. 2010; Devoti et al.
2015). As the flow measured at the FdV outlet, the tilt increases on average 2 d after the beginning of the
rainfall, while the peak appears slightly later than the outlet flow one, on average 6 d after the rain starts
(Fig. 5). We select 10 specific events with steep tilt variations over a few days, ranging from 0.3 to 1 prad.

2.4. DECIPHERING TILT DATA

Apart from the dry periods, rainfalls presenting precipitations higher than 15 mm are followed by outlet
flow peaks as well as a strong tilt signal. The flow and tilt (whole time series) are correlated with a
coefficient of 0.95, after removing a long term linear drift on the tilt data. The correlation significance is
evaluated using a Student’s t-test that rejects the null hypothesis (no correlation) with a 95 per cent
confidence level. The amount of flow and tilt increase during rainy events are represented as a function
of the cumulated rain during the corresponding rainfalls (Figs 6a and b). Depending on the event, the
considered duration of the rain varies between 1 and 3 d. Both tilt and flow variations consecutive to
rainy events present a Pearson’s coefficient of correlation with the cumulated rain of R- = 0.5.
Nevertheless, both tilt and flow variations are indeed well correlated with R* = 0.88 (Fig. 6¢), suggesting
that tilt has a stronger link with flow, rather than rainfall.

The availability of tiltmeters with various baselines allows investigation of the lateral tilt gradient.
Selected tilt variations higher than 0.3 prad are detected by all three a, b and c tiltmeters following rain
events. Each tilt peak is analysed individually and corrected from a linear drift estimated on data a few
hours before the tiltincrease until a few days after the tilt decreases. It is shown from the selected events
that the peaks amplitudes measured by the three smaller baselines are relatively similar as they differ
by less than 10 per cent, except for only one event.

Figure 6. Flow and tilt variations versus cumulated rain of events (a and b). Flow variations of the Sorgue versus
tilt variations after rainy events (c).
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We also note that the first two jumps exhibit a discrepancy smaller than 5 per cent in amplitude.
Thereafter, some electronic components of the LVDT sensor had to be replaced due to storm damage.
Nevertheless, the overall tilt measured along the tunnel demonstrates a relatively coherent
homogeneity between the three small baselines, suggesting that the deformation source should be
located at some large distance from the tiltmeters.



Figure 7. Scheme describing concepts of the different processes tested. The blue segment crossing the tunnel
represents the fracture fully saturated as modelled for process 2. The fracture solicited for the process 3 is composed
of an initially flooded part (in blue), a height along which the water level increases (cyan) and a top part (in black).
Both fractures of the processes 2 and 3 are assumed to be perpendicular to the tunnel orientation.
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3.MECHANICAL MODELLING OF MEDIUM DEFORMATION AND
TILT

3.1. HYDRO MECHANICAL PROCESSES

Two processes have been invoked so far to explain hydrologically induced tilt in fractured or karstified
aquifers. The first process corresponds to direct water weight (loading) on the topographic surface that
can produce internal strain and deformation. This loading effect can be easily modelled using the
equivalent surface pressure of the rain column. For example, a typical rain of 20 mm should exert an
equivalent pressure of 200 Pa on the topography. Water surface loads, as well as atmosphere or snow,
are known to produce large effects on a continental scale (e.g. Van Dam & Wahr 1987) and has
sometimes been invoked as a source process for hydrological tilts (Gilli et al. 2010). The tilt can also be
influenced by the topography (Gebauer et al. 2009), particularly in the case here where the tiltmeters
are located below the flank of an extended plateau presenting a width of up to 20 km (Fig. 1). The water
surface load effect on the FdV hydrosystem deformation is studied in this work under Process 1 (Fig. 7).

A second process results from water pressure changes on fracture walls associated with water
infiltration. Pressure changes in fractures can reach large values with a local increase of the water level
(>10 m), as fractures concentrate water drained from large areas and focused on thin structures.
Effective stress change is directly related to the water level variation in the fracture and produces both
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tilt and strain deformation in the fracture vicinity with a rapid decay as the distance from the fracture
increases. The deformation induced by water pressure on fractures lips were previously proposed to
explain tilt signals in fractured contexts in crystalline or karstic environments (Longuevergne et al. 2009;
Jacob et al. 2010; Devoti et al. 2015; Schuite et al. 2015).

Figure 8. Geometry of the different tested models. From top to bottom, the limits of the models used for the process
1, 2 and 3 are illustrated. The dotted orange lines represent the limit of the entire fracture-filling model with H the
fracture’s height (Process 2). Green lines correspond to the limit of the flooded fracture model with the blue line
showing the water table level (Process 3). hb represents the part of the flooded fracture located in the saturated zone.
Ah is the water level increase in that flooded fracture. Py is applied over the length hy, while P, is applied over ah.
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Here, we consider the loading of a fracture by two distinct mechanisms. First, the impact of water pres-
sure changes following rainfall events in a surface/shallow fracture is tested, corresponding to Process
2, asillustrated in Fig. 7 (Jacob et al. 2010). Then we explore the effect of a water level/pressure variation
along a fracture already partially flooded, corresponding to Process 3 in Fig. 7 (Longuevergne et al.
2009).

3.2.NUMERICAL SETUP

The tilt deformation is simulated using the ADELI finite element code (Hassani et al. 1997), based on a
simplified 2-D representation of topographic, geological and hydromechanical features of the
hydrosystem on an N-S cross-section. The model topography is extracted from a 3" resolution digital
elevation model, that corresponds to a resolution of 20 min latitude and 30 min longitude. Lateral sides
of the model are placed at a distance of 5 km from tiltmeter locations in order to limit the impact of
boundary conditions. The bottom boundary is fixed at an altitude of -1000 m, that is, more than 1400 m
below the tiltmeters (Fig. 8). The bottom and lateral boundaries of the model are fixed for their normal
motion, that is, vertical displacements are allowed for the lateral boundaries, while horizontal
displacements are permitted at the bottom boundary. Both surface and internal loads are simulated



using pressure boundary condition on free surface edges. The mesh size for the model is around 25 m,
allowing representation of fractures with a limited number of 80 000 elements. Different values for the
mechanical coefficients have been reported in the literature. Mechanical tests performed on rock
samples from the LSBB define a Young’s modulus of 50.7 MPa and a Poisson coefficient of 0.3 (Gaffet et
al. 2003). Petrophysical measurements were also performed on limestones with different porosity
sampled in the tunnel where our tiltmeters were located (Jeanne et al. 2012). With the use of empirical
relationships the Young’s modulus was estimated between 14 and 29 MPa at a centimetre scale and
between 40 and 60 MPa at a metre scale (Jeanne et al. 2012). At a few tens of metres scale, elastic
parameters were determined experimentally on a similar karstic medium on the Larzac Plateau (Jacob
etal. 2010). Large loads higher than 1 ton were applied on surface, while the deformation was recorded
by subsurface tiltmeters. Estimated Young’s modulus were as low as 6.4 MPa and the Poisson coefficient
was around 0.288 (Jacob et al. 2010). Estimation of the Young’s modulus tends indeed to be scale
dependant, considering the high heterogeneity associated with fractures and local macroporosity due
to the presence of karstic features such as drains. We therefore decided to configure all our models using
homogeneous mechanical properties with a Young’s modulus of 10 MPa and a Poisson coefficient of
0.28, since the medium surrounding the LSBB is known to be highly fractured and karstified (Leonide et
al. 2012).

3.3. NUMERICAL SIMULATIONS

3.3.1. Case of surface loading

For the loading associated with the weight of rainfall, we consider that this load acts at the surface just
after the rain event. Indeed, even if rain infiltrates the soil and the epikarst, the total volume is
unchanged according to the mass conservation principle. Water can then redistribute laterally, flow
downhill and into ground water storage. If the rain does not infiltrate as is the case in impermeable
marls to the south, lateral flow to the river partially decreases the loading effect. The load is limited to
rain (no runoff and no evapotranspiration are considered) applied on the Vaucluse plateau (Process 1,
Fig. 7). No load is applied on the Apt basin since water coming from rainfalls is evacuated by run-off due
to the impermeable nature of the underlying geological layer. The northern boundary of the surface
loading model is shifted to a distance of 20 km from the tiltmeter in order to exert a surface pressure on
the whole length of the Vaucluse plateau (Fig. 8). On the basis of rain events considered in the previous
section, we model the effect of a 20 mm rain event as a surface load, equivalent to a load of 200 Pa. The
resulting tilt produced by such a uniform loading is about 1 nrad which is much smaller than the
observed value. In the case where the evapotranspiration would be considered, the amount of effective
infiltrated water would be further reduced and hence the estimated corresponding tilt. Our simulation
confirms previous studies that already highlighted that homogeneous surface loading produces tilt
jumps much lower than those observed in the field (Gilli et al. 2010; Tenze et al. 2012).
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Figure 9. Vertical displacement and induced tilt around a fully loaded fracture, represented by the white vertical line.
The initial state corresponds here to an empty fracture. Example with a 100 and a 150 m height fracture (a, b and ¢, d
respectively). Tilts are illustrated for 150 and 50 m length baselines (a, c and b, d respectively). Panels (b) and (d) allow
then checking the tilt gradient. Red lines highlight tiltmeters location in agreement with measured tilt amplitude
variation (a and c) or a correct tilt amplitude variation and tilt gradient from a small baseline to another (b and d).
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3.3.2. Case of empty fractures filling with water

We therefore postulate that the process at the origin of the observed tilt amplitudes might be related to
water accumulation in open structural discontinuities present in the medium that naturally focus water
flow (Longuevergne et al. 2009; Jacob et al. 2010; Devoti et al. 2015). As the positions and the number of
fractures are largely unknown, we use the tilt signal as a guideline to select the class of suitable
structures. We assume an east-west orientation of the fracture, perpendicular to the main tilt
orientation (Chawah et al. 2015). The following constrains have been employed to select a ‘reliable’
model:

(1) Tilt variation of the long baseline should be comprised between 0.7 and 1 prad,
(2) Tiltvariations between the smaller baselines should not exceed 10 per cent of the average value.

Under these constrains, we investigate the position and height of a unique equivalent fracture that can
reproduce the observed signals (Process 2, Fig. 7). For a fast estimation of the fracture location and
dimension, the topography is not included for that case (Fig. 8).

As empty fractures are filling, the mean water pressure P applied on the fracture lips that is increasing
with water height H equals P = pgH/2 with p the water density and g the gravity acceleration, which is
here applied uniformly on the fracture of height H (Fig. 8). This pressure corresponds to the average
between the pressure applied on the upper (0 Pa) and lower parts of the fracture (pgH). The height of
the water column filling fractures in a karstic environment is largely unknown and probably highly
variable through such a heterogeneous medium. Differential water heights of 20 m following rain events
have been reported in the well near the western entrance of LSBB (Fig. 2). The FdV hydrosystem is highly
heterogeneous and water level variations observed in the well could only reflect the dynamic of a



confined aquifer. However, preliminary analyses suggest a correlation between the water movements
measured in that well and the flow at the FdV outlet. A physical limit for the fracture water height is the
vertical distance between the plateau topography and the phreatic zone that is estimated to be located
at about 200 m above sealevel (ASL)as illustrated in Fig. 3. We restrict our numerical search to filling
heights between 50 and 300 m, the lower elevation of the centre of each fracture being at 100 m ASL,
slightly under the supposed water level elevation (Figs 3 and 8). Further, depending on the fractures’
height, their highest extremity does not exceed an average elevation of 680 m which corresponds to the
surface level above the tiltmeter.

The estimated vertical displacements induced in the medium for each model are converted into tilts.
Examples with 100 m and 150 m height fractures are shown Fig. 9 with tilts estimated around the
modelled fracture for baselines of 150 m and a set of three aligned baselines of 50 m long. Consequently,
a 100 m height water loaded fracture may produce a tilt with an amplitude in agreement with the
measurements. We note that the instrument has to be located at a distance of about 300 m from the
fracture to measure a signal with the observed amplitude (red lines in Fig. 9a). When adding the tilt
homogeneity constrain from a small baseline to another, no instrument located around the fracture
matches the requirements in terms of tilt amplitude and tilt homogeneity (Fig. 9b). The fracture
therefore has to present a higher height so that an instrument located further away can measure a tilt
with the correct amplitude and a homogeneous gradient, as illustrated with a 150 m high fracture (red
lines in Fig. 9d).

Figure 10. (a) Positions of fractures producing a tilt 6 [0.7, 1] prad along a baseline of 150 m. Each coloured point
represents the centre of a vertical fracture with different dimensions. (b) Position of fractures producing a tilt 6 [0.7,1]

prad along a baseline of 150 mas well as a tilt gradient lower than 10 per cent between the three 50 m baselines. Pink
stars denote the long baseline vessels.
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From the analysis of the models representing fractures of different sizes, the height of the fracture and
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its location with respect to the instrument can be roughly estimated. The location of fractures
presenting a northward tilt on the long- base instrument and an amplitude between 0.7 and 1 prad are
represented in Fig. 10(a). Each coloured point represents the middle of a selected fracture, the colour
corresponding to different water height. Smaller fractures have to be located close to the long-base
tiltmeter, typically less than 200 m from the closest vessel for a 100 m high fracture (Fig. 10a) for
producing the observed tilt signal amplitudes, whereas larger fractures could be located at distances of
up to 700 m. If we select fractures producing a tilt gradient below 10 per cent from one small baseline
to another, we see that the fractures domain is greatly reduced (Fig. 10b). The smaller likely fractures
require water pressure height change of 150 m and are located at a distance between 250 and 550 m
from the first vessel. Likely fractures are also mainly concentrated south of the tiltmeters in order to
produce a homogeneous north tilt. The 2-D models tested here are homogeneous due to the lack of
information on the medium mechanical properties. Results provide then a rough estimate of the
hydrologically active structure characteristics. However, this study involving a unique fracture
geometry highlights the value of gradient tilt measurements for restraining the search for structures
capable of producing the observed signals.

Figure 11. (a) Tilt estimated for different water base heights (hb) following a water level increase of Ah=25min a
350 m fracture. (b) Tilt estimated for different water level increase ah for a 350 m fracture and a water base level of
hb =250 m.
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3.3.3. Case of partial loading on a flooded fracture

Tilts induced by water level increase in a partially flooded fracture allows applying smaller water height
changes for a similar deformation (Longuevergne et al. 2009) (Process 3, Figs 7 and 8). Due to the
location of the LSBB facility under the rim of the Vaucluse plateau, the impact of the topography on
deformation should be investigated (Figs 7 and 8). Indeed, it has been shown that topographic gradients
may be a potential cause of heterogeneous strain and tilt (Meertens & Wahr 1986). In the case studied
here, the Apt basin to the south stands at 400 m elevation while the plateau to the north is at 1100 m.
Consider then a 350 m height fracture submerged in the first 250 m height, and a 25 m water level
increase (Fig. 8c). The pressure increase P; = p x g x Ah is applied on the 250 m flooded section of the
fracture (blue section Fig. 8c). A second pressure P2 =p x g x Ah is applied on the section of the fracture
which was initially dry between 250 and 275 m (cyan section Fig. 8c). This process allows smaller water



level increase considering that pressure change is applied on the entire flooded fracture depth. The
assumption requires partially flooded fractures located at the limit between the unsaturated zone and
the water table. Hence, the relative vertical position of the fractures to be investigated is constrained by
the groundwater level at an altitude of 200 m (Figs 3, 7 and 8). By comparison, tiltmeters are located
below the dip of the southern plateau flank at an altitude of 430 m.

We first test the influence of the flooded fracture height, or water base height h, on the tilt signal. hy
varies between 175 and 300 m while the fracture presents a 350 m height and the increment of the water
level ah is fixed to 25 m. We also explore the influence of the distance of the fracture to the tiltmeter,
with X = 0 corresponding to the middle of the long-base tilmeter location. Tilts estimated from the
different models show that several fracture locations or dimensions could match the measured tilt
amplitude, with a low tilt gradient (Fig. 11a). In particular fractures located at positions X between -1500
and -800 m with flooded height greater than A, =250 m are found to generate suitable tilt values. We
also examine the impact of the fracture height on the tilt with fixed h, and ah values. For a fracture
height varying between 300 and 400 m we observe no significant tilt variations that remain lower than
10 per cent (difference lower than 15 nrad, not shown). We then develop models with a 350 m fracture,
initially flooded with a height h, =250 m and apply different water level increases of ah between 25 and
50 m to observe the tilt response at the instrument location (Fig. 11b). For ah between 35 and 40 m, and
fractures located between 1400 m and 900 m from the tiltmeter, the estimated tilt corresponds to values
between 0.7 and 1 prad. Since the fractures tested are relatively distant from the instrument, the studied
models also generate a variation of the estimated tilt smaller than 6 per cent from a small baseline to
another. Thus, additional information are required to constrain the fracture location and the water level
variation at the origin of a given tilt change. Unfortunately, no well data were measured during the tilt
time range that could be used to deduce a relationship relying tilt and head level variations in order to
optimise the selection of the equivalent fracture producing the observed medium deformation.

4. DISCUSSION

Tilt fluctuations measured inside the FdV’s unsaturated zone demonstrate a high correlation with
hydrological events. The southern section of the instrument rises up after rainfalls, in average 2 d after
the rainfalls start, similarly to flow increase at the outlet. Subsequently, a few hours after the flow starts
decreasing, the tilt signal also decreases towards its initial value. Out of dry period, the measured tilt
variations following meteoric events present a linear relationship with flow increases at the FdV outlet.
The tilt amplitude measured at the LSBB attains a value of 1 yrad. Moreover, the innovative observation
of the tilt homogeneity from a small baseline to another proffered crucial information that constrained
strongly the choice of the deformation model.

We first studied and subsequently eliminated the hypothesis of a superficial uniform load following a
rainfall that produces a tilt signal much smaller than the observed one. We then tested the assumption
of aninitially dry fracture that fully saturates with water as invoked in a previous hydrogeodesical study
(Jacob et al.2010). Such process requires large structures remotely located from the tiltmeter, invoking
water height greater than 150 m consecutive to a heavy rainfall. Vertical shafts emerging on the plateau
effectively present fast water level variations on the order of a few hundred metres consecutive to
important rainfall (Naomi Mazzilli personal communication). Nevertheless such observations show that
the water level in those shafts decrease much faster than the measured tilt signal. The actual variations
of the water level in thin fractures are unknown and complementary data that constrain the medium
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deformation and the water table fluctuations are required to restrict the characteristics of the
hydrologically active structure. We also observed that the insertion of the topography affects the tilt
estimates (not shown) however the influence of the topography on the tilt is much lower than the impact
of pressure changes related to the water level increase in a fracture. So, we modelled a flat surface here
in order to reduce the number of simulations by assuming a symmetry of the deformation along the
fracture axis as observed on Fig. 9. We also tested the deformation produced by tens of empty fractures
smaller than 150 m. We observed that the fractures have to be close enough to interfere constructively
in the generated deformation, but that the vertical deformation induced by a set fracture is not additive
when the fractures are nearby. The set of fracture has also to be located relatively far from the tiltmeter
to produce ahomogeneous lateral gradient. As a result the deformation produced by the set of fractures
required an increase of the water level higher than 100 m to reproduce the tilt signal observed.
Furthermore, that model concept presents a high number of configurations to explore such as the
distance between fractures, the number of fractures in addition to their location and height. So we
preferred to explore another concept of model with fractures located deeper and so closer to the water
table level.

We thereby employed a more conclusive model where the water level is slightly increased in a fracture
initially partially flooded, as performed by Longuevergne et al. (2009). The induced deformation of the
medium allows working with fractures located deeper, at the level of the water table average elevation.
Such a concept clearly illustrates that a fracture partially flooded on a 250 m height requires a 35 m
water level increase to produce a rise of the southern side of the tilt sensor with an amplitude and a tilt
gradient in agreement with the observations. The initial water height in the fracture corresponds to a
possible water table elevation. The location of the fracture at the interface of the saturated and
unsaturated zones is supported by estimates of water level variations based on observations that are
not concomitant with tilt measurements. Several of the tested models could indeed be selected
depending on the position of the fracture along the S-N axis. Different values of the water level increase,
between 25 m and 50 m, were also investigated and showed that a fracture located at a distance slightly
greater than 1 km south of the tiltmeter induces deformations in agreement with the observations. This
‘deep’ fracture system is moreover technically justifiable to explain the excellent correlation between
the tilt observations and the discharge data measured 30 km away from the instruments.

The medium deformation induced by the dynamics of hydrosystems previously observed in karstic
systems was assumed to be associated with the water filling of shallow fractures (Gilli et al. 2010; Jacob
et al. 2010; Devoti et al. 2015). Jacob et al. (2010) and Devoti et al. (2015) tested the influence of
superficial fractures filling by water after rainy events. In both studies, the structures are assumed to be
located in the epikarst that plays a role in shallow water storage. Gilli et al. (2010) observed sign changes
in tilt signals and thus invoked the presence of water storage in epikarstic fractures as well as the filling
of deeper reservoirs that could influence long term tilt variations. Devoti et al. (2015) also noted tilt sign
change variations but with a very fast response and hence forwarded the complexity ofthe epikarstic
structure to explain the tilt signals’ sudden and contradictory variations. In the FdV’s hydrosystem,
zones of water storage were inferred in the unsaturated zone, somewhere above the LSBB tunnel
(Emblanch et al. 2003; Garry et al. 2008). However water flows from these reservoirs mostly present a
very slow response to meteoric events (Garry et al. 2008; Ollivier et al. 2015; Carriere et al. 2016) and are
thus unable to be used to explain the tilt variations otherwise better correlated to the FdV flow.



From the 2-D homogeneous models tested in this work, we deduced tilt variations with similar orders
of magnitude and lateral variations as those observed from the investigation of the likely fracture
geometry and location. These models could then be applied to other karstic systems presenting deep
perennial aquifers, a high degree of fracturation and a well-developed karstic network. By designing a
more elaborate model it would be possible to simulate the influence of water transfers in the medium
on its deformation.

Figure 12. Displacements produced by a fracture of 350 m height, located at 1400 m south to the tiltmeter. The water
base level of 250 mis increased by 25 m. Arrows indicate the vertical displacement along the tunnel (a) and the total
displacement (vertical plus horizontal components) at surface (b).
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The full shape of the tilt response could then be more accurately analysed in order to improve the
knowledge on water circulations and storage in the FdV hydrosystem in addition to offering a better
understanding of the dynamics of fractures located in between the unsaturated and saturated zones.
Complementary tilt measurements along the LSBB galleries as well as underground and surface
levelling monitoring would further help to refine the geometry of the source of deformation produced
by the dynamics of the hydrosystem. The models we developed could then be applied to estimate the
tilt along the LSBB tunnel. For instance, if we select the fracture located at a position X =-1400 m from
the tiltmeter centre, the vertical displacement induced by such a fracture due to a 25 m water level
increase is presented in Fig. 12(a). Deploying several tiltmeters at different locations along the tunnel
could also help to constrain the fracture location and dimensions inducing the medium deformation.
Surface displacements (vertical and horizontal) can also be computed from such models and compared
to GPS data and InSAR/levelling observations following rainy events (Fig. 12b). The time lag between
INSAR acquisitions should be lower than a few weeks. Despite the limited precision of GPS data, a
preliminary analysis of a data set located on the bottom of the southern plateau rim suggests northward
displacement following rainy events in agreement with the model we selected. Complementary
information on the deformation would enable further refinement of the location of the structure



Published in : Geophysical Journal International (2017), vol. 208,issue 3, pp. 1389- -
= # LIEGE

1402 . er
DOI: 10.1093/gji/ggw446 & universite
Status : Postprint (Author’s version)

solicited by water level changes. The estimation of the ratio between horizontal and vertical
displacements also provides an insight into the ratio between the source depth and its lateral extension
(Devoti et al. 2015). In addition, continuous gravimetric measurements performed with
supraconducting gravimeters simultaneously at the surface and in the tunnel would provide
complementary information on the water transfer and on the stored volume in the unsaturated zone
(Jacob et al. 2009). Furthermore, a better accuracy on estimating the Young’s modulus around the
tunnel could be obtained from an imagery of shear and compressional wave velocities. Their com-
parison would subsequently lead to improve the modelling of the medium’s mechanical properties in
order to better refine tilt estimations since displacements are linearly related to such parameters.

Furthermore the model could take into account the spatial variations of the medium mechanical
properties, that is, the medium heterogeneity, thus improving the deformation estimates.

5. CONCLUSION AND PERSPECTIVES

Measurements of tilt variations in the inner part of the FdV’s unsaturated zone illustrated a conspicuous
correlation with hydrological observations highlighting the role of water circulations on the medium
deformation. From the measured tilt and tilt gradient data we have investigated the dimension and the
location of a partially flooded fracture in which a water level increase is likely to produce the tilt
amplitude and homogeneity observed. The corroboration of experimental measurements and
modelling estimations suggested that the fracture that induces the observed deformations is located in
between the saturated and unsaturated zones, about 1 km south of the long baseline tiltmeter. A few
tens of metres of the water level increase after precipitations have been sufficient to produce the
observed deformations when the fracture is initially flooded to 250 m. Estimated deformations using
the proposed models inherently imply that complementary geodesic and hydrologic data would be
required to further refine the equivalent fracture characteristics and to explore the features of a set of
fractures potentially related to the medium deformations.

The pertinence of the tilt gradient monitoring, using baselines of 50 m, has also been demonstrated by
this experiment since the recorded data pointed to the necessity to consider a fracture located at the
water table elevation for explaining the observed tilt amplitude and lateral homogeneity. By
comparison, previous studies of tilt variations measured in karstic environments favoured the presence
of fractures close to surface, in the epikarstic zone (Jacob et al. 2009; Devoti et al. 2015). Tilt gradient
measurements could then complement conventional tilt experiments performed using long baselines
by adding liquid level measurements along the deployed baseline. The use of the tilt gradient
information could also help filter the local strains variations produced by fractures located close to the
tiltmeters (d’Oreye 2003; Boudin 2004). Concerning applications, such a set-up could be applied for
monitoring, for instance, the deformation of the medium surrounding geological storage sites
dedicated to CO2 or other types of gas (Vasco et al. 2010; Rutqvist 2012).
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