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Abstract Flash flood events are expected to become increasingly common with the global increases in
weather extremes. They are a significant natural hazard that affects karst landscapes, which host large
resources of drinking water worldwide. The role played by underground flood events in the karst aquifer
recharge is complex due to the heterogeneity of the basement which remains poorly understood. We present
the analysis of 20 incave flash flood events affecting the Rochefort karst system (Belgium) using continuous
gravity measurements at one single station and water level sensors installed in caves. Underground flood
events typically produce a peak in the gravity signal, due to an increase in the associated mass change. After
the flood, the gravity values drop but remain slightly increased compared to before the flood event. Via
forward gravity modeling, we demonstrate that this remaining anomaly can be reasonably explained by the
infiltration of local rainfall within the karst system rather than by allogenic recharge of the aquifer. Flash
floods are mainly restricted to connected voids. This allows us to utilize them as proxies to investigate the
distribution of cavities in the karst system. Forward modeling of the gravitational attraction induced by the
mapped caves being flooded yields a gravity signal much smaller than the observed one. We conclude that
at least 50% more cavities than those previously mapped are required to match the measured anomalies.
This presents opportunities for implementing similar approaches in other diverse porous media, using
gravity monitoring of hydrological processes (e.g., infiltration fronts, hydrothermalism, or tide effects in
coastal aquifers) as proxies to characterize underground properties.

1. Introduction

The distribution of flash flood events is expected to increase worldwide due to climate change (Hirabayashi
et al., 2013). In karst landscapes, they are already considered one of the main hazards (Bonacci et al., 2006).
Within few hours following intense rainfall events, storms, or rapid snow melting, underground conduits
can be flooded, resulting in a peak discharge at the karst system outlet. These subsurface processes are often
exacerbated by severe surface flood events. Due to their rapidity, the impact of underground flood events on
the aquifer recharge is difficult to ascertain. Jourde et al. (2014) could identify three types of flash floods in a
Mediterranean climate, classified as (i) floods mainly resulting in surface runoff across the hydrologic
watershed, (ii) floods for which the karst aquifer can absorb some of the water excess, and (iii) floods which
are combined with a groundwater contribution from the karst aquifer. The karst aquifer level is the identi-
fied main driver in each case. Depleted karst aquifers, as a result of a dry summer and/or due to high water
abstraction rates, can potentially mitigate the effect of flooding at the surface. Such conditions are expected
to vary from one type of karst to another and are likely to depend on climatic conditions.

Several specificities make karst hydrology particularly difficult to characterize and complex to model
(Hartmann et al., 2014). Three types of permeability or porosity drive water circulation in karst aquifers:
(1) micropores in unfractured carbonate rock matrix, (ii) tectonic joints or small fractures, and (iii) large karst
conduits (White, 2002). Consequently, water circulation is highly heterogeneous in terms of flow types
(Bakalowicz, 2005). Autogenic recharge mainly comes from rainwater infiltrating through the vadose zone,
which results in a duality of flow types: slow seepage through the rock matrix and quick flows through
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fractures and conduits (Atkinson, 1977; Smart & Friederich, 1987). In parallel, allogenic recharge results
from rivers infiltrating karst landscapes through swallow holes and subsequent conduit networks
(Goldscheider & Drew, 2007).

Understanding temporal and spatial variability of hydrological quantities is a key concept in hydrology
(Bloschl & Sivapalan, 1995; Woods, 2006). The main problems in characterizing or modeling hydrological
processes come from possible inconsistencies in extrapolating data from point-based observations in hetero-
geneous environments and/or inadequate temporal resolutions of measurements. Contemporary gravi-
metric techniques, due to their high resolution and integrative nature, are able to monitor
hydrogeological effects at different scales (Van Camp et al., 2017). Terrestrial gravity measurements are
appropriate for investigating local hydrological effects, whereas gravity data observations acquired by satel-
lite (GRACE or GRACE-FO missions) are mainly applicable at large scales, that is, continental basins (Van
Camp et al., 2014). Several studies demonstrated the use of time-lapse terrestrial gravity observations for
monitoring groundwater content changes (Creutzfeldt et al., 2014; Imanishi et al., 2006; Takemoto
et al., 2002; Wilson et al., 2012). Similar approaches were also developed to characterize hydrothermal pro-
cesses (Caratori Tontini et al., 2016; Hemmings et al., 2016). Because of the integrated observations that they
provide, gravity monitoring is particularly suitable to investigate karst groundwater systems, as already
pointed out by Chalikakis et al. (2011). Some studies have successfully used time-lapse microgravity mea-
surement to identify temporary groundwater storage in the karst vadose zone (Deville et al., 2012;
Fores, 2016; Jacob et al., 2008). The high resolution of modern gravimeters, for example, superconducting
gravimeters (SGs), typically reaches 0.1 nm/s* (0.01 uGal) (Van Camp, Meurers, et al., 2016), allowing sub-
centimetric variations in water height to be measured in the vicinity of the measurement site, as demon-
strated by Van Camp, de Viron, et al. (2016). In practice, very small inaccuracies in applying atmospheric
pressure corrections to gravity timeseries (Merriam, 1992) often reduce the resolution down to precisions
of ~1 nm/s* Modeling hydrological effects when aiming at reducing them from gravity time series are com-
plex (Creutzfeldt et al., 2010; Meurers et al., 2007; Mikolaj et al., 2015, 2019; Reich et al., 2019). Hence, highly
local factors such as vegetation, hydraulic conductivity, bulk rock porosity, or the presence of underground
cavities can have a large influence water storage and, consequently, local gravity variations. Assessing these
factors is necessary in order to isolate the hydrological signature from other sources of gravity perturbations.
Could gravity signatures of hydrological processes be used to inform on local subsurface properties? This
question was addressed by Kennedy et al. (2016), in a study that estimated the hydraulic conductivity of
the vadose zone using time-lapse gravity measurements of infiltration processes at an artificial
recharge facility.

In this study, we present the analysis of 20 karst flash flood events in a humid karst landscape (following the
classification of Hartmann et al. [2015]) using data from a combined gravity and hydrogeological monitoring
campaign. We specifically investigate the effect of the floods on aquifer recharge. We also consider the
recommendations of Kennedy et al. (2016), by demonstrating that continuous gravity measurements during
natural hydrological processes could be used to investigate the distribution of voids in the near surface of
the system.

2. Site Description and Hydrogeological Context

The site is located in the city of Rochefort (Figure 1b) (southern Belgium), part of the Variscan
fold-and-thrust belt. The local geology consists of an overturned syncline, with high-dipping strata striking
NO070°E, comprising of outcropping Devonian limestones within shales to the south and shaly limestones to
the north. Multiple karst systems exist in the area where the Lomme River, that originates in a plateau
approximately 15-km south of Rochefort, crosses the limestone strata.

The outcropping geological layers and the karst system itself (Figure 1b) strongly influence the geomorphol-
ogy of the studied area. To the South, a limestone plateau reaches 230-m above ordnance datum (AOD). A
valley which follows the Lomme River bed and an ancient river channel incises the northside and the west-
side of the plateau, respectively. To the north, the Lomme valley opens on to a lowland area outcropping
shaly limestone formations. Dye tracer tests have highlighted that the limestone layers are locally separated
in to two distinct units by the Flohimont shales that act as an impervious layer (Poulain, 2017). Each unit
contains a distinct cave system: the Lorette Cave in the south and the Nou Maulin Cave in the north. The
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Figure 1. (a) General map of Belgium, showing the Rochefort region and the Devonian limestone crossing Belgium. (b) Geological overview of Rochefort region.
The limestone units of the Calestienne are highlighted in green (Frommelennes limestone) and blue (Charlemont limestone). The impermeable Flohimont shales
are also highlighted in yellow. The Rochefort caves are displayed, as well as the estimated gravimetric sampling surface of the gravimeter installed at RCL site,
representing 85% of the Bouguer plate effect, at the depth of the saturated zone. The Gerny limestone massif is located on the northeast corner of the map. (c)
Digital elevation model based on Lidar data of DGO3-SPW. Level of the bottom of the Lorette (Legros et al., 1993; Quinif, 2016) and Nou Maulin (Birkhoff

et al., 2013; Dikstra & Burgers, 2015; Dubois, 1993) caves is illustrated. Outcrops of the shales layers within the limestone layers are overprinted in black
(Barchy et al., 2014). Water-level sensors are labeled as west water table (WWT), Nou Maulin water table (NMT), and Lomme Underground River (LUR) for the
incave monitoring and surface Lomme River (SLR) for the river monitoring.

Flohimont shales have an impact on the local geomorphology and form a gentle incision in the
Limestone massif.

Near Rochefort, the limestone plateau is marked with three main sinkholes, two of which gives access to the
Lorette Cave. The cave comprises a well-developed karstic network of large galleries. These large galleries
have diameters of several meters and are oriented along the direction of geological strike, and smaller pas-
sages are orientated parallel to direction of geological dip. The eastern part of the cave contains a huge room
(>20,000 m>) and some lower passages. An underground river can be reached at around 162-m AOD (close
to Lorette Underground River (LUR) station). The middle part of Lorette Cave is characterized by a large
chamber called the Val d'Enfer (>10,000 m®). It was formed as a result of a massive collapse which has
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left two scree slopes on the sides of the cavity. This chamber opens on to small galleries in the north. Most of
the central area is situated between ~180- and ~190-m AOD (40 to 30 m below ground level), while one single
small gallery descends toward the water table outcropping at 162-m AOD. One single large passage com-
poses the western part of the cave system, which follows the regional strike orientation. As indicated in
Figure 1c, the gallery slopes downward to 170-m AOD where it opens to the western chamber, which itself
steeply descends to 156-m AOD at which level the water table outcrops in two distinct locations. The whole
cave is located in the Charlemont limestones (Figure 1b) which form the southern hydrogeological unit.

The floors of the Nou Maulin Cave are mostly lower than in the Lorette Cave, with an average altitude of
~165-to ~170-m AOD. It is located in the Fromelennes limestones, which form the northern hydrogeological
unit. The cave constitutes the main swallow hole of the Lomme River although an artificially constructed
dyke blocks the entrance most of the time (Van Camp et al., 2006). The entire riverbed is paved around
Rochefort to ensure sufficient water supply during dry summers and is therefore perched and does not
reflect the true water table level in this area.

Due to Belgium's temperate maritime climate, precipitations are evenly distributed throughout the year, and
floods can occur at any time. Allogenic waters originating from the Lomme River flood both caves when the
discharge exceeds 25 m>/s (Figure 2). However, the floods are slightly delayed in the Lorette Cave because
the main swallow hole of the Southern Unit is located 450-m upstream while that of the Nou Maulin
Cave connects directly to its main galleries. This lag, which varies from 4 to 8 hr depending on the discharge
of the Lomme River, is not the focus of this paper and is not considered in the analysis.

3. Methodology
3.1. Gravity Data Acquisition

This research benefits from the monitoring infrastructure of the Rochefort Cave Laboratory (RCL) site
(Camelbeeck et al., 2011; Quinif et al., 1997). A small building houses the gravimeters in the top of the lime-
stone massif next to a steep sinkhole that gives access to the central part of the Lorette Cave. In the surround-
ings of the building, there is a thin clayey soil layer of 20- to 50-cm thick overlaying the weathered limestone
bedrock constituting the epikarst.

The building houses two vertical 1.5 X 1.5 m shafts, 2 m away from each other, which are dug into the bed-
rock (see www.karag.be for pictures). A concrete pier G1, leveled at the ground surface, hosts the absolute
gravimeter (AG). A second pier (G2) (see Figure S1 in the supporting information) was leveled with concrete,
in order to host the gPhone #032 relative spring gravimeter (GG) from Micro-g LaCoste and later the iGrav
#019 SG from GWR, 1-m below ground level.

The GG was operational from 23 October 2013 to 20 November 2014 in the surface lab of RCL at location G2.
It was replaced by the SG which became operational on 16 December 2014. This gravimeter has continu-
ously measured ever since. The AG is portable and measures approximately 15 times per year, at location
G1. The AG data are required to calibrate the relative gravimeters and verify and correct their
instrumental drifts.

3.2. Gravity Data Processing, Noise, and Error Assessment

Processing the gravimeter time series includes correcting for tidal, atmospheric, and polar motion effects.
The instrumental drift of the GG and the SG are corrected using the AG data; the GG experiences drifts of
approximately 1.5 x 10* nm.s™*/month, and the SG experiences drifts of a few dozens of nm.s™2/year.
These values are comparable to other gravitational studies (Sekowski et al., 2016). A detailed explanation
of the drift correction applied to the SG (including the correction for some other instrumental steps) is pro-
vided in the supporting information (Text S1; Hinderer et al., 2007). Corrections applied to the SG are
detailed in Francis et al. (2004) and to the AG in Van Camp (2005). The process of combining SG and AG data
is detailed in Van Camp et al. (2013), with improvements demonstrated in Van Camp, Meurers, et al. (2016).

Global atmospheric pressure effects are corrected using mGlobe software (Mikolaj et al., 2016), which is
based on global meteorological data from the ERA-interim model from ECMWF. Because these large scale
models are limited to periods of 6 hr, following the advice detailed in Mikolaj et al. (2016), we apply an addi-
tional admittance factor to the difference between measured in situ atmospheric pressure and modeled local
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Figure 2. The Nou Maulin swallow hole (see location in Figure 1c) in dry (a) and flood (b) conditions. Photos credits: G. Rochez, A. Watlet.

pressure. This linear admittance factor is calculated during the tidal analysis process (Merriam, 1992). At
Rochefort, the admittance factor calculated over the 3.8 years of gravity monitoring is —2.95 nm.s™*/hPa.
Due to the existence of a sinkhole and large cavities near the gravimeter, we modeled the effect of the
local topography on the atmospheric pressure admittance. The vertical potential of the gravitational
attraction is calculated for different local atmospheric pressures. No significant effect on gravity from the
presence of air at altitudes below the gravimeter is deduced from these calculations (~0.002 nm.s~%/hPa).
A minor part of the local gravity variation is also related to continental hydrological effects. Gravity
residuals are corrected for such effects using the same mGlobe software. The nonlocal hydrological effects
calculated for the RCL site have a peak amplitude of ~4.5 nm.s—%/year, which corresponds to ~10% of that
of the measured gravity residuals (as seen in Figure 3a).

Power spectral densities (PSDs) of the gravity residuals during quiet days provide the noise level of the gravi-
meters. PSD are equal to 400 and 6 (nm.s~2)*/Hz, for the GG and the SG, respectively. At 120-s period, which
is the smallest time increment considered in this study, this corresponds to standard deviations of 1.4 and
0.2 nm.s~2. The PSD of the SG (iGrav #019) compares well with that of the iGrav #002, which is also installed
in karst environments (Fores et al., 2016) and corresponds to the expected instrumental precision
(Warburton et al., 2010). The PSD of the GG (gPhone#032) is, however, 1 order of magnitude lower than
the level reported by Riccardi et al. (2011) for the gPhone#054. This is because the GG installed at RCL site
is provided with an active tilt control system, which eliminates spurious signals caused by slow tilting of the
instrument (Fores et al., 2019). Without the tilt compensation, the observations of the GG could not be used
in this study.

In this study, because flash floods are impulsive events lasting 2 to 4 days, it is important to characterize the
environmental noise produced by external factors that affect the gravity during these events. Such noise can
either come from imperfectly corrected tidal and/or atmospheric pressure effects, combined with longer
term local or regional hydrological processes. Our approach consists of computing the rolling standard
deviation (o) across a moving 3-day window. The median standard deviation of this series results in 2.1
and 1.6 nm.s~ for the GG and SG, respectively. The 2o threshold (4.2 and 3.2 nm.s 2 for the GG and SG,
respectively) provides a reasonable empiric estimation based on observed noise for characterizing flash flood
events at the RCL site, as investigated in Mikolaj et al. (2019).

3.3. Gravity Modeling

In this study, we present modeling results calculated using the prism approach (Heck & Seitz, 2007). This
approach is theoretically more accurate, especially at small scales, than other approaches commonly used
for calculating topographic reductions in field gravity modeling (Leirido et al., 2009). Other such approaches
include the point mass approximation or the MacMillan approach (MacMillan, 1958). This is based on the
calculation of the vertical component of gravitational attraction, expressed for a body V'in Cartesian coordi-
nates xyz, with a uniform density p. This is computed, at the origin, as follows:
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Solving equation 1 can differ by the arcsine or arctangent approaches when deriving the gravitational attrac-
tion equation (e.g., Nagy, 1966; Okabe, 1979). Li and Chouteau (1998) provide a detailed review of the pro-
blem and found that the forward modeling of Okabe (1979) is one of the most reliable analytical solution of
equation 1 (see details in supporting information Text S2), which we use here.

In order to accurately compute the gravity effect, we construct a mesh of hexahedra celles (3-D cubic prisms).
The topography is derived from a regional Digital Elevation Model (DEM) provided by the Walloon regional
institute DGO3-SPW. This airborne LIDAR data-based DEM is provided with a planar accuracy of 1 m and a
claimed absolute elevation accuracy of 0.12 m throughout the covered territory (16,800 km?). This resolution
is sufficient for gravity modeling purposes when the focus of investigation is on hydrological processes, as
discussed in detail in Creutzfeldt et al. (2008).

To adequately choose the extension of the mesh, one can refer to the Bouguer plate approximation. The
Bouguer plate model estimates the anomaly dg in the vertical component of the gravity associated to a mass
change, such as

8g =2 7 pGH (2)

where G is the gravitational constant, H is the thickness of an infinite plate, and p the density of the plate.
This first approximation works well for large bodies but becomes ineffective when modeling local targets
with limited extensions, for example, small groundwater reservoirs. From equation 2, it was demonstrated
that the gravimetric sampling volume below a gravimeter can be represented as a cone with a basis diameter
significantly larger than its height (Deville, 2013; Van Camp et al., 2017). The sensitivity of the gravimeter
decreases logarithmically with depth, with deeper masses sampled across a plane with increasing diameter.
Because the gravimeter is sensitive to the vertical component of the gravitational attraction, the further the
lateral distance from the center of this cone, the lower the contribution to the gravity signal. At the RCL, the
water table lies 58 m underneath the gravimeter; below this level, no water storage changes (WSCs) respon-
sible for gravity variations may occur. At this level, a cone with a diameter of 800 m centered on the gravi-
meter delineates approximately 85% of the mass changes that can be detected with the SG. Figure 1b shows
the base of this cone at the saturated zone level together with the geological information. Given the dimen-
sions of this cone, all the known cavities of the Rochefort caves are well covered by the gravimetric monitor-
ing. Figure 1b shows that the Gerny limestone massif northwest of Rochefort, which hosts a large aquifer,
has no significant impact on the gravimetric data.

Based on these estimations, the bounding box for the prism modeling was set to 800 x 800 X 100 m. No sig-
nificant hydrological variations are expected to occur outside this area, where mostly impervious shales out-
crop. In the z direction, the box ranges from 250- to 150-m AOD, which correspond respectively to the
highest point in the topography, and 2 m below the lowest water table level, below which no hydrological
variations are expected. The DEM was discretized in a mesh comprising cells with a size of
0.25 X 0.25 X 0.25 m in the central part (a box of 60 X 60 m centered on the gravimeter) and 1 X 1 x 1 m?
in the external part, which results in a final mesh with 2.7 x 107 cells.

The vertical component of gravitational attraction is calculated for each cell, for which a given WSC in terms
of volume of water per cell is calculated using the density of water (1,000 kg/m®). The modeled gravity
change (Ag) at the position of the gravimeter is finally derived by summing the gravitational attraction of
the whole set, or subsets of cells, following equation 1. Subsets of cells can be defined based on a-priori geo-
logical information. For example, cells attributed to shale layers have only a small impact on the gravity sig-
nal (<10% of the total gravity response) and are not taken into account in modeling karst water recharge, as
they are considered to act as impervious layers in terms of groundwater storage. The Python source code
developed for this modeling approach is available at https://gitlab.com/awatlet/pymodg website.

This study aims to incorporate the effects of cavities in the gravity modeling. The numerous mapping surveys
of the caves (compiled in Birkhoff et al. [2013], Dikstra and Burgers [2015], Dubois [1993], Legros
et al. [1993], and Quinif [2016]) provide topographical information on the lateral and vertical extents of

WATLET ET AL.

6 of 18


https://gitlab.com/awatlet/pymodg

o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2019WR026673

the passages (Figure 1c). Most of the speleological techniques lack accuracy, consisting of relatively simplis-
tic approaches, for example, use of compass and (electronic) distometer and/or altimeter. We estimate a pre-
cision of 1 m (both in vertical and horizontal) in most of the areas and a conservative value of 5 m for the
vertical information in the areas mapped longer ago, that is, the eastern part of Lorette Cave.

While sufficient information exists for the floors and walls of the known cavities, the position of the cavity
roofs could not be precisely mapped with these techniques. However, in order to insert the cavities in the
mesh, estimating their size is necessary. For the Val d’Enfer room, we use a 3-D photoscan model
(Triantafyllou et al., 2019) to estimate the elevation of the roof. For other passages, the elevation of the roof
is estimated as a function of their width in planar coordinates, resulting in cavities with heights ranging from
1 to 3 m for the thin and elongated passages and from 5 to 25 m for the larger rooms.

It is important to consider that the building hosting the gravimeter acts as a barrier to infiltration of rain-
water in the soil during rainfall events. It has been shown that this process may reduce, or delay, the
expected Ag associated with a rainfall event, known as the umbrella effect or the building mask
(Creutzfeldt et al., 2008; Deville et al., 2012). At the RCL site, the gravimeter is installed in a 1-m deep shaft,
which limits its sensitivity to the superficial layer. This is due to the fact that masses in the first meter below
the ground surface in the vicinity of the gravimeter are at higher level than the gravity sensor and thereby
yields a negative vertical attraction which mitigates the positive vertical attraction of superficial masses
located further downslope. Gravity modeling shows that setting a depth below the building in which no soil
moisture variation can occur to 2-m depth, as Giintner et al. (2017) did, has a limited impact on the response
of the gravimeter to WSC in the first meters of the subsurface. Taking a building mask of 2-m depth reduces
the modeled Ag by less than 25% for WSC in the first 3 m and by 10% only in the first 6 m. Practically, the
building mask is expected to diminish in the hours following a rain event as rainwater starts percolating
through cracks and beddings below the building and into deeper layers. However, the extent of the building
mask in time is unknown, and is not the subject of this study, This is why, for the later analyses in this paper,
we deal with modeled gravity values that are the mean value between gravity modeled with and without a
building mask, within a confidence interval set as the difference between the two.

3.4. Hydrological Monitoring

The hydrological monitoring is performed using three CTD-Diver® pressiometric probes (measuring water
level, electrical conductivity, and temperature) from Schlumberger Water Services (Figure 1c) installed in
caves (LUR; Nou Maulin water table, NMT; West Water Table, WWT). They provide data at a 15-min sam-
pling rate. The water pressure and corresponding water level are measured with a 10-cm maximum preci-
sion and long-term stability, as well as a 1-cm resolution. The data are corrected for the effects of air
pressure with a Baro-Diver characterized by 2-cm precision and a 0.1-cm resolution. The level of the
Lomme River is monitored hourly by the Walloon regional institute (DG03-DRCE-DCENN) in the city of
Rochefort. All data are available in the supporting information.

A Lufft tipping bucket type rain gauge installed adjacent to the gravimeter laboratory measures precipitation
every minute.

4. Results
4.1. Gravity and Hydrogeological Data Sets

We use 3 years and 8 months of continuous gravity data acquired from the RCL monitoring network, com-
mencing in November 2013 and lasting up to July 2017. This data set shows an obvious seasonality
(Figure 3a). Seasonal gravity changes recorded by SGs have already been explained by long-wavelength
water storage variations (Boy & Hinderer, 2006). The variability in phase and amplitude in long gravity time
series reflects the predominance of a local component in the hydrological signature, as already observed at
several observatory stations (Creutzfeldt et al., 2010; Hasan et al., 2008; Lampitelli & Francis, 2010;
Longuevergne et al., 2009; Naujoks et al., 2010; Van Camp et al., 2006, 2014). In Rochefort, the seasonal var-
iation in the gravity data set has been interpreted as being mainly related to the local hydrology
(Watlet, 2017). The data set also exhibits >20 high frequency peaks that are related to the flash floods occur-
ring in the caves.
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Figure 3. (a) Relative gravity measurements (green) observed at the RCL site. Tidal, atmospheric, polar motion effects, and instrumental drift are removed. For
legibility, the average value of the gravity at Rochefort site is removed. A power outage occurred on 8 April 2014 and lead 2-month relaxation of the GG. The

SG was installed on 16 December 2014. (b) Water levels of the west water table (WWR) and the Lomme Underground River (LUR) stations. Gray spans identify
periods associated with rolling correlation (with a sliding window of 24 hr) greater than 0.95.

Figure 3b presents the hydrogeological data set overlapping the gravity monitoring period. Flash flood
events with measured amplitudes larger than 3.5 m show the best correlation (Pearson's correlation coeffi-
cient r > 0.95) with the gravity timeseries. Some of the smaller flash flood events are also highly correlated
(r > 0.95), although associated with small gravity variations (<5 nm.s~2) that fall below the 2¢ noise level
ascertained for both the GG and SG data sets. Such events are therefore not taken into account in
further analyses.

4.2. Flood Events Data

During flood events, high-frequency peaks in the water-level data are correlated with increased gravity mea-
surements. Our data set comprises 20 flood events affecting the deepest parts of the Rochefort caves. They
are detected both by the water level sensors and the gravimeter. They correspond to water level increases
ranging from 3.5 to 13 m.

Figures 4c and 4d show data from the different water level probes (NMT, LUR, WWT, and SLR) and of the
surface gravimeter during two floods in July 2014 and in April 2015, respectively. Figure 4c shows data from
the GG while Figure 4d displays data from the SG, highlighting the lower instrumental noise of the latter.
These two flood events differ from their amplitude. The flood event in July 2014 reached 11.3 m at LUR sta-
tion (Figure 4c) while that of April 2015 only reached 9.1 m at LUR (Figure 4d). In both cases, the NMT sig-
nal (northern unit) is slightly out of phase compared to LUR and WWT signals (southern unit). However,
this study will not focus on the transient signal associated to the flood events. Instead, the relationship
between the gravity and the water levels will be investigated as if they were in steady state, which allows
the structure of the limestone massif to be characterized.

The dynamics of the floods exhibit typical patterns in terms of measured water level and discharge; after a
rapid increase of the level due to a flood event, the pressure head shows a nonlinear decrease and usually
stabilizes, 20 to 50 cm above the level prior to flood. Then, usually after 48 hr, there is a slow linear decrease,
lasting up to several days. Such a behavior is typical of karst environments and is described by Mangin (1975)
as (i) a rapid flow of autogenic water from the vadose zone and allogenic water transiting in the epiphreatic
zone exhibiting a non-linear recession and (ii) a delayed flow from slowly infiltrating water showing a linear
baseflow recession. Such small shifts in the water levels prior and posterior to the flood events highlight the
likely limited effect of the flood to recharge annex-to-drain systems of the epiphreatic zone.

The gravity increase follows the rising water levels. However, the gravity level reached after the flood, that is,
after the rapid decrease, remains relatively high when compared with the water level (>15% of the amplitude
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relative variation of gravity for the two same flood events. The shifts in gravity values between the rising and the lowering water level of both flood (4 and 15 nm.s_z)

are highlighted.

of the gravity peak). This gravity step may have several explanations and is discussed in detail in the
following section. During the flood itself, the gravity signal is closely matched to the water levels
measured in the Southern Unit (Lorette Cave, LUR and WWT sensors). This is less obvious for the
northern unit (Nou Maulin Cave, NMT sensor). For the July 2014 flood, when the level of the NMT probe
approaches 11 m (Case T1 in Figure 4c), levels of LUR and WWT are only at 6.8 m and the gravity
anomaly is identified at 42.5 + 2.1 nm.s™> As the level stabilizes in the northern unit, the gravity
anomaly continues increasing up to 71.0 + 2.1 nm.s™> following the rising water level in the southern
unit from +6.8 to +11.3 m (Case T2 in Figure 4c). The rising water level in the northern unit (Nou
Maulin cave) does not produce a similar increase in the gravity data to that seen in the Southern Unit
(Lorette cave). This is not surprising, as the widths of the outcropping limestones in northern and
southern units are 150 and 565 m, respectively, within vicinity of the gravimeter. This impacts the
proportion of each unit in the sampling volume of the gravimeter (Figure 1a) at the depth of the saturated
zone: 23.3% for the northern unit and 76.7% for the southern unit. Similar observations can be made in
April 2015 and for all the other flash flood events not shown in Figure 4.

Figure 4e presents the gravity variation against the water level reached during these two flood events at the
LUR station. These cases are representative of the 20 other flood events (see summary in Table S1 in the
supporting information) and reveal two main pieces of information: (i) that at similar water levels during
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Table 1

Modeled Ag Induced by a WSC of 1 mm Distributed in a Progressively Thicker
Layer Below Topographic Surface Following the Approach Presented

in Section 3.3

the increase, flood of July 2014 shows a greater gravity anomaly than that
of the April 2015 flood, and (ii) that the gravity record does not show simi-
lar values for equal water levels of the rising and the lowering stages.

Thickness from the surface (m)

= The slight decrease in gravity associated with a stationary water level at
Ag (nm.s “/mm)

AU AW

the maximum flood amplitude is attributed to the phase shift between

0.04 + 0.03 the southern and the northern units. As the water is still at the maximum
0.20 £ 0.06 measured level in the Lorette cave, the water level has already signifi-
gzg i ggg cantly dropped in the Nou Maulin cave, influencing the gravity signal.
0:37 - 0:02 The offset between the gravity anomalies measured during the increasing
0.39 + 0.02 and decreasing water level shifts afterward to positive values. It reaches

+4 nm.s~ for the April 2015 flood and 415 nm.s ™ for the July 2014 flood
as highlighted in Figure 4e.

5. Discussion
5.1. Analysis of the Flood Events

We have seen that the gravity signal is sensitive to the increase of water levels measured in the caves during
flood events. However, assessing the contribution of the local rainfall infiltration in the measured gravity sig-
nal is crucial in order to derive the actual gravity increase related to the flood process itself. The remaining
gravity steps, after every flood event, as shown in Figure 4, have two possible explanations: (i) They result
from the gravity loading produced by meteoric water still infiltrating the vadose zone after a flood event
has terminated, or (ii) they reflect allogenic recharge of the annex-to-drain system in the epiphreatic zone
as a consequence of the flood itself. Investigating the validity of the first scenario, that is, assessing if rain-
water infiltration can be responsible for the remaining gravity step, has a direct influence on the likelihood
of the second scenario.

Gravity changes associated with rainfall events are well-known effects (e.g., Fores et al., 2016; Imanishi
et al., 2006; Meurers et al., 2007). The ratio between the gravity change and the intensity of the rainfall invent
is often called rainfall admittance. It is site dependent, being influenced by local topography, soil properties,
and characteristics of the gravimeter installation. Ultimately, the soil hydraulic conductivity and evapotran-
spiration are the crucial parameters that governs rainfall admittance factors, because it affects the depth
reached by rainwater a certain amount of time after a rain event. In karst areas, how fast and how deep rain-
water infiltrates the superficial layers is a key question. Given the duality of flow types affecting karst sys-
tems (Atkinson, 1977; Smart & Friederich, 1987), a part of the infiltrating water rapidly percolates
through open cracks toward deep layers, while the remainder is delayed as it percolates through the shallow
epikarst. This has been highlighted at the RCL site by Poulain et al. (2018) via an incave percolating water
monitoring experiment. They emphasized that rainfall is followed by quick flow discharge in the roofs of
the RCL cave located 20 m below the surface. They also demonstrate that this quick flow component gener-
ally last for 2 days, after which a diffuse flow component attributed to the seeping of water delayed in the
epikarst, predominates and lasts for more than 10 days. This delayed infiltration in the epikarst has also been
confirmed at the RCL using a long-term Electrical Resistivity Tomography monitoring (Watlet et al., 2018).

At Rochefort, allogenic floods are generally associated with intense local rainfall events, due to the location
of the RCL close to the source of the Lomme River, and in turn to all the upstream catchment areas. Such
rainfall events start several hours before the river swells and ultimately infiltrates the cavities. The floods
themselves last 1 to 3 days, as long as the level of the surface river is high enough to feed the swallow holes,
and depending on the length of the rain event. Conducting a classical study on the effects of local rainfall to
the RCL gravity signal recorded at the surface is rather complex for two main reasons.

First, sensitivity of the gravimeter to the uppermost layer is very low, due to the installation of the gravimeter
below the ground surface. Table 1 displays the modeled gravity effect of a 1-mm rain event stored in super-
ficial layers of variable thickness, following the approach presented in section 3.3. It shows a very low admit-
tance of 0.04 + 0.03 nm.s™2 per millimeter of water spread in the first meter of the subsurface. This value
quickly increases when considering that rainwater infiltrates toward greater depth. This suggests that
low-magnitude rainfall events are barely detectable in the gravity signal, which is confirmed by the actual
gravity data.

WATLET ET AL.

10 of 18



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2019WR026673

Second, higher magnitude rainfall events often trigger underground flood events at the RCL site, which have
both an effect on the gravity signal and makes it difficult to assess a direct gravity changes associated with
rainfall events.

Is the gravity step posterior to each flood event induced by allogenic recharge of the aquifer or by an increase in
the water content of the vadose zone, due to delayed rainwater infiltration? Figure 5 shows the relationship
between the rainfall intensity and the remaining gravity step. Because the delay of the gravity response to rain-
water infiltration is not known, rainfall intensity is calculated as the mean between rainfall intensity starting
1 day up to the end of each flood and that starting 3 days up to the end. Horizontal error bars in Figure 5 repre-
sent the difference of rainfall intensity following one or the other approach. We fitted an orthogonal distance
regression (Boggs et al., 1992), which takes into account errors in both coordinates. The slope of the fitted
model, hence, the fitted rainfall admittance factor, equates 0.34 + 0.6 nm.s > per millimeter of water. When
looking at the period of the year of each flood, the summer floods are slightly below this threshold, whereas
only winter heavy rainfall events are above this threshold. This suggests that rainwater infiltrates deeper in
the massif in winter than it is the case in summer, which is expected given the summer vegetation acts to
decrease water infiltration. Moreover, dry clayey soils may experience increased runoff, decreasing actual rain-
water infiltration. In any case, more observations are required to confirm this interpretation.

Using the 3-D modeling presented in section 3.3, we can investigate the significance and, thereby, the valid-
ity of such a rainfall admittance in terms of average infiltration depth within the shallow layers. Table 1
shows that the value of 0.34 + 0.6 nm.s~> per millimeter of water as rainfall admittance corresponds to an
impacted depth between 3 and 5 m. This matches the depth of the epikarst at the RCL site. In reality, it is
likely that rapid percolation through open cracks brings parts of the rainwater in deeper layers. This would
counterbalance and, thus, raise the gravity response given that the gravimeter is more sensitive to deeper
areas. In other words, the average superficial layer responsible for most of the temporary storage of the rain-
water might be slightly thinner than the 3- to 5-m-modeled depth.

Note. Ag are shown as the mean between models with and without building masks, while the error reflects
the interval between the two.

To validate this result, we focus on a second independent approach comparing the relationship between the
amplitude of the flood and its associated gravity anomaly. This is taken as the difference between the max-
imum gravity value and either (i) the starting value (Agstart_max) OF (ii) the final value (Agend_max)- The main
assumption is that

Agendﬁmax = Agstartfmax_ Agrainfall = Agstan‘fmax_ k.p (3)

where P is the precipitation associated to each flood expressed in mm of water and k the rainfall admittance.
We use a fitting approach which consists in minimizing the rainfall admittance value k to reproduce the
actual Agend_max- The rainfall is once again taken as the average precipitation measured 1 to 3 days prior
to each flood. A thousand values of admittance ranging between 0 and 0.42 nm.s™ per millimeter of water
are tested. The value showing the lowest Root Mean Square Error (RMSE) is selected as best fit, in this case,
0.32 nm.s~2 per millimeter of water (see Figure S2). This is very similar to results obtained with the first
approach (Figure 5), thereby confirming that rainwater infiltration explains the gravity increase remaining
after the flood event.

By using two independent approaches, we can validate the assumption that rainwater loading is largely
responsible for the gravity step posterior to the flood event. As a direct consequence, this also demonstrates
that RCL gravity data does not support the hypothesis that underground floods may result in any significant
recharge of capacitive subsystems in deep sections of the aquifer. Instead, the results suggest that the flood
events are predominantly confined in macroscopic conduits and connected voids. In Rochefort, the 20 inves-
tigated flash floods are short-lived events, marked by piston-like water invasion that could not significantly
recharge capacitive areas of the limestone massif. This differs from the study of Jourde et al. (2014) which
identified some floods leading to aquifer recharge, in a Mediterranean context. In their case, the aquifer
shows large seasonal variations. A depleted aquifer is prone to absorb flash flood water more readily.
Conversely, in Rochefort, the level of the aquifer is stable throughout the year, and there is no evidence of
different behavior in terms of recharge of the aquifer between summer and winter floods.

WATLET ET AL.

11 of 18



Ay

ra\% |V Water Resources Research 10.1029/2019WR026673
AND SPACE SCIENCE
12
—— Orthogonal distance regression
301 2-sigma interval
O Agstart_end 10
25
R
4] 8 5
£ 20 o
(]
g 5
5 5
5 15 6 £
2z 5
> =
s 101
© 4
5 4
2
Slope = 0.34 = 0.06 nm.s?/mm
0 : : : .
0 20 40 60 80 100

Rainfall intensity (mm)

Figure 5. Gravity step reached after each flood as a function of concurrent rainfall intensity. The black line represents a lin-
ear regression constrained through the origin. Horizontal error bars highlight the error estimate on the gravity data set, as
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starting 1 or 3 days prior to the beginning of each flood, with the point located at the mean. Points are colored according to the
period of the year during which the flood occurred, with red colors corresponding to summer and blue colors to winter.

5.2. Estimation of Karst Voids

The analysis of water level and gravity data shows that the floods are mainly limited to transmissive con-
duits. Therefore, the extension of the flood events in the limestone massif and the associated increase of
water masses detected by the gravimeter are key elements to inform on the amount of connected voids that
can be accounted for in the studied area. As is typical in karst systems, a certain number of the underground
conduits remain unknown or inaccessible. We investigate hereafter whether gravimetric monitoring can
reveal such unknown extensions.

Figure 6a summarizes the 20 flood events by plotting the gravity difference and the highest water level
reached during each flood for the three underground stations. Data are showing a similar nonlinear relation-
ship, already discernible from the data of the July 2014 flood in Figure 4e. Three points from NMT station
seem slightly offset with remarkable gravity anomalies for very low measured water levels (<3 m). These
can be explained by the fact that the Nou Maulin swallow hole is protected by an artificial 2-m dyke which
prevents smaller floods from filling the cave. In such cases, NMT water level signal is only impacted by an
input of water coming from minor swallow holes in the northern unit dispatched upstream of this main
one. Conversely, the gravity signal is already impacted by floods largely affecting the Lorette cave, due to
the presence of larger swallow holes upstream in the southern unit. Because of this particularity of NMT,
we decide to focus mainly on water level data measured in the Lorette cave for the remainder of this study.

First, we simulate the gravity response of floods restricted to the mapped cavities of Lorette Cave and Nou
Maulin Cave (Figure 6¢). As mentioned in section 3.3, a thickness of 1 to 3 m was assigned to the smaller
conduits, while 5 to 25 m was assigned to larger conduits, following the circular shape of the cavities. The
simulations demonstrate that the model is not able to describe well the gravity anomalies associated with
floods restricted to the mapped cavities. To fit the observations, adding voids to the karst system is required.
As it is not possible to know the exact location of these unknown cavities, we have considered a first simple
case where the voids are uniformly spread as an average porosity in the massif. When considering a reparti-
tion of voids in the area comprised in the highest sensitivity zone of the gravimeter (radius of 400 m around
the gravimeter, as explained in section 3.3), we find a total amount of 78,520 m? of voids in addition to the
modeled mapped passages which amounts 26,260 and 11,750 m?, respectively, for Lorette Cave and Nou
Maulin Cave in the slice where the floods occur.
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Figure 6. (a) Representation of the highest water level and Agend max measured during each flood event, for the LUR (circles), NMT (triangles), and WWT
(squares) underground water-level sensors. The error bars illustrate the noise of the gravity measurements. (b) The volume of flooded cavities when accounting
for the mapped Nou Maulin and Lorette caves (green and blue, respectively). (c) Similar representation as (a) with data from the LUR water-level sensor
(circles) only, to which modeled gravity responses of infiltrating rainwater and rising base level of the epiphreatic zone have been removed. (d) Similar
representation as (b) plus the modeled additional voids distributed either in the whole modeled area (pink) or within the central part of the Lorette cave (red).

Calculations for a second scenario in which the unknown voids are to find in the central part of the Lorette
Cave results in only 14,160 m? of additional unknown cavities. This seems more realistic as it amounts half of
the volume being flooded in the known cavities of the northern unit. As a comparison, this is 1.5 times bigger
than the Val d'Enfer chamber, at the center of Lorette cave, which has a size estimated to 10,000 m>
(Triantafyllou et al., 2019). Several points support this hypothesis.

The first point was initially raised to explain the dynamic of the flood in section 4.2. It concerns the outcrop-
ping width of both units, also represented by the area covered by both units in the sampling volume of the
gravimeter, as shown in Figure 1 (76.7% and 23.3% for the southern and the northern units, respectively).
The total volume of cavities being flooded in the Lorette Cave is also 2.2 times greater than for the Nou
Maulin Cave. However, the contributions of the cavities from the Lorette Cave to the modeled gravity signal
(Figure 6¢) is, for the 13-m floods, 2.7 times lower than for the Nou Maulin Cave. This is because the topo-
graphy of the caves is such that the areas flooded in the Lorette Cave are farther from the gravimeter than
those of the Nou Maulin Cave, as shown in Figure 7. In order to estimate which units could host most of
the unknown voids, we modeled the evolution of the gravity anomaly during the July 2014 flood. To model
Case T1 on Figure 4c, we set a water elevation of 11 m in Nou Maulin Cave and of 7 m in Lorette Cave. This
gives results of 10.17%% nm.s ™ (see Figure 6¢), which is 3.3 times lower than the measured gravity increase
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Figure 7. Simulation of 1-, 5-, 9-, and 13-m high floods in the caves. The yellow zone corresponds to the alluvial plain of the Lomme River that is also flooded,
producing negligible gravity variations in the simulations.

(42.5 + 3.2 nm.s2), to which the modeled rainwater infiltration (9.7 + 5.2 nm.s™2) is subtracted. While
keeping the 11-m level in Nou Maulin Cave, the rising water level from 7 to 11.3 m in Lorette Cave is
modeled to an increase of +2.3*1} nm.s™, which is 8.2 times lower than the measured gravity increase
minus the modeled rainwater contribution (+18.8 + 3.2 nm.s ) in July 2014 (see Table S2 in the
supporting information). This is significantly higher and suggests the presence of additional water masses
in the southern unit.

The second point supporting the hypothesis that a majority of the unmapped voids are concentrated in the
southern unit focuses on the morphology of both caves. Lorette cave contains only very few reported pas-
sages below 176-m AOD (Figure 1c) in its middle section, that is, above the level reached by the 13-m flood
events. This is emphasized in Figure 8 which maps out a flood event along a cross section of the Lorette cave,
showing this lack of mapped cavities in deep areas of the central part and the modeled cavities. Additional
conduits are thus necessary to transfer water from the eastern cavities to the western passages, and both
areas are known to have floors below 170 m AOD (i.e., the altitude of an 8-m flood). In contrast, the floors
of the mapped Nou Maulin passages are all located below 170-m AOD and the connectivity between all the
areas flooded is attested for floods over 6 m. Fewer additional voids are therefore required in this case to
ensure the underground drainage.

These arguments support the hypothesis that a major network of passages or connected voids is located in
the middle part of the Lorette Cave, below the level of the mapped cavities (Figure 8). This is corroborated
by the formation process of the central chamber of the Lorette Cave (Val d'Enfer), which is the result of two
sinkhole collapses, as discernible from the Lidar topography in Figure 1c. Two flanks of the chamber host
massive scree slopes terminating on flat ground. Our interpretation is that these scree slopes are larger
and deeper and extend beyond the surface of the ground, which is likely to comprise of fill material as a
result of the collapses. The scree would therefore host plenty of small connected voids acting as drains help-
ing the allogeneic water to flow to the western part of the cave and would potentially hide an undiscovered
block-field cave chamber. The existence of U-bend conduits could counter this hypothesis, but no evidence
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Figure 8. Conceptual model of a 13-m flood event in the Lorette cave projected on a west—east cross section. The zone
progressively shifting from white to red represents the layer in which the modeled cavities are located. Red indicates a
greater number of cavities. LUR and WWT refer to the water level sensor of Figure 1c.

of such systems has been found nor could be explained by the local geology. The only siphon-like system
reported in the area is located at the resurgence of the Lomme Karst System, 7-km east of the field site.

It is likely that increasing water level would favor poorly connected voids to be affected by the flood,
although this hypothesis would be practically impossible to differentiate from the aforementioned scenario.
An intense campaign of relative gravity measurements, made with a Scintrex CG5 gravimeter, in surface and
at depth, similar to that developed by Jacob et al. (2009), could have been useful to inform on the porosity of
the massif at different depths. Although a similar approach was implemented at the RCL site, acquiring 35
surveys over 2 years, it was difficult to distinguish a hydrological signal from the noise level of the CG5 gravi-
meter (typically around 50 nm.s™2) given the relatively small surface area and, thus, small expected
lateral variations.

6. Conclusions

This research aimed at investigating karst hydrological characteristics of underground flash floods at the
RCL site in the Rochefort karst system, in a temperate maritime climate. Twenty flood events could be uti-
lized to study the dynamic of the flood and their resulting gravity anomalies of several tens of nm.s™% The
analyses of such flash flood events monitored with four water-level sensors and one single surface gravi-
meter lead to detect unknown voids in the subsurface and eventually present a likely location for them in
the system.

First, we analyzed the gravity signals associated with the floods and identified persistent gravity increases
after each flood. We demonstrated that the source of such a gravity step can be explained by the infiltration
of local rainwater in the massif and is not a consequence of any flood-induced recharge of the aquifer. This is
different to the results found by Jourde et al. (2014), which identified a direct recharge of the karst saturated
zone following flood events in a Mediterranean context and in certain conditions. Our study focuses on a
humid karst which may explain the difference in findings from Jourde et al. (2014). This difference high-
lights how much climate characteristics and karst morphology affect aquifer recharge, as has been assumed
in several studies (Hartmann et al., 2014; Klimchouk, 2004). Moreover, our results demonstrate the effect of
intense rainfall and extreme weather events on the recharge of the karst vadose zone itself. This may have an
impact on the recharge of the saturated zone of the aquifer, as either a delayed response (Bakalowicz, 2005;
Clemens et al., 1999) or provide inputs to permanent storage within the vadose zone (Arbel
et al., 2010; Williams, 2008).

In addition to this, we revealed the morphological characteristics of the underground, that is, the number of
connected voids in an environment as complex as a karst system. The cavities of our test site are already
extensively mapped but a major proportion of unmapped voids have been inferred. To reproduce the
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observed gravity anomaly, between 14,160 and 78,520 m> of additional voids are required, distributed either
in the central part of the Lorette Cave, as supported by geological and morphological information, or in all of
the high sensitivity area of the gravimeter. This is in addition to the mapped passages being flooded, which is
estimated as 38,000 m>. As such, the workflow used for this study may be of interest to those assessing sub-
surface properties in other cave systems worldwide that exhibit similar flooding events. It could also be
adapted to a series of comparable case studies. This involves tide effects in coastal karst areas, hydrothermal
processes, magma and fluid migration in volcanic environments, effective rainfalls infiltration, or fluid leak-
age in porous media.

The added value of gravity measurements to conventional hydrological monitoring is clearly demonstrated
in our study. It calls for a greater integration of geophysical measurements within in situ monitoring
approaches aiming at improving our knowledge of karst hydrological processes. Gravity monitoring can pro-
vide crucial data for studying at the mesoscale seasonal discharge and recharge processes in the karst sys-
tems, thereby providing a supporting tool for point sensor networks, which may be limited by
heterogeneities within complex systems.
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