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lying rock structures. In such settings, mapping cave networks and monitoring ground stability is important to
assure civil safety and guide future infrastructure development decisions. However, no technique can directly
and comprehensively map these hydrogeological features and monitor their stability. The most reliable method
to map a cave network is through speleological exploration, which is not always possible due to restrictions, nar-
row corridors/passages, or high water levels. Borehole drilling is expensive and is often only performed where
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Karst the presence of karsts is suggested by other techniques. Numerous indirect and cost-effective methods exist to
Sinkhole map a karst flow system, such as geophysics, geodesy, and tracer tests. This paper presents the outcomes from
Urban area a challenging application in Quebec City, Canada, where a multidisciplinary approach was designed to better un-

Multidisciplinary approach derstand the groundwater dynamics and cave paths.
Two tracer tests in groundwater flowing through the cave system indicated that water flows along an approxi-
mately straight path from the sinking stream to the spring. It also suggests the presence of a parallel flow path
close to the one already partially mapped. This observation was confirmed by combining Ground Penetrating
Radar (GPR) and Electrical Resistivity Tomography (ERT) techniques, and ultimately by observing voids in sev-
eral boreholes drilled close to the main cave path. Lowering the water levels at the suspected infiltration zone
and inside the Kkarst, the infiltration cracks were identified and the hydraulic link between them was confirmed.
In fact, almost no infiltration occurs into the karst system when the water level at the sinking stream drops below
a threshold level. Finally, SAR interferometry (InSAR) using RADARSAT-2 images detected movements on few
buildings located over a backfilled sinkhole intercepted by the karst system and confirmed the stability of the
rest of the karst area. The knowledge of the flow system described in this paper is used by policy makers to assure
civil security of this densely populated area.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Karst aquifer systems are present throughout the world and represent
10% to 20% of Earth's surface area (Ford and Williams, 2013). Their large
distribution ensures that they are regularly found under urban settings.
The construction of infrastructure above karst aquifer systems,
where voids frequently occur, poses major issues for civil engineering
and public safety (Beck, 1984, 2002; Waltham et al., 2005; Del Prete
et al., 2010). Such aquifers often have complex structures limiting their
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characterization. The development of voids and preferential groundwater
flow paths follow various controlling factors and is difficult to predict
(Chalikakis et al., 2011). No singular approach exists to map, understand,
and monitor the behavior of karst systems because of their varying water
saturation, depth, and shape. Consequently, complex and multidisciplin-
ary studies involving a combination of techniques are often required to
assess the associated risks to urban infrastructure.

In urban settings, geophysical methods such as seismic reflection,
Electrical Resistivity Tomography (ERT) methods, and low-frequency
Ground Penetrating Radar (GPR) work reasonably well (dos Reis Janior
et al, 2015). Satellite imagery interpretation by Interfrometric Synthetic
Aperture Radar (InSAR) techniques are promising to detect infrastructure
motion related to the erosion of underlying caves, as the abundance of
hard and angular structures guarantee a high density of targets reflecting
the emitted electromagnetic signal. Finally, groundwater tracer tests often
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reveal useful information regarding the groundwater flow path and
dynamics.

Seismic reflection is based on the propagation of mechanical waves
and specifically the body waves Pand S into the ground. The method im-
plies emitting elastic waves and monitoring their reflection over time
with receivers (geophones) located at the surface. Several studies
using seismic waves have helped detection of karst-related anomalies
following the analysis of the propagation velocity of P and S waves
(Belfer et al., 1998; Hoover, 2003; Parker, 2002). Recent developments
in high-resolution seismic reflection have led to applications in urban
areas (Krawczyk et al., 2013). For example, Di Fiore et al. (2013) pre-
sented its use to detect caves in Italy.

Electrical Resistivity Tomography (ERT) consists in emitting a DC
current between two electrodes and measuring the difference of electric
potential between two other electrodes (Roth et al., 1999; Rubin and
Hubbard, 2005). The difference of electric potential V is interpreted
using the relation between the intensity of the injected current I, the re-
sistivity R of the ground (in Ohms), and V. Parameter V is influenced by
the spatial distribution of electrical resistivity and electrode positioning
at the surface. Inversion algorithms are used to assess the spatial distri-
bution of resistivity in the ground that explains the measured electrical
potential. Several types of inversions exist, and the most often used is
the regularized least-squares method (Rubin and Hubbard, 2005). Ulti-
mately, the method provides a two-dimensional section or profile of the
ground resistivity and allows for the detection of anomalies such as
voids which are extremely resistive.

Ground Penetrating Radar (GPR) is an ElectroMagnetic (EM) tech-
nique consisting of emitting an EM pulse into the ground within the
radio frequency range (10-1000 MHz). A part of the signal is eventually
back-reflected to a receiver antenna close to the emitting one when it
encounters contrasts of electrical permittivity. Typically, the antenna
pair is moved at the surface, and the reflected signal is constantly re-
corded. A measurement of EM wave intensity reflection in function of
time and space is obtained. The conversion from time to depth is per-
formed by fitting hyperbolas on the diffracted signal (Rubin and
Hubbard, 2005). Typically, GPR surveys are performed along profiles.
If multiple profiles are acquired in a spatially dense pattern, a 3D cube
of GPR traces can be produced. It allows following the continuity of
karstic channels when observed over multiple subsequent parallel 2D
profiles. The technique is used by civil engineers to map underground
structures. It is very sensitive to pipes and other shallow artefacts that
may limit its depth of penetration and renders its interpretation com-
plex in urban or highly heterogeneous environments.

Synthetic Aperture Radar interferometry (InSAR) is a fast-developing
technique efficient to monitor ground movement (e.g., Castellazzi et al.,
2016, 2017). It consists in interpreting the phase shifts between several
identical EM wave signals (1-10 GHz) sent by a Synthetic Aperture
Radar (SAR) satellite from the same orbital position and at different
times (Massonnet and Feigl, 1998; Ferretti et al., 2001; Berardino et al.,
2002). The phase shifts not related to ground motion are estimated and
subtracted. Ultimately, ground displacement over time and along the
satellite Line Of Sight (LOS) angle is inferred. On one hand, using InSAR
as an early warning tool assumes the occurrence of precursory move-
ments before collapse. On the other hand, identifying and mapping sink-
hole collapse with InSAR is limited by our ability to convert the phase
shifts into LOS distance change (solving ‘the phase ambiguity’) for sud-
den and nonlinear movements. Indeed, phase-to-displacement inversion
algorithms usually rely on analysing the progressive component of phase
shifts in time and/or space. In the case of sinkhole collapse, the phase dif-
ference is expected to be largely nonlinear in time and space (sudden
movement over a limited area).

Despite its main limitations, several authors successfully used InSAR
to detect karst-related ground movements or to observe the potential
occurrence of precursory signs before collapse. Recent studies demon-
strated the utility of InSAR for sinkhole detection and monitoring in nat-
ural settings (Gutiérrez et al., 2011; Atzori et al., 2015; Galve et al,,

2015), in mining environments (Rucker et al., 2013), and in urban/
built environments (Yerro et al., 2014). Intrieri et al. (2015) successfully
used Ground-Based InSAR (GB-InSAR, which uses the same principle as
InSAR on a fixed ground-based system) for early-warning of sinkhole
collapse in Italy, pointing out the remaining potential offered by
space-borne InSAR toward such applications.

Groundwater tracing techniques consist in adding a given mass of a
traceable substance at the sinking stream and monitoring its arrival at
one or several downstream springs or flow conduits. The transport
times and the tracer mass balance are used to infer the occurrence of ac-
tive conduits, their water flow rates, and the hydrodynamic links be-
tween the sinking stream and the springs. Kass and Behrens (1998)
and Goldscheider et al. (2008) provide a complete description of the
available tracers, their related applications, and the advantages and
drawbacks of each. Among them, salts (which dissolve into cations
and anions) and fluorescent dyes are the most used. The latter has the
advantage of being visually observable and precisely quantifiable on
site and in real time.

Recently, several authors performed case studies illustrating the
value of combining techniques in order to improve the understanding
of these complex aquifer systems. In a case study in Spain, Carbonel
et al. (2014) described a multidisciplinary approach that includes a ste-
reoscopic interpretation of aerial photos, the creation of a Digital Eleva-
tion Model (DEM) from a LIght Detection And Ranging (LIDAR) survey,
a combination of GPR and ERT, InSAR, and linear excavations (explora-
tion trenches). The authors note the importance of the geomorphologi-
cal model to help with field work planning and result interpretations
and to propose adapted risk mitigation measures. Lollino et al. (2015)
suggested the following workflow to map and monitor caves: map geo-
logical features and define stratigraphy, interpret aerial photos and per-
form SAR interferometry (InSAR), drill boreholes, apply the available
geophysical methods (including pilot tests to identify the right tech-
niques), analyze water level variations, map hydraulic conductivity, es-
timate groundwater flow rate and direction, and identify recharge
(sinking stream) and discharge (springs) areas. In another case study
in Italy, Zini et al. (2015) used vertical borehole data, geotechnical sur-
veys, GPR and seismic reflection, and hydrogeological and geochemical
field investigations. They conclude that the multidisciplinary approach
was essential to produce a reliable hydrogeological model, which was
impossible using one method alone. Galvao et al. (2015) classified a
karst system into five zones of risk according to the geological and hy-
drological conditions. The classification was based upon the analysis of
aerial photos, the lithological profiles from boreholes, the optical inspec-
tion of boreholes with downhole camera, and a geological map.

The approach proposed in this study is inspired by previous multi-
disciplinary works (Cooper and Calow, 1998; Carbonel et al., 2014;
Lollino et al., 2015; Zini et al., 2015) and involves a selection of tech-
niques relevant in urban settings. It includes InSAR to detect ground
movement, seismic reflection, a combined GPR/ERT survey to detect
voids and cave, the drilling of boreholes on anomalies detected through
geophysical methods, a hydrodynamic test with field monitoring of
water level changes at the inflow/outflow of the system and inside the
caves, and groundwater tracer tests to assess the spatial hydrodynamics
of the aquifer system.

2. Study area

In spring 2013, a sinkhole appeared in the backyard of an apartment
building in Quebec City, Canada, leading to the evacuation of four
neighbouring buildings. Some of them showed signs of past ground
movements, such as cracks on walls. The instability occurred over a
~6-m-thick and heterogeneous sediment backfill. Sediments were
used there to fill a ~100-m-wide hole that appeared by collapse of a
void created by hydrochemical erosion within the karst system and/or
by the exploitation of a quarry (the history of the site is not entirely
known). We assumed that the saturated portion of the backfill erodes
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with groundwater flow. This paper presents a scientific approach de-
signed to better characterize and understand the underground environ-
ment of this karst flow system.

The study area is located in the eastern part of the city, 8 km north-
east of the center, and close to one of the most iconic tourist attractions:
the Montmorency Falls. It extends on a surface area of ~0.4 km?. The to-
pography presents a slow slope with an elevation varying from 120 m to
80 m over 1 km. Caves are located in horizontally layered fine grain
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We assumed that these conduits are enlarged via dissolution and hydro-
mechanical erosion. Up to 3 m of heterogeneous surficial deposits with
grain size ranging from clay to gravel covers the carbonate bedrock.

In the accessible sections of the caves, vertical fractures ~0.5-1-m-
wide and up to ~10-m-high occur (Speltech, 2013a, 2013b, 2014). The
ceiling thickness varies from ~0.5 to ~3 m and is made of flat-lying lime-
stone or breccia. The caves are fed with water from the Montmorency
River through open fractures in the carbonate bedrock along 200 m on
the riverbank (Figs. 1 and 2). Based on geochemistry data (comparing
major ion concentrations of the Montmorency River and the water
flowing out of the cave), we estimated that 98.4% of the water at the
springs area comes from the Montmorency River (Martel et al., 2016).
The total vertical charge loss between the infiltrations into the karst sys-
tem at the dam and the outflow at the spring is ~26 m. The cave's length
is about 980 m long, which suggests an average hydraulic gradient of
2.7%. The water level at the river is usually maintained above the infil-
tration fractures by a run-of-river hydroelectric dam. The average flow
rate at the spring area is ~1 m/s.

3. Material and methods
3.1. Hydrodynamics

A hydrodynamic test was conducted to verify the links between the
caves and the dam along the Montmorency River. The test consisted of
lowering and recovering the water level at the dam to change the hy-
draulic head over potential infiltrating fractures located on its banks.
The flow rate was monitored downstream of the karst system 37
times during the test, which occurred between 18 and 22 August
2015. The outflow rate was estimated at two locations (3 and 4 on
Fig. 1) to cover the entire cave system outflow. The spring flow rate
was measured using a velocimeter at location 3 (Marsh-McBirney Flo-
Mate 2000; Marsh-McBirney Inc., 1994). The tracer dilution test method
(Rantz, 1982; Moore, 2005) was used in location 4 as the flow was
largely nonlaminar. For such tests, a brine solution was injected at one
point, and the electrical conductivity was monitored 150 m down-
stream with three probes at 1/3, 1/2, and 2/3 along a transect perpendic-
ular to the flow.

o

3.2. Dye tracing

Dye tracer tests were conducted on 9 October 2013 with the objec-
tive of better understanding the groundwater dynamics and flow
path. Fluorescein and Rhodamine WT were injected simultaneously in
two infiltration holes (If and Ir respectively) at the upstream section
of the karst system, along the Montmorency River shoreline (Fig. 1).
The two tracers were chosen because of their very low reactivity with
carbonate rocks (Davis et al., 1985). The fluorescein and rhodamine
WT solutions were obtained by adding 410 g of tracer into 20 L of
water. The solutions were stored at 4 °C in light-proof containers before
injection. Water samples were collected simultaneously at four loca-
tions downstream. Two sites are located in the cave along the flow
path at 520 m (see 1 on Fig. 1) and 770 m (2) from the injection points.
Two other sampling sites (locations 3 and 4) are located at the main dis-
charge area (980 m from the injection points). The water flow rates
were measured at each location with the velocimeter method.

Water samples were taken every 10 min at the beginning, then
every 2 min when the tracer concentration was visibly high, and finally
every 5 min at the end of the test. The last sample was taken around 4 h
after the injection. The samples were collected in vials and immediately
stored at 4 °C. They were analysed using a Varian Cary Eclipse Spectro-
fluorometer. Excitation/emission wavelengths were set at 490/512 and
564/582 nm for fluorescein and rhodamine WT, respectively.

In addition to the tracer test, two activated carbon bags were posi-
tioned upstream and downstream in the Montmorency River and tested
to assure that tracer solutions entirely infiltrated into the karst system.
Activated carbon bags were also placed in other springs across the area
(Fig. 1) to verify their connection to the cave system. Their use followed
the method described by Aley (2002). To assess the dye tracer mass bal-
ance, flow rate was measured at every tracing location using a velocim-
eter (Marsh-McBirney Flo-Mate 2000; Marsh-McBirney Inc., 1994).

3.3. Seismic reflection

A seismic reflection survey on streets of the karst area sector was
performed in October 2013 by MBMS Solution Inc. (Fig. 1). The seismic
source is a sweep with frequency ranges between 20 and 500 Hz, and a
streamer of 48 geophones having a spacing of 0.75 m was pulled by a

Fig. 2. Example of an infiltration hole along the Montmorency River bank at the dam observable after decreasing the water level (left picture; see inflow location on Fig. 1) and view inside

an accessible section of a cave (see point 2 on Fig. 1).
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truck. The survey was carried out over a length of 3.2 km at night to
minimize noise bias. Data were processed with Seismic Unix software
(Stockwell, 1999) and in-house MBMS Solution Inc. algorithms.

3.4. GPR and ERT

The GPR and ERT surveys were performed assuming that the karst
system largely included water-free voids. In this context, techniques
able to map resistivity (ERT) and permittivity (GPR) contrasts in the
ground are promising. The GPR is a high resolution technique that
maps interfaces between materials by detecting contrasts of electrical
permittivity in the top 5-10 meters depending on the antenna fre-
quency and the ground electrical properties. On the other hand, ERT
has a lower resolution, and the in-depth distribution of electrical con-
ductivity is inferred by inversion. The latter is less sensitive than GPR
to shallow human infrastructure such as pipes or cables. In this paper,
the 3D GPR cube and the 2D ERT profiles acquired along the same
road are combined and interpreted together in order to take advantage
of both methods. The survey was performed at a pilot scale, it consisted
of >200 m of GPR traces and ~96 m of ERT lines. The survey crosses a
portion of the known cave path (Fig. 1).

Ten parallel GPR profiles were acquired along Sylvio Street (Fig. 1) in
the perspective of mapping the underlying open fractures. The GPR sys-
tem used an antenna frequency of 100 MHz (from Mala Geoscience)
with a GPS time sampling interval of 0.5 s (i.e., every ~20 cm). The ac-
quired raw GPR data consists of reflected, diffracted, and refracted EM
waves (in micro V) as a function of time. The processing applied to the
data consists in a low frequency correction (dewow), a static correction,
an automatic gain compensation, and a band-pass filtering. The 10 pro-
files were interpolated on time slices and aggregated in a 3D cube. Fi-
nally, a time-to-depth conversion was computed with a velocity of
0,09 m/ns. This velocity was estimated by fitting hyperbolas on
diffractors.

One ERT profile was taken along the east side of Sylvio Street with a
SYSCAL Pro (IRIS Instruments). The ERT required the drilling of 96 20-
cm-deep holes into the road (i.e., every meter; Fig. 3). The ERT survey
was done with a dipole-dipole configuration that allows for a better lat-
eral resolution. The acquired raw ERT data consist in approximatively
5000 measured electrical potential. The processing consists in removing
outliers, check reciprocity, and inverting for the electrical potential. It
was computed using Res2dInv software. Finally, a 2D vertical section
of the ground resistivity along the electrodes path was obtained. Con-
ventional Marquardt-Levenberg inversion was used, and the damping
factor was adjusted using the L-curve method (Tarantola, 1984).

3.5. Drilling

Boreholes were drilled in winter 2015 along the path of the geophys-
ical survey (Fig. 1) in order to validate the results. A total of eight
subvertical boreholes (15° from the vertical), ranging from 10.9 to
17.4 m deep, were drilled with a diamond drill rig. The bedrock forma-
tion was sampled with an NQ corer and water losses during drilling
were recorded in drill logs. Borehole locations are illustrated along
with the results from the geophysical survey in Fig. 10A.

3.6. InSAR

The SAR images are processed to measure movements of urban in-
frastructure. The Persistent Scatterer Interferometry (PSI) algorithm
based on Ferretti et al. (2001) and implemented into SARScape® 5.2
(http://www.sarmap.ch/) was used to process 35 Ultrafine (U6; MDA,
2016) RADARSAT-2 images acquired over the study area from 29
March 2008 to 1 September 2015. All images are coregistered and com-
pared with a central master (Fig. 4).

The PSI processing consists in identifying the best ground targets in
terms of signal amplitude and coherence stability over a stack of SAR

N

Fig. 3. ERT measurements in the field (Fig. 1).

images. Once the ground targets are identified, the phase variation
over time unrelated to ground displacement is estimated and subtracted.
Using a linear deformation model, the remaining phase variations are
inverted into displacement time series for every ground target. Com-
pared to other InSAR processing strategies, PSI is particularly suited for
this study as it allows producing high resolution ground displacement
maps in urban areas, where coherent scattering targets are dense. A de-
tailed explanation of the different PSI processing strategies is provided by
Crosetto et al. (2016).

4. Results
4.1. Hydrodynamics

Fig. 5 shows the relationship between the water level upstream of the
Montmorency River dam and the water flow rate at the spring. The out-
flow from the caves (blue curve 1, Fig. 5) decreased from 0.930 to
0.020 m>/s, which represents a 98% flow rate loss when the water level
in the river dropped 1.5 m below its normal level (112.25 m asl). The
flow rate downstream of the karst system stabilized even if the river
level kept decreasing below 111.75 m asl. It means that the fractures
from which water infiltrates into the karst system act as a level threshold
below which water almost stops infiltrating. When the water level in
the river is recovering (red curve 2, Fig. 5), the same threshold level can
be observed. The gap between the red and the blue curves is related to
the ~60-min transit time between the springs and the dam.

This field test proves the direct hydraulic link existing between
water level at the dam and the flow rate within the karst system. There-
fore, lowering the water level upstream of the dam below 111.75 m asl
or plugging the fractured bedrock along the river bank may result in a
significant flow rate reduction. This may decrease the erosion under
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Fig. 4. Star connection graph used to link all SAR images of the RADARSAT-2 time series. Each connection represents an interferogram (a phase difference map) taken into account to
retrieve the SAR phase variation over time for each highly coherent ground target (such as buildings).

the unstable buildings that were evacuated in spring 2013. In summer
2016, the Quebec City council decided to plug the infiltration holes at
the dam in hope of stopping the subsidence in the backfill areas
downstream.

4.2. Dye tracing

The activated carbon bags installed in the surrounding springs
(Fig. 1) did not capture any dye tracer. This confirms that only springs
atlocations 3 and 4 are connected with the tracer injection sites Ir and If.

The dye tracer test was performed during a field campaign illus-
trated in Fig. 6. Fig. 7 presents the evolution of the fluorescein and rho-
damine WT concentrations at four sampling points (1 to 4), starting
from the dye injection. Two locations are within the cave system (1
and 2) and two others are at the springs (3 and 4). Results show that
sites located farther from the injection points have lower maximum
concentrations and smoother breakthrough curves, which is caused by
mechanical dispersion and molecular dilution. The shape of the break-
through curves at points 3 and 4 suggests that water infiltrating into
the cave system from the Montmorency River bank follows either a sin-
gle trajectory or several trajectories of 4 similar lengths. Indeed, if part
of the water had followed a path with a significant length difference, the
time vs. concentration curves would have presented several concentra-
tion peaks (multimodal shape).

The time corresponding to the maximum dye tracer concentration of
each curve in Fig. 5 represents the transit time from the injection point
to the sampling position. For all sampling locations, the fluorescein con-
centration peaks always arrived before the rhodamine WT peaks.

Fluorescein is considered as a truly conservative tracer (Aley, 2002),
whereas rhodamine WT may be delayed because of its adsorption
over inorganic surfaces (Aley, 2002). For this reason, using the fluores-
cein concentrations over time is recommended to infer water transit
times.

The fluorescein and rhodamine WT transit times are reported in
Fig. 8 and related to straight-line distances from the injection point. It
took respectively 48, 69, and 83 min for fluorescein to arrive at locations
1, 2 and 4 located 520, 770, and 980 m away from the injection point
(If - Fig. 1). The points in Fig. 8 are aligned, indicating that the flow
path into the cave follows + a straight line from the injection point to
the sampling points. The average water velocity is 0.19 m/s (corre-
sponding to 11 m/min).

A mass balance of dye tracers was calculated for each sampling loca-
tion by multiplying the measured concentrations by the water volume
flowing between each sampling intervals (i.e., obtained by multiplying
the flow rate by the time period between sampling events). Fig. 9
shows that fluorescein arrived in location 1 first, then in location 2,
and finally at the springs (3 and 4). More importantly, the mass balance
indicates that only 24% (98 g/411 g) and 66% (271 g/411 g) of the fluo-
rescein mass transits within the known cave at locations 1 and 2 respec-
tively. It also shows that the tracer mass is entirely recovered at the
downstream sampling locations (3 and 4 In Fig. 1). This reveals the
presence of one or multiple water flow paths (and possibly caves)
different from the known one. Even though it does not provide informa-
tion about the size and shape of the other flow paths, the mono-modal
shape of the breakthrough curves (Fig. 7) suggests that the alternative
flow paths are close to the known one.
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Fig. 5. Results from the hydrodynamic test. The water level in the dam was decreased in order to confirm its hydraulic link with groundwater within the karst system. A groundwater-fed
base flow of 0.02 m?/s is observed when the water level in the upstream river is below the infiltration threshold of 111.75 masl.
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Fig. 6. Water sampling in an accessible cave during the fluorescein dye tracer test (top -
site 1 on Fig. 1) and at a spring (bottom - site 4 on Fig. 1).
(Top picture by Guillaume Pelletier.)

The overestimation of the fluorescein mass at the outflow area, loca-
tions 3 plus 4, (138%, 568 g/411 g) is attributed to the imprecision of the
water flow measurements. Indeed, finding a place respecting the lami-
nar flow condition imposed by the velocimeter method was not always
possible. This caused important uncertainty when measuring the water
velocity at location 4.

4.3. Seismic reflection

Analysis of the seismic results indicated that no clear seismic attri-
bute could guide the interpretation and infer the presence of karst. The
inability to reach a robust interpretation from these measurements was
related to: (i) the thin sediment layer above the bedrock transition that
results in a rapid change in seismic velocity and apparent reverberation;
(ii) the presence of infrastructure providing an equivalent seismic re-
sponse (attenuation) to the one produced by the caves; (iii) the

excessive speed of propagation of seismic waves in bedrock and the
rapid attenuation of high frequencies that reduces the resolution of the
method and prevents the detection of narrow caves; and (iv) the shallow
depth of the caves, which leads to a superposition between the surface
waves and the expected reflection response of the shear waves. This
method was therefore not recommended for further investigation in
the study area.

4.4. GPR and ERT

The combined interpretation of GPR and ERT was aimed at identifying
qualitative targets for drilling sites in order to confirm the cave path.
Fig. 10 shows four depth slices (at 0.6, 4.0, 6.2, and 10.8 m) selected
within the 3D GPR cube and the corresponding 2D ERT profile. The ERT
profile has a poor spatial resolution, and the depths of the anomalies are
expected to be imprecise. On one hand, most of the ERT profiles show
conductive zones (in blue) that are probably nonkarstic. Indeed, one of
the main objectives of the technique is to discard zones where a
borehole-based karst exploration is not required. On the other hand, the
ERT profile shows three very strong resistive anomalies (A, B, C in red/or-
ange) correlated with some deep anomalies on the GPR slices (E and J).
The ERT anomaly C corresponds to GPR anomaly J (10.8 m) and to a
known section of the cave, whereas the ERT anomalies A and B corre-
spond to GPR anomaly E at (4.0 m). Two groups of anomalies located
north (D, G, I) and south (F, H, K) are also visible on GPR slices (4.0, 6.2,
10.8 m) but are not covered by the ERT survey. These groups of GPR
anomalies look similar to E and J and were identified as potential targets
for drillings. This is particularly true for the southern anomalies (F, H, and
K) that have the elongated shape typical for karstic channels. The first
depth slice (0.6 m) on the GPR shows the strong influence of anthropic
structures (e.g., pipes) and the change in bitumen starting from the
third lower part (Fig. 10A: left side of the GPR model slice). These are
not related to karstic voids.

The GPR/ERT combination is able to identify the known cave that
confirms the efficiency of such combination and give confidence in re-
sults beyond the known area. In order to further map the cave system,
we recommended making parallel ERT lines, producing a 3D map of
anomalies, and improving the spatial resolution. All geophysical surveys
should be oriented perpendicular to the known or expected cave direc-
tion to increase chances of interception.

4.5. Drilling

Borehole locations were decided upon the presence of geophysical
anomalies and the known cave path (Fig. 10A). The drilling campaign
indicated that the top of the limestone formation is from 1.4 to 3.6 m
below the soil surface. The borehole logs are interpreted in relationship
to the ERT and GPR geophysical measurements, as they aimed to pro-
vide validation.

Boreholes F1 and F2 — located north of the study area — are outside
the limit of the ERT profile but are inside the GPR anomalies D, G, and |
(Fig. 10). Voids of 0.1 and 0.5 m are found at 6.1 and 11.8 m respectively

T T T T T T T

400 - =
g
=]
2 300 B
S [ Fluorescein
',3 I Rhodamine WT
<E 200 &
]
o
c
[<]
© 100~ .

Y
Time (min) El IZ' ! B
0 20 160
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Fig. 8. Travel time of the tracers. The arrival of the concentration peak at every sampling location is related to the distance between the sampling locations and the injection point. Water
travel time is constant and estimated between 0.087 and 0.090 min/m (corresponding to 0.19 m/s or 11 m/min).

in F1, corroborating the GPR anomaly. It may correspond to the ERT
anomaly A extending in that direction as it corresponds with the direc-
tion of the known cave system. Fractured rocks (but no major voids) are
found in F2. Borehole F1, GPR anomalies D, G, I, and ERT anomaly A sug-
gest that a parallel cave path exists close to the main one. This confirms
the conclusions drawn from the groundwater tracer tests about the oc-
currence of a secondary water flow path close to the known one.

Boreholes F3, F4, and F5 — located in the middle of the investigated
zone — are above ERT anomaly C and above GPR anomaly ] (for F3 and
F4). Water losses were observed during drilling from 12.2 to 15.6 m in
F3, voids from 7.2 to 7.3 m and from 9.0 to 10.9 m were detected in F4,
and a void from 14.4 to 15.5 m was observed in F5. The anomaly identi-
fied at 10.8 m with the GPR (anomaly J) and ERT (anomaly C) was con-
firmed by drilling as a void of 1.9 m located between 9.0 and 10.9 m
deep was found in F4. The 1.5-m-long void observed in F5 between 16
and 17.5 m depth is deeper than the deepest GPR slice but could corre-
spond to anomaly C extending deeper in that direction. Observations
during drilling and detected anomalies at these sites correspond well
with the known presence of a cave.

Boreholes F6, F7 and F8 — located south of the investigated zone —
are outside the limit of the ERT profile but are over GPR anomalies F,

H and K. Fractured rocks were observed in those three boreholes, and
drilling water losses were observed in F7 from 3.3 to 17.5 m even
though no large voids were found.

Drilling confirmed the value of the combined ERT/GPR. Indeed, voids
were found in boreholes where anomalies are simultaneously found by
both GPR and ERT. Borehole drilling also confirms the existence of a par-
allel cave path along the known one, an assumption that was concluded
following tracer test interpretation. The accessible caves in the area are
narrow and high. In order to increase the chance of intercepting the
cave, we recommend to drill confirmation boreholes toward the center
of the GPR/ERT anomalies at a 45° angle from the vertical and perpen-
dicularly to the cave orientation.

4.6. InSAR

Results of InSAR processing are presented in Fig. 11. Green points
correspond to stable targets showing vertical movement inferior to +
2 mm/y. The regional map indicates that the Quebec City area is globally
stable (Fig. 11A). The known cave path, backfill sinkhole, and PSI results
are shown in Fig. 11B. The map indicates stable points (green) with
sparsely distributed yellow points (movement of 2-3 mm/y). The
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Fig. 10. Cointerpretation of results from GPR at four depths and ERT. The survey was
designed to intercept the known cave path (see Fig. 1) and detect other possible caves
close to the known one, as suggested by the tracer test. F1 to F8 are borehole locations,
A-C are ERT anomalies, and G-I are GPR anomalies.

yellow points do not necessarily correspond to ground vertical move-
ment if they are isolated, as they can also represent unstable SAR back-
scattering targets positioned on stable terrain (public lights, unstable
walls, etc.). Confidence in the detection of unstable terrain increases as

several adjacent points show coherent and temporally progressive
movement. A zoom on the backfilled sinkhole/quarry (Fig. 11C) shows
a cluster of yellow/red points (29075) that coincide with the backfill
area where building instability occurred in 2013. Another cluster of yel-
low points (e.g., 26104 and 26806) is located on an unstable slope
alongside the springs. It is not of concern as no major infrastructure is
present in this area. No other unstable target cluster was identified
along the possible cave path.

Displacement time series of several targets are shown in Fig. 12. The
grey area represents the mean displacement + one standard deviation
of 1000 randomly selected points throughout the study area and is
used to discriminate movements beyond the observable background
noise. The six time series presented are all showing slow subsidence
movement beyond the detection threshold (Fig. 12: curves and grey
area). The displacement time series of several unstable points also sug-
gests that phase offsets and sudden displacement occur (Fig. 12: peaks
on curves 29,501 and 29,074). This is observed when the phase shifts
over time do not match the deformation model they are fitted on. This
can occur, e.g., when the terrain level or the structure of the ground tar-
get has changed suddenly (creating a phase shift that is not explainable
by the deformation model).

As previously mentioned, a major limitation of the PSI method lies in
discriminating terrain movement from target instability. A target can be
unstable and installed on stable ground (e.g., an electrical post). Another
limitation regarding the use of PSIis linked to the wrapped nature of the
phase. As the study was partially motivated by building movements in
spring 2013, spatially limited subsidence of amplitude above 14 mm
(N\/4) between two acquisition dates is expected. Thus, the quantifica-
tion of displacement rates may be compromised for these dates. Finally,
detailed interpretation of the results in space (Fig. 11) and time (Fig. 12)
should be taken with caution, given that all detected movements are
close to the observed detection limit in spatial extent and in temporal
signature.

Considering the inherent limitation of the technique, PSI still provides
valuable information. Indeed, the InSAR-derived deformation map
(Fig. 11C) shows the terrain stability over the expected cave path and in-
stability in two well-defined and spatially limited areas. The PSI also pro-
vides a unique insight into the historical displacement when the required
SAR archives are available. It also offers interesting perspectives toward
the creation of early-warning systems adapted for sinkhole collapse. The
occurrence of temporally progressive displacements prior to collapse
have first to be confirmed and well characterized.

5. Conclusions

To obtain a better understanding of a karstic flow system under
urban area, the approach should be multidisciplinary and should ac-
count for the inherent limitation of each method. In this paper, we com-
bined hydrogeology with geodesy and geophysics.

Our approach starts with a quantitative tracer test to provide mass
balance estimates and to assess groundwater transit times. This method
is cost-effective, fast, and easy to implement as long as accessible points
can be identified along the cave system. In this study, it led us to under-
stand that: (i) the water flow path between the sinking streams and the
springs follows a + straight line (arrival times at the observation points
are linear); (ii) water flows within other conduits than the known ones
(tracer masses vary significantly along the path); (iii) the unknown
cave path is probably close to the known one (as the tracer break-
through curves are monomodal); and (iv) the water from sinking
streams entirely exits at solely one spring area (the tracers were never
detected in other springs or surface water bodies across the area).

The presence of urban infrastructure makes geophysical data interpre-
tation complicated and, as such, not all methods work. This study showed
the importance of making pilot tests with the selected geophysical
methods over a known portion of the cave system. As a matter of fact,
the seismic method failed, but the combination of GPR and ERT surveys
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was able to identify three anomalies associated with voids likely contrib- should take into account the state of knowledge regarding the karst orien-
uting to groundwater flow within the karst system. Furthermore, ERT tation. At best, it is positioned perpendicular to the expected karstic fea-
alone can be used to confirm the absence of karstic voids. Further investi- tures. Speleology and borehole drilling are the only methods that can be
gations could focus on deploying the GPR/ERT combination over the en- used to confirm with certainty the presence of caves.

tire study area and possibly intercept other voids. The survey design
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Finally, archived SAR images analysed by the PSI algorithm can be
used to determine the stability of a karst and to backtrack historical
ground movements. The global coverage of the recent Sentinel-1 satellites
assures SAR data acquisition from 2014, with a high temporal density, and
over most karstic settings of the world.
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