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I ntroduction

Shallow cavities, such desarstic caves in carbonate bedrock and near-surface underground mine
workings and tunnelgonstitute serious hazards for persons and existing constructions due to the risk
of collapse and subsidence involving daesato buildings and increased urban development costs.
Detection of karstic features, voids, surficial dissolution, fissuringradlon and unconsolidated
material, is thus a major challenge for geophysical methods.

Density and resistivity are known to be good indicators of the atiaratid fissuring of draining or
saturated epikarst, and electric behaviour may be amplified by thengee of shallow groundwater

and strong water circulation. Ground penetrating radar (GPR) can be also sultabée swils or
argillaceous cover, that absorbs radar waves, are absent or highly discontinuous.

Recent investigations have reported good results for cavity imaging usingesaéiamic methods
(Samyn et al., 2013,eparoux et al., 2000; Vogelaar, 2001, Gucunski et al., 1996; Park et aJ. 1996
Surface wave have several properties that make them useful for near surface charact@iest are
usually the largest amplitude waves generated by a surface impact, and thegivdisperperty
allows for quantification of shear wave velocity with depth.

Based on the relative advantages and disadvantages of the different geophysicieésdhe most
prudent imaging approach is the use of two or more complementary techniques. For example, t
exploration of a karst network in the Swiss Jura was conducted by combining G&Rprdvides a
precise image of the most surficial voids and structures, with gravimiigh is sensitive to the
presence of deeper and larger heterogeneities (Berals 2001). Debeglia et al. (2006) proposed
microgravity and Multi-channel Analysis of Surface Waves (MASW) coupling tocdedad
characterise karst structure in an urban environment.

This study evaluates the potential of using surface wave tomography (Long, L.T., and Kocaoglu, A.H.,
1999, Abbott et al. 2006) with microgravity to image complex near surface caviiestudy area is
located in Souzay-Champigny, France, and consists of an abandoned underground quarryimetwork
cretaceous chalky limestone. The cavities are accessible and were partlyl.nidmpstudy focuses

on the largest mapped cavity.

Data acquisition and processing

Gravity measurements 8ouzay-Champigny site, France, were conducted using two Scintrex CG-
relativegravimeters. A total of 462 gravity stations were measured, over 80 m by 82 m area using 4 by
4 meter grid, and the stations were tied to a local base station that waedegteean interval of
approximately one hour, to estimate and minimise instrumental drift correcticonSthevation was
acquired by direct levelling with centimetre accuracy and sensor heightheeasured to allow gravity
reduction to ground level. To obtain the Bouguer anomaly, readings were edrf@cinstrumental
drift, earth tides, elevation, latitude, and terrain effects using BRGM iptagyr software. The
uncertainty of Bouguer anomaly estimation mainly depends on the errors gratity readings.
About 20% of the stations were reoccupied during the survey in order to evaluapaaebility of
gravity measurements. The repeat measurements are in the range of 0Gal,1&ifh 68 % of the
repeats being lower than 7 pgals. Taking into account levelling and temagction errors, the
combined standard uncertainty on Bouguer anomaly is estimated at 8 pGal.

Seismic acquisition geometry consisted of 6 parallels lines with 10m spacing. Eaobniéists o4
10Hz single component vertical geophone at 5m intervals. Two 48 channels Stradadizero 24
channels Geodes from Geometrics were used to record and vertically®iadghpacts from 10kg
hammer. Data were recorded at a sample rate of 0.5 msec during 1 second. As dheviguret2a
the raw traces show clear developed surface waves.

The first step in surface wave tomography is to estimate group traveldinre@dh source geophone
pair at regular frequency interval. The S-transform was used to id#wifyrrival times of the surface
waves at selected frequencies. The S-transform (Stockwell, et al. 199@nesfaetjuency transform



which provides a time depended distribution of the signal. It is very sitoiltre Gabor transform
which utilize a Gaussian for spectral localization. The difference iseirst transform the Gaussian
window is scalable with frequency which enhances a betterftmgeency resolution. The selected
frequencies were limited by the energy in the recorded traces and bydvelength. In this study
reliable energy was observed for frequencies from 13 to 40 Hz. Figure 2b shows HseofeSu
transform for frequencies of 10HZlhe measured traveltimes for all receivers in the Rayleigh wave
fundamental mode time window at a given frequency are used in a tomographic inversion atgorithm
reconstruct a 2-D tomogram of group velocity (figure 3). The inversion for eagudncy is done
separately. Our algorithm uses the finite difference method to calculate inavebtevery point on a
slowness grid, and solves the inverse problem using a least-squares scheme (Geartdj@age,
2004). The core program is mainly based on two algorithms, respectivelatéedio the traveltime
computation and to the velocity model reconstruction. A second-order Fast MarchhmgpNIEMM)

is used to solve the Eikonal equation over a highly discretized numerical gridptaerebling a fast

and robust computation of seismic traveltimes between sources and receivers. Wavepaths ar
computed using 3D Fresnel volumes that enter in the regularization strategy arsl @rgod
convergence. This approach accounts for complex velocity models and has the advantage of
considering the effects of the wave frequency in the velocity model resolution (Hus&ssliy,

2001). The velocity model reconstruction is based on a simultaneous iterative recamstegtinique
(SIRT).

Results

We remove a planar regional trend to the Bouguer anomaly to obtain the residual Bougady,anom
which strong negative anomalies associated to the underground quarry are (seedfiy 1a The
amplitude of the anomalies reaches some -0.090 mGals at most. As expected, theoadgsspaial
correlation between the shape of the residual gravity anomaly and that of the oayified. Note
that the cavity has not been mapped in its entirety, as shown by the largeenggatity anomaly to
the North, associated to an unmapped part of the quarryXFig 1

In figure 3, we plot the group velocity map for the 10Hz frequency. On the plot, we presented
also the layout experiment, the negative residual Bouguer anomaly and a part of the mapped
guarry. The group velocity ranges from 150 to 450 m/s. The study area included a cavity
structure whose roof is located at the depth of 8 to 10m. Significant low velocities anomalies
in the center of the plot are probably due to the propagation perturbation of surface wave in
the presence of cavities. These anomalies overlap well with gravity anomalies and the part of
mapped carry.

Conclusions

Microgravity and surface wave tomography coupling is a promising approach for theodeteztr
surface cavities in an urban environment, the two methods being complementary inotlepth
investigation and origin of detected anomalies. Microgravity, conducted with laingpand careful
implementation in order to ensure high resolution and accuracy, remains, one of the mmetstods
suited to the detection of voids, even relatively small, in the first 20m of.d#ptiveakness lies in its
ambiguities of interpretation. Surface wave tomography which is sensible tsoihstiffness ,
contributes at reducing these ambiguities, by characterising the mechanical bebhteugravity
anomalous zones, and finally at minimising the volumes and costs of mechanical controls.
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Fig. 1- a- residual Bouguer anomaly, the thick black lines denote the mapped cavity limits

Fig. 2- a- 3D raw shot gathdy- S-transform for the 10Hz frequency.
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Fig. 3. Group velocity map for frequency 10Hz with layout experiment.
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