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SUMMARY

Full Waveform Inversion is one of the most advanced processing methods that is recently reaching a
mature state after years of solving theoretical and technical issues such as the non-uniqueness of the
solution and harnessing the huge computational power required by realistic scenarios. In this work, we
present the application of this method to a 3D on-land dataset acquired to characterize the shallow
subsurface. The current study explores the possibility to apply elastic isotropic Full Waveform Inversion
using only the vertical component of the recorded seismograms. One of the main challenges in this case
study remains the costly 3D modeling that includes topography and free surface effects. Nevertheless, the
resulting models provide a higher resolution of the subsurface structures than starting models, and show a
good correlation with the available borehole measurements.
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I ntroduction

In this work we present the application of isotropic Elastic Full Waveform Inversion (E-FWI) to a real
dataset. The studied area is located within the Loranca Basin (Spain) and presents a smooth topography
which is part of the challenge propose here. In order to characterize the very shallow surface, a 3D
seismic data volume was acquired in a square area of 540x34QAithough originally designed to
perform a high resolution Travel-Time Tomography (TTT), we take advantage of the data to perform
FWI. We propose to perform E-FWI because the target structures are close to the surfeét® ro

deep) making wave propagation to be mostly driven by elafieces. On the other hand, it potentially

can be more resolutive than its acoustic counterpart providing clear imaging improvements in some
scenarios (Vigh et al., 2014; Raknes et al., 2015).

This dataset is part of an ongoing multidisciplinary geophysical, geological, hydrological characteriza-
tion of an area which has been proposed as a possible site to host a temporal radioactive waste disposal
site. Therefore, a large amount of multidisciplinary data revealing information on the underground is
available including down-hole and other geophysical measurements.

In our scenario, we include free-surfadéeets, and consequently take topography into account. We will
show that the resulting models provide a better understanding of the geological features of the area and
as well as a good correlation with borehole measurements.

Theory

On one hand, we use the time-domain elastic isotropic approach for solving the elastic wave equation
by means of a Fully staggered grid combined with mimetic operators (de la Puente et al., 2014)

pX)V(X,t) = V-0 (X, 1) + fs(Xs, 1), )
o(x,1) = C(x): Vv(x,1)

wheref is the source function at positioq, v the particle velocityp the density (set as a constant), and
o the stress field. ths gris is deformed to accomodate the local topography.

On the other hand, the mathematical formulation of FWI consists in the minimization of a error function
E(m, m;eq) (Pratt, 1999; Virieux and Operto, 2009), wheneandm,e, are the current and target model
respectively. In this study we employ the normalized least-square critefigiven by

Ex(Mk, M real) =
. . 2
u'j (Xr, Xs; M) U'j (Xr, Xs; Mreal) (2)
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whereN is the number of receiverg,the number of samples of each trageandxs are the receiver and
source position respectively(x, Xs; my) andu(X;, Xs; Mrea)) Stand for the displacement obtained using
the current model parameters at #ieiteration and the experimental dataset respectively.

Our approach for E-FWI consists in constraining the maximdised to the longest wavelength at the
current frequency in a multi-scale approach. We call this approach Dynaffset@ontrol (DOC).
It aims to use smallerftset for reflection data when increasing frequency. Thus, we selecitdet 0
according to

Offset =V/f 3

wherefj is the cut-df frequency of the low-pass filter applied to the data and V a parameter to be defined
by the user. This strategy has the sidieet of reducing the computational domain as we go into higher
frequencies while minimizing theffiect of the surface waves on the gradients. We emprically found that
V equal to max{p) shows to be a dficient condition. We want to stress that the computational grid
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is adapted to the shortest wavelength present in the modeldamsdnot match the receiver and source
grids. Besides, no part of the model has been fixed.

We apply gradient preconditioning in two steps: first we invertlom(m) instead ofm, and secondly

we compensate for spreading by using the square of the illumination. In all our tests, it shows to be an
efficient preconditioning.
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Figure 1 (a) Aquistion geometry: Topographyof the zone, sourcesandreceiversare depictedby blue
and red circles respectively.(b)Shotgathemormalizedtrace by trace: raw data (bottom) and after
pre-processingndbadtracesremoval(top).

3D Elastic Full Waveform I nver sion

The acquisitionsetupis shownin Fig. 1(a): it consistsin 9 shootinglines and 10 recordinglines of 48
geophonegach.Thetotal acquisitiontime is 2 s. Neverthelesswe pickedthefirst arrivals,andapply a
window of 0.2 saroundthem,in orderto takeadvantagef both surfaceandcompressionalvaves.The
densityis setto beconstanaswe arefocusingon phaseratherthanto theamplitude.Dissipativeeffects
arestronglymitigatedby themisfit functionandareneglectedoo. Thestartingmodelfor V,, is obtained
from (TTT) (Tryggvasoretal.,2002),andhalf of V, is takenasinitial for Vs. We denoisedhedatawith

aband-pasiilter (rangingfrom 10-40Hz) appliedtwice, anddeletedthe worst tracegollowing amean
criterion. After pre-processingye keep80%of the original dataavailable(seeFig. 1(b)). Theinversion
strategyis summarizedn Table 1, and consistsin low-passfiltering, and dataselectionaccordingthe
DOC criterion. The total computationatime was 72 hoursrunnningon 75 nodesof Mare Nostrum
supercomputer.

Frequency 15 Hz 20 Hz 25 Hz
Mesh size  40x169x169 48x201x201 56x237x237
DOC 306 230 180
Iteration 15 15 15

Table1 Multi-grid andmulti-scaleparametergor 2D FWI. Fromtop to bottom.cut-offfrequencymesh
size,spatialdiscretizationandnumberof iterations.

Figure2 presentgiepthslicesof the velocity fields at depth25, 50, 75, and 100 m obtainedafterinver-
sion. We observein generalthatthe compressionavelocitieshavebeenoverestimatedy TTT, which
alsocould be observedon the synthetictracesobtainedat the first iteration of the first frequency:pre-
dictedtime arrivalsareearlier tharthoserecorded seeFig. 3(a)). Consequenyl FWI loweredvelocities
asobservedn Fig. 2.

In Fig. 3, we presentthe comparisorof 4 tracesequally spacedalongreceiversline 8 of shot813for
thefinal invertedmodels(in blue) andthe seismogramgredictedby the startingmodel(in dashgreen)
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at frequency 25 Hz. We observe that the velocity models alloprédlict much better the travel times

of the recorded data. Finally, fittings of the borehole SVC6 with velocity depth profiles (located near
the borehole but not at the exact position) have also been improved respect to those from the starting
models: we observed a good agreement of the low-frequency content fovbatiulV, (see Fig. 3).
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Figure2 Fourdetphslicesfor V, anaVs velocities. Fromleft to right: V, startingmodel,invertedVy,
andinvertedVs. Fromtop to bottom: depth25, 50, 75, and100m.

Conclusions

We have presenteda 3D Elastic FWI successfullyworking on land real dataincluding topograply,

usingonly near-sourceftsets. For this purposewe haveintroducedan offsetselectionmethodcalled

DynamicOffsetControl. Thistechniqueallowsusto reducethe maximumapertureof eachshotin FWI,
hencereducingthe computationalcost when moving into higher frequenciesa key point for elastic

inverison. E-FWI clearly improvesour knowledgeof the shallow subsurfacestructures,as observed
whencomparinginvertedmodelswith the boreholemeasurements.
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Figure 3 (a) Shot813 (line8, position 13): Comparisornbetweentracesfrom the target, startingand
inverted models(red, green and blue lines respectively) for 4 receivers equally spaced along
recordingline. (b) Comparisorwith measuremerftom SVC6: Vs (top) andV,, (bottom).
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