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SUMMARY

In reservoir geophysics applications, seismic imagingnégues are expected to provide as
much information as possible on fluid-filled reservoir racBsice seismograms are, to some
degree, sensitive to the mechanical parameters and flupggies of porous media, inversion
methods can be devised to directly estimate these quarfitien the waveforms obtained in
seismic reflection experiments. An inversion algorithnt tiiges a generalized least-squares,
quasi-Newton approach is described to determine the pggrg&rmeability, interstitial fluid
properties and mechanical parameters of porous media. fop®ged algorithm proceeds by
iteratively minimizing a misfit function between observeataland synthetic wavefields com-
puted with the Biot theory. Simple models consisting of pliayered, fluid-saturated, poro-
elastic media are considered to demonstrate the concepvahdite the performance of such a
full waveform inversion scheme. Numerical experimentsastimat, when applied to synthetic
data, the inversion procedure can accurately reconstnecvértical distribution of a single
model parameter, if all other parameters are perfectly kndvowever, the coupling between
some of the model parameters does not permit the recoristiudtseveral model parameters
at the same time. To get around this problem, we consider ositggparameters defined from
the original model properties and frompriori information, such as the fluid saturation rate
or the lithology, to reduce the number of unknowns. Anottessibility is to apply this inver-
sion algorithm to time-lapse surveys carried out for fluibstitution problems, such as GO
injection, since in this case only a few parameters may vaiy fanction of time. We define a
two-step differential inversion approach which allows aisgconstruct the fluid saturation rate
in reservoir layers, even though the medium properties aoelyyknown.

1 INTRODUCTION

The quantitative imaging of the subsurface is a major chg#ein geophysics. In oil and gas exploration and producii@ep aquifer
management and other applications such as the undergréanagjes of CQ, seismic imaging techniques are implemented to provide as
much information as possible on fluid-filled reservoir rackie Biot theory (1956) and its extensions (¢.g. AuriaulakeL985; Pride

et al.[199p] Johnson et|dl. 1994) provide a convenient fraomieto connect the various parameters characterizing augamgedium to

the wave properties, namely, their amplitudes, velockied frequency content. The poro-elastic model involvesenparameters than the
elastodynamic theory, but on the other hand, the wave atemuand dispersion characteristics at the macroscople sce determined by
the medium intrinsic properties without having to resorétapirical relationships. Attenuation mechanisms at nsicopic and mesoscopic
scales, which are not considered in the original Biot thewam easily be introduced into alternative poro-elasgottes (see e.&. Pride ef al.
). The inverse problem, i.e., the retrieval of porcttaparameters from the seismic waveforms is much mordesigihg. Porosity,
permeability and fluid saturation are the most importantipeaters for reservoir engineers. Being related to seisraievattenuation,
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permeability appears as the most difficult parameter tonedé but also the one which would have the greatest benefite ttharacterization
of porous formations, notably in the oil indust).

The estimation of poro-elastic properties of reservoiksois still in its infancy. One way to solve this problem is trsfidetermine
the seismic wave velocities by using an elastic repredentaf the medium. In a second stage, the velocities aregreged in terms of
poro-elastic parameters by using deterministic rock misysiansforms|(Domenigo 198#; Berryman dt/al. 2002). Howetaés approach
does not resolve the ambiguities between the parameteexahd class of methods is based on stochastic rock physidsling, such as
Monte-Carlo methodg (Mosegaard & Taranftola 2002). Thiseaugh is then combined with a Bayesian description of theymmedium to
evaluate the probability distribution of the parametprsikitii et al[200}1). For exampll, Bachrpfh (3006) invertstie seismic impedances
to determine the porosity and fluid saturatipn. Spikes |ea0T) estimate the clay content, fluid saturation and piyril®m the seismic
waveforms[ Larsen etfal (2§06) use an Amplitude VersuseD#salysis to infer the properties of porous mefia. Bog&04pintroduces
a lithological least-squares inversion technique by caornlgi seismic data and petrophysics for porosity predictibowever, this method
does not make full use of the seismograms.

The aim of this paper is to investigate the feasibility of bwftaveform inversion (FWI) of the seismic response of pkangered, fluid-
saturated media to estimate the poro-elastic parameteacbflayer using simple numerical experiments. To our kedge, the use of the
Biot theory in "direct” full waveform inversion has been dei addressed. Sensitivity kernels have been derivgd bydb@8& Dietrich

(R008) for 1D media and g1 (2b09) for 3D mediatétically, most of the FWI method$ (Lallly 1d8B; Tarardhiosh{Mora
1987) have been implemented under the acoustic approximdtir 2D model reconstruction (elg. Gauthier ¢ al. 198attret al| 1998)
or 3D structures (for instancg, Sirgue etF(*)S; Ben-Hdidgt al] R008). Applications to real data is even more -(-
[L999;[Hicks & Praff 2091, Operto et|@l. 2p06). The elasti@dasmore challenging, as the coupling betwéen and S— waves leads to
ill-conditioned problems. Since the early works|of Moya&¥ and|Kormendi & Dietrigh[{(1991), the elastic problem hasrbaddressed
several times over the last years with methodological agreents |[(Gélis et ). 200[7; Choi efpl. 2 [58; Brossier|&@0§a).

In the poro-elastic case, eight model parameters enter #tbum description, compared with only one or two in the atiousase, and
three in the elastic case if wave attenuation is not takem aetount. The aim of FWI is to use as much information as atlin the
seismograms. The advantages of using a poro-elastic tliediy| are 1) to directly relate seismic wave charactersst@ porous media
properties; 2) to use information that cannot be descrilyeddzo-elasticity or elasticity with thgfdrhiula; and 3) to open
the possibility to use fluid displacement and force to deteerpermeability and fluid properties. The assumption ofipiayered media is
admittedly too simple to correctly describe the structéeatures of geological media, but it is nevertheless ugefakplore the feasibility
of an inversion process accounting for the rheology of peraedia. As shown by De Barros & Dietrjch (208), the perttidpeof different
model parameters may lead to similar seismic responses.obisiervation stresses the fact that the major issue to sotedind a viable
strategy to efficiently reconstruct the most relevant patans of poro-elastic media. Nowadays, exploration sdisgyomore and more
relies on 4D monitoring, that is, the temporal observatibthe variations of the earth response. For example, undengr CQ storage
operations use time-lapse surveys to assess the spagat exthe CQ plume and to detect and locate possible-Géakage. In this case,
the most important parameters required to describe theuv@mations of the medium properties are those related tinjeeted fluid and to
the fluid in place.

We first outline in section 2 the poro-elastic theory useddiwesthe forward modelling of seismic wave propagation imgpelastic
media. This theory is implemented for layered media withdbaeralized reflection and transmission matrix metho ).
This computation method is checked with the semi-anallysichution of|PhiIiEEacoEouI%i gl%?) for a homogeneous$-spdice. In section
3, we briefly present the generalized least-squares imreiocedure|(Tarantola & Valefte 1982) and the quasi-Newtgorithm that we
have implemented following the formalism p&Section 4 of the article is dedicated to accuracy andlgjathecks of the
inversion algorithm with synthetic data. Section 5 disessand quantifies the coupling between model parameteialyisection 6 deals
with strategies developed to circumvent this coupling feob We introduce composite model parameters such as tliestitiiration rate
and lithology, and study their use to monitor time variasiaf the medium properties via a two-step differential isi@n approach.

2 WAVE PROPAGATION IN STRATIFIED POROUS MEDIA
2.1 Governing equations
Assuming ae =" dependenc92) rewrote Biot’s (1956) égumbf poro-elasticity in the form

[(Ku +G/3)VV +(GV? +uw’p) I]. u+[CVV+wipI].w = 0 @
[CVV 4+ w’pfI] . u+ [ MVV +upI].w = 0,

whereu andw respectively denote the average solid displacement anglditéve fluid-to-solid displacement; is the angular frequency,
the identity tensorV'V the gradient of the divergence operator antithe Laplacian operator. The other quantities appearingjiratons
(ﬂ) are medium properties. The bulk density of the porousiumeg is related to the fluid densityy, solid densityp, and porosityp:

p=(1—9)ps+ dps . @



Full waveform inversion of seismic waves reflected in a giegtporous medium 3

Ky is the undrained bulk modulus adgis the shear modulus/ (fluid storage coefficient) and (C-modulus) are mechanical parameters.
In the quasi-static limit, at low frequencies, these patanseare real, frequency-independent and can be exprassewdris of the drained

bulk modulusK p, porosity¢, mineral bulk modulud<’s and fluid bulk modulugs 1):

okt | 1= (140 52 | K
Koo = o1+ A) ’
KD]
1- K/
_ { K ' _ Ky
¢ = “Sara o M7+ ©)
. _ 1-9¢K; [, _ Kb
wn &= SR e |

It is also possible to link the frame properti&s, andG to the porosity and constitutive mineral properties (PE66%;|Korringa et gl.

fo7d):

Kp =K

1-¢ 1-9¢
14 csdh 14 3cs9/2"
whereG, is the shear modulus of the grains. The consolidation pasamgeappearing in these expressions is not necessarily the same f
Kp andG (Korringa et a){ 1979 Waltgh 19B7). However, to minimize tiumber of model parameters, and following the recommédat
of 200p), we consider only a single consolidatiorapseter to describe the frame properties. Paramaetipically varies between 2
to 20 in a consolidated medium, but can be much greater tham&9unconsolidated soil.
Finally, the wave attenuation is explained by a generalRartty’s law which uses a complex, frequency-dependent icperme-

ability k(w) defined via the relationshi994):

5— il i _ o e @
p_lwk(w) with k:(w)—ko/[ 1 T

In equation Kb);q is the viscosity of the fluid ané, the hydraulic (dc) permeability. Parameter is considered constant and equal to 8 to
simplify the equations. The relaxation frequeney = n/(ps Fko), whereF is the electrical formation factor, separates the low festpy
regime where viscous losses are dominant from the high émxyuregime where inertial effects prevail. We refer thelezado the work of
[2006) for more information on the parameters usebignstudy.

The solution of equatior[|(1) leads to classical fBst and.S—waves, and to additional slow—waves (often called Biot waves) which
can be seen at low frequency as a fluid pressure equilibratave. Alternative poroelastic theories could have beersidened, such as
those developed 08), which also consider Slewaves. Although these theories are more advanced than théhBory, we
will use the latter for sake of simplicity.

and G=G

(4)

©)

2.2 Forward problem

The model propertiem consisting of the material parameters introduced in theipus section are nonlinearly related to the seismic data
d via an operatorf, i.e.,d = f(m). The forward problem is solved in the frequency-wavenundmenain for horizontally layered media
by using the generalized reflection and transmission mesfiétnnett 3). The synthetic seismograms are finallysfiaamed into the
time-distance domain by using the 3D axisymmetric disorgteenumber integration techniquh@.%l). Ths@ach accurately
treats multipathing and all mode conversions involving fie and slowP— waves and th& —wave. It can also be used to obtain partial
solutions to the full response, notably to remove the divemtes and surface waves from the computed wavefields. Béthawd fluid
displacements are taken into account as the latter are paspponsible for the wave attenuation. This algorithmvedlais to solve equation
(ﬂ) at all frequencies, i.e., in the low- and high-frequeregyimes, for forces consisting of stress discontinuitgsiad to a volume of porous
rock and pressure gradients in the fluid. In this article, wa@usively concentrate on the low frequency domain as Seisarveys are carried
out in this regime.

This combination of techniques was first used by Garamboisegridlj (200P) to model the coupled seismic and electroratigwave
propagation in stratified fluid-filled porous media. We hawplemented a simplified version of this modelling schemé tsi@ins only the
seismic wave propagation. Similar methods have been deselby| Haartsen & Prifi¢ (1997) and[by Pride $[al. (p002).

In order to verify the accuracy of the modelling algorithme wompare our numerical results with an analytical solutierived by Philip-
pacopoulos?) in the frequency-wavenumber doffioaia homogeneous medium bounded by a free surface. Thedttmain
solution is obtained via an inverse Hankel transform fo#aviby a Fourier transform. This solution has also been us ) to
check a 3D finite difference solution. The properties of trediam considered for the test are listed in taﬂ)le 1. The nmediLexcited by a
vertical point force located 200 m below the free surfacéaiiO Hz Ricker wavelet time dependence. Relaxation frexyuenis equal to
16 kHz. Receivers are located at 100 m depth, regularly sifacezontally at distances ranging from 0 to 200 m from therse. Figure[ll
shows that the agreement between our solution and that tixbﬁ%hiopouldsl(lQQS) is very good for vertical and horizbmlisplacements.
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The misfit values shown in fiﬂ 1 are defined as the RMS valueeoftlifierence between the two solutions normalized by the RisiS8e
of the analytical solution. The consistency of our modellaigorithm has been further checked by using the recipraécgorem, i.e., by
exchanging the source and the receiver in various confignsain a layered medium.

[Table 1 about here.]
[Figure 1 about here.]

Our modelling algorithm is quite general and computes a3Dllresponse, i.e., it can handle tRe— SV and.SH wave propagation
regimes. In this study, we concentrate on backscatteredgne., we consider reflected seismic waves as thosededan seismic reflection
experiments. We further assume that, whenever they exastesvgenerated in the near surface (direct and head wavigesand guided
waves) are filtered out of the seismograms prior to the agipdic of the inversion procedure. In tlie— SV case, the seismic response at
the top of the layering can be computed in solid or fluid mediaddress land or marine applications.

The sensitivity of the seismic waveforms with respect torttwelel parameters is computed by using the poro-elastzhEt@erivatives
recently derived by De Barros & Dietrlc08). These opmrarepresent the first-order derivatives of the seisnspldcementsl with
respect to the model propertias. They can be readily and efficiently evaluated numericadlyeuse they are expressed as analytical formulae
involving the Green'’s functions of the unperturbed medium.

In each layer, we consider the eight following quantitiesnaslel parameters: 1) the porosity2) the mineral bulk modulu&’s, 3) the
mineral densityp,, 4) the mineral shear modulds;, 5) the consolidation parametey, 6) the fluid bulk modulugss, 7) the fluid density ¢
and 8) the permeability,. The fluid viscosityy is one of the input parameters but it is not considered inniersion tests as its sensitivity
is very small and exactly similar to that of the permeabi([e Barros & Dietrich| 2048). This parameter set allows usistimfjuish the
parameters characterizing the solid phase from thoseibigsrthe fluid phase. Our parametrization differs from tinsed byl Morency et al.
), as different parameter sets can be considered.n@ension code is capable of inverting one model parametertiate or several
model parameters simultaneously.

3 QUASI-NEWTON ALGORITHM

The theoretical background of nonlinear inversion of s@smaveforms has been presented by many authors, notae
(1982),[Tarantda[(19b4, 19487) ahd Mofa (1987). The invpreblem is iteratively solved by using a generalized leagtares formalism.
The aim of the least-squares inversion is to infer an optimudelm,,,; whose seismic response best fits the observeddiataand which
remains at the same time close toaapriori modelmy;ior.

This optimum model corresponds to the minimum of a misfit @stgfunctionS(m) at iterationn which is computed by a sample-by-
sample comparison of the observed daga, with the theoretical seismogramds= f(m), and by an additional term which describes the
deviations of the current modah with respect to the priori modelm,,..;., i.e., {Tarantola & Valetlf 19B%; Taran{{la 1p87)

S(m) =1/2 (||d — dovs|[p + [[m — mprior||3r) - (6)
The normg| . ||% and|| . ||3; are weighted., norms respectively defined by

lall;, = d"Cp'd,
[mll3, = m"Cn'm, @

whereC'p andCys are covariance matrices.

The easiest way to include prior knowledge on the mediumetigs is through the model covariance matrix (.g. Gougetzalel 1998).

Here we just want to limit the domain space without any furinformation. Thus, the model covariance mat€ is assumed to be
diagonal, which means that each model sample is considedspéndent from its neighbours. In practice, for each patamin a given

layer, we assign a standard deviation equal to a given pe@erof its prior value. The diagonal terms of the matrix arestproportional

to the square of the prior values of the parameters for therdiit layers. This ensures that the influence of the diftem@odel parameters
is of the same order of magnitude in the inversion, and thaintbdel part of the cost function (eﬂ. 6) is dimensionles® dd¢nstant of

proportionality, i.e., the square of the given percenté&ggken around 0.1.

The data covariance matr&p is taken as

e e tz —t;
(Co)s =otoj e { -t} ®
wherec? is the effective standard deviation of tié data, defined as
N VAU
o = 2¢ o(ti) . )

o(t;) is the standard deviation of the data at the time\¢ is the time step, anglis a smoothing period. Each data sample is exponentially
correlated with its neighbours. Expression (8) amountsittméucing eH' norm for the data into the cost function (sﬂq. 6). Considetimgy
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whole signal with the covariance kernel of Eh 8, where timetit; andt; are betweem, andt,,, we can show that the correspondindg||%

cost function part in e(ﬂ 6 is given by (see, 19. 572-576):
- n d; 2 i 2 n At % . 2 i 1 ds 2 dn 2
”d"D‘i_Zl<a<ti>) + () ;(a(m i) *(23) ((a(h)) *(a(m)) (10)

This shows that the cost function essentially correspomdiset common least-squares term complemented by an additezm controlling
the derivative of the signal, which vanishes withAt. This is equivalent to adjusting both the particle disptaeat and particle velocity,

a trick that incorporates more information on the phase efwtaveforms. Parametérdetermines whether the inversion is dominated by
the fit of the particle displacement (< At) or by the fit of the particle velocity¢(> At) in the L»-norm sense. In practice, and in the
following examples¢ is kept aroundA¢, ando(t;) is assigned a percentage of the sighalThis implies that the cost functia$i(m) (eq.

E) is dimensionless and that the data and model terms camdulgicompared.

Our choice to use a quasi-Newton algorithm to minimize thefirfunction.S(m) is justified by the small size of the model space when
considering layered media. This procedure was found to bre eficient than the conjugate gradient algorithm in terfroovergence rate
and accuracy of results (De Barros & Dietf{ch 2|007). Thusmiodel at iteratiom + 1 is obtained from the model at iteratiarby following
the direction of preconditioned steepest descent defined by

Mmy+1 — M, = anfl.'yn (11)

where,, is the gradient of the misfit function with respect to the miguepertieam,,. Gradienty,, can be expressed in terms of the Fréchet
derivativesF',, and covariance matric&S; andCp ([Farantold 1987)

as - -
Vo= Gl = Fi Cp' (dn —da) + Cn™" (o = myrior) (12)

In equation @1)Hn is the Hessian of the misfit function, that is, the derivatifehe gradient function, or the second derivative of the
misfit function with respect to the model properties. We usedlassical approximation of the Hessian matrix in whiah second-order
derivatives off (m) are neglected. This leads to a quasi-Newton algorithm afgrnv to the iterative least-squares algorithm of Tarangol
Valette ). The Hessian of the misfit function far, is then approximated by

9%S

H. = Om?2

~ FICcp'F,+Cn b . (13)

my,

As the size of the Hessian matrix is relatively small with ffi2 model parametrization adopted for laterally homogeseuedia, we keep
the full expression given above and do not use further apmiations of the Hessian by considering diagonal or blo@gdhnal representa-
tions. Since the Hessian matrix is symmetric and positifaide, it can be inverted by means of a Cholesky decompasiti¢e find it more
efficient to use a conjugate gradient algorithm with a pre@@mnning by the Cholesky decomposition to solve more aa@ly the system
corresponding to eql]ll).

In order to illustrate the computation of the Fréchet daikes F' for a given modelm, we detail below, in the® — SV case, the
expressions of the first-order derivatives of displaceniémtith respect to the solid densipy; and permeabilityko. The following analyt-
ical formulas were derived in the frequengyand ray parametes domain by considering a seismic source located at deptfa model
perturbation at depth, and a receiver at depth; (De Barros & Dietriclf 2008):

OU(zr,w;zs) 2 1z 1r

8ps(z) B . (1 ¢) [ UGIZ - VGIZ ] (14)
OU(zr,w;zs) _  wn W 22 2r

(o) = Zg \25, tins) [WGLE+X G (15)

In these expressions] = U(z,w;zs5), V = V(z,w;25), W = W(z,w; z5) and X = X (z,w;zs) denote the incident wave fields
at the level of the model perturbatiofi. and V' respectively represent the vertical and radial componehtke solid displacementdj”
and X stand for the vertical and radial components of the reldtivid-to-solid displacements. Expressic(ﬁéjl = Gﬁ}(zR,w; z) represent
the Green'’s functions conveying the scattered wave fietats the inhomogeneities to the receive@é"}(zR, w, zs) is the Green’s function
corresponding to the displacement at depttof phase (valuesi = 1, 2 correspond to solid and relative fluid-to-solid motionspectively)
in directionj (vertical z or radialr) generated by a harmonic point forég,;(zs,w) (k = 1,2 corresponding to a stress discontinuity in
the solid and to a pressure gradient in the fluid, respegjial depthzs in directionl (z or r). A total of 16 different Green'’s functions
are needed to express the 4 displacemént¥’, W and X in the P — SV -wave system (4 displacements4 forces). The2 parameter

appearing in derivativeU /dky is defined by = \/n; — 4iw/we.

Figureﬂ? shows the gradient,, the HessiarH , and the term— H; '.~, at the first iteration of the inversion of the solid density
for a 20 layer model. We note that the misfit function is mos#ysitive to the properties of the shallow layers of the rhddewever, we
see that the term- H; ' .~,, used in the quasi-Newton approach results in an enhancsitigignto the deepest layers, and therefore, in an
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efficient updating of their properties during inversion. gkown by| Pratt et I8), the inverse of the Hessian rplaiys an important
role to scale the steepest-descent directions, sincetly garrects the geometrical spreading.

[Figure 2 about here.]

As the forward modelling operatgf is non-linear, several iterations are necessary to coavengards the global minimum solution
provided that the priori model is close enough to the true model. To ensure conveegefithie iterative process, a coefficient < 1 is
introduced in equatimﬂlll), such as

myi; —m, = fen.Hgl.'yn . (16)

If the misfit function S(m) fails to decrease between iterationsandn + 1, the value ofe,, is progressively reduced to modify model
m,, 1 until S(m,41) < S(m,). The inversion process is stopped when the misfit functi@oines less than a predefined value or when a
minimum of the misfit function is reached.

4  ONE-PARAMETER INVERSION : CHECKING THE ALGORITHM

4.1 One-parameter inversion
[Figure 3 about here.]
[Figure 4 about here.]
[Figure 5 about here.]

In order to determine the accuracy of the inversion procedurthe different model parameters considered, we firgrirfor a single
parameter, in this case the mineral dengity and keep the others constant. The true model to reconstnacthe initial model used to
initialize the iterative inversion procedure (which isathea priori model) are displayed in figuﬂa 3. The other parameters atereegbto be
perfectly known. Their vertical distributions consist ofif 250 m thick homogeneous layers. Parameters andk, decrease with depth
while parameterg ¢, K, Ky andG, are kept strictly constant.

Vertical-component seismic data (labelled DATA in the pjadre then computed from the true model for an array of 50vexsespaced
20 metres apart at offsets ranging from 10 to 1000 metres fhensource (figurﬂ 4). The latter is a vertical point force séhgignature
is a perfectly known Ricker wavelet with a central frequené®5 Hz. Source and receivers are located at the free suacmentioned
previously, direct and surface waves are not included irconmputations to avoid complications associated with tiseséributions. Figure
E also shows the seismograms (labelled INIT) at the beginafrihe inversion, i.e., the seismograms which are compinted the starting
model. In this example, a minimum of the misfit function waaateed after performing 117 iterations during which the misfiction was
reduced by a factor of 2500 (Figtﬂe 5). The decrease of thdwndion is very fast during the first iterations and slowsvd subsequently. It
shows several plateaux, which are typical of a complex sbagfunction. FigurES shows that the true model is very tely reconstructed
by inversion. As there are no major reflectors in the deepeopéhe model, very little energy is reflected toward theface, which leads to
some minor reconstruction problems at depth. In fid]Jre 4, ote that the final synthetic seismograms (SYNT) almost p#yféit the input
data (DATA) as shown by the data residuals (RES) which ang sreall.

The inversions carried out for the p s, K, K¢, G andcs parameters (not shown) exhibit the same level of accuramyeder, as predicted
by De Barros & Dietrich|(2008) and Morency ef al. (2009) witlotdifferent approaches, the weak sensitivity of the refieéataves to the
permeability does not allow us to reconstruct the variaiofthis parameter.

4.2 Inversion resolution and accuracy

To further study the application of the inversion method ébdfidata, we examine in this section the resolution and acgussues of the
inversion algorithm. The resolution of the reconstructemtiels depends on the frequency content of the seismic dathawe verified that
our inversion procedure is capable of reconstructing tlopgnties of layers whose thickness is greater thax to \/4, where) is the
dominant wavelength of the seismic data. This behavioumigar to the results obtained By Kormendi & Dietifigh (1p9d)he elastic case.
Since S—waves generally have shorter wavelengths tRarwaves, we would expect to obtain better model resolutionniogriing only
S—waves in aS H data acquisition configuration, rather than using @th and.S—waves. However, the simultaneous inversioPef and
S-waves yields better inversion results due to the integmaaf information coming from both wave types.

In the inversion results presented in figLﬂas 3 End 4, thé&nbkis of the elementary layers used to discretize the dabstis constant
and equal to 10 m, and the interfaces of the true models areatlyrlocated at depth. In reality, the exact locationdhefinajor interfaces are
unknown and do not necessarily coincide with the layerirfindd in the subsurface representation, unless the modetydinely stratified.
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To evaluate the effect of a misplacement of the interfaceheinversion results, we consider again the inversion®stilid density shown
in figuresl]a anc[|4, and introduce a 1% shift of the interfaceldepelative to the true model. This error may represent platement of
~ \/20 for the deepest interfaces. The inversion then leads to atedseismograms that correctly fit the input data, and tozéd fitodel
very close to the true model. Therefore, this test showsthigainversion algorithm can tolerate small errors affegtime interface depths. It
also indicates that a discretization of the ordeAp20 should be used to represent the layering of the subsurface.

The accurate reconstruction of the distributions of mo@ebmeters requires large source-receiver offset datadtaeevarious am-
biguities inherent to the inversion procedure. Howevagdeaoffset data do not always constrain the solution as@gdebecause of the
strong interactions of the wavefields with the structuresbédijue angles of incidence. In particular, large-offsatadmay contain energetic
multiple reflections which increase the nonlinearity of imeerse problem. Therefore, a trade-off must be found im$eof source-receiver
aperture to improve the estimation of model parametersaigieping the nonlinearity of the seismic response at ameh#®level. Our tests
indicate that the layered models are badly reconstructdeistructures are illuminated with angles of incidencellemthan 10 ° relative
to the normal to the interfaces. Conversely, the inversimtgdure generally yields good results for incidence angteater than 45°, a
value not always reached in conventional seismic reflectiomeys. As the medium to reconstruct is laterally homogesédi.e., invariant
by translation), the inversion process requires only ongcgand does not require a very fine spatial sampling of thefiedds along the
recording surface to work properly. For the example giveﬁgures[|3 an([|4, 25 traces were sufficient to correctly recoosthe model
properties down to 1000 m provided that the maximal soueceiver offset be greater than 1000 m.

A classical approach to address the inversion of backsedttgaves is to gradually incorporate new data during thergien process
rather than using the available data all together. A comntiateg)y followed by many authors (for instarlce Kormendi &fich [199];
.7) for seismic reflection data is to pantitibe datasets according to source-receiver offset anddiegotime, and possibly
temporal frequency. The inversion is then carried out irtessive runs, by first including the early arrivals, neasetff and low frequencies,
and by integrating additional data corresponding to latieas, large offsets and higher frequencies in subsegstages. This strategy is
implemented to obtain stable inversion results by firstieit@ing and consolidating the gross features (long andrimteliate wavelengths)
of the upper layers before estimating the properties of tepdst layers and the fine-scale details (short wavelgngfttise structure. We
have checked for a complex medium and single parametersioves that this progressive and cautious strategy leadstterlyesults than
the straightforward and indistinct use of the whole dataset

5 MULTIPARAMETER INVERSION: PARAMETER COUPLING

5.1 Model parameters for the inversion of synthetic data

[Table 2 about here.]

In their sensitivity study of poro-elastic medja, De Bar&oietrich (R00$) showed that perturbations of certain mMqaeameters (especially
¢s, ¢ andG, on the one hand, angl andp; on the other hand) lead to similar seismic responses, thphasizing the strong coupling of
these model parameters. In such cases, a multiparameggsimw is not only challenging, but may be impossible toycarrt, except for
very simple model parameter distributions, such as "bokaactions” (De Barros & Dietridh 2007).

We consider simple models to specifically address this isBhe datasets used in this section are constructed from erigewo-layer
model (see tabIE 2) inspired by an example given in Haarts@midg {199]7): a 100 m thick layer (with properties typicakohsolidated
sand) overlying a half space (with properties typical ofdstone). The permeability, porosity and consolidatiorapaeter differ in the two
macro layers whereas the five other model parameters haviciaesalues. This generic model is then subdivided inte@®nentary layers
having a constant thickness of 10 m. One or several propartiesen among the eight model parameters are then randardified in the
elementary layers. The models thus obtained are used touterapnthetic data constituting the input seismic wavesofon our inversion
procedure.

The data were computed for 50 receivers distributed aloadrée surface, between 10 and 500 m from the source locdatimseismic
source is a vertical point force, with a 45 Hz Ricker wavettrse time function.

5.2 Coupling between parameters

We seek to know if a given parameter can be correctly recactetl if one of the other model properties is imperfectlywnoFor each
parameter considered, we evaluate the robustness of tbksion when a single parameter of ta@riori and initial model (given in table
E) is modified by +1% everywhere in the model. This variati@@g not pretend to be realistic, but is merely introducedvaduate the
coupling between parameters. To obtain a direct assesshtd resulting discrepancies, we measure the normalia¢f Brror between
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the reconstructed parametersand its true valuen:

> [m(n) —mu(n)]*

Ernvs = - , a7

> Ime(n))®

n

wheren represents any element of the model parameter afragsidm.

The results of this test are summarized in figﬂre 6 where thextied parameters are along the horizontal axis and tharped parameters
are along the vertical axis. Figuﬂe 6 displays uneven resuiere the reconstruction of some parameters (notaby, ps andcs) is only
moderately affected by the small perturbations appliediteromodel properties, while the inversion of other paramsefs s, s andGy)
is strongly influenced by errors in single model propertiRigS errors greater than 10 % usually correspond to recatstfunodels which
are very far from reality. Note that no perturbation has hie@oduced in the model when parameters are identical dbotig axes. In those
cases, the inversion is not perfect (model errors may re#gha2 there exists minor differences in the deepest layersada lack of seismic
information contained in the seismograms. This sengjtisitidy shows that parameters are poorly determined if titi@liand a priori
models of the other parameters are not perfectly known, ardrasult, multiparameter inversion results must in geteraonsidered with
utmost care.

[Figure 6 about here.]

As predicted by the sensitivity study conducted|by De Bagdsietrich (), the seismic response of a poro-elasticioma, and
therefore the inversion of this response are mostly sgaditi parametergs, ¢, ¢s andGs. In figureﬂi, the horizontal lines corresponding
to these parameters display the largest errors. It is seg¢thé inversions of the bulk moduli; and Ky are unstable if the four parameters
mentioned above are not well defined in the starting model.alle note that the inversion fa@r, is only sensitive tq,, and that the
inversion for¢ or ¢s does not depend ofs. On the other hand, a poor knowledge of the permeabilityof the fluid modulusK s or of
the fluid densityp in the starting model has little or no influence on the invarsif the other parameters. Among the four most sensitive
parametersps andGs can usually be estimated with good accuracy from geolodicalvledge. In addition, these parameters do not show
large variations. Consequently,andc, are the most important parameters to estimate in the gjartodel for a successful inversion of the
medium properties.

5.3 Multiparameter inversion

By definition and construction of the full waveform fittingqmedure, the observed data are generally well reproducéldebgynthetics at
the end of the inversion process. However, when parametersoaipled, the resulting models are wrong even though thesmonding
waveforms appear to properly represent the data. For emrfnghre[v shows the models obtained by the simultaneoussioveof two
strongly coupled parameters, namely, porositgnd consolidation parameter. It is seen that in a given layer, the error made on one
parameter is partly compensated by an error of oppositeosigine other parameter, thereby minimizing the misfit fuorctiTrhe impossibility

to simultaneously reconstruct several model parametdheatame time means that the extra information introducetidpeculiarities of
the seismic wave propagation in poro-elastic media (dhovwave, conversion of the fluid displacement into solid disptaent, attenuation
and dispersion effects) is not sufficient, for the sourazirer geometry under consideration, to overcome thensitriambiguities of the
poro-elastic model and its description in terms of eighteriat properties.

[Figure 7 about here.]

[Figure 8 about here.]

6 INVERSION STRATEGIES

We explore in this section two strategies to get around tharpeter coupling, by first considering composite model pa@tars ané priori
information, and then a differential inversion procedwresl for time-lapse surveys.

6.1 Composite model parameters

The first strategy to circumvent the difficulty of multipareter inversion is to use as much external information asilpesand to combine
model parameters that are physically interdependent.iajgoroach, composite model parameters can be easily irtteddn the inversion
algorithm by combining the Fréchet derivatives of the iordjmodel parameters (see, e[g., De Barros & Digfrich[2008)

For example, we may know frora priori information the nature of the two fluids saturating a poroweium, e.g., water and air,
and assume standard values for the properties of each ftwigxample,K; = 2.1 GPa andp; = 1000 kg/m* for water. We can then
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introduce the fluid saturation ratg. as the ratio of the volum&’; occupied by the more viscous fluid to the total pore volurje The
sensitivity operators with respect to the fluid saturatiate rare computed by using mixture laws, that is, by using @hnaetic average
(\Voigt's law) for the density and a harmonic average (Reulsst) for the fluid modulus:

g =Y _ pr—pr2 _ KEpn K- Ky (18)
Vi pri—pr2 Ki Kp— Ky

where subscriptd and2 denote the properties of the two fluids. We can similarly defime volume ratd’s of a mineral for a medium

consisting of two minerals, as the volume occupied by oné@®finerals normalized by the total solid volume. As befare use Voigt's

law to link up this parameter with the solid density and R&ulssv for the shear and bulk moduli. These mixture laws arethe most

accurate ones to decribe the properties of biphasic fluitiicomponent mineral§ (Mavko et]§l. 1998), however, we vtk them for sake

of simplicity.

We can then invert for the new composite paramétefresp.S,) instead of considering densipy (resp.py) and moduliKs andG
(resp.Ky), by assuming that the other parameters are independegfifyed. Since the quantiti€s. and7s vary between 0 and 1 and are
equipartitioned, care must be taken to ensure that thesedbare not exceeded. To satisfy these constraints, walirteoan additional
change of variable to deal with Gaussian distribution patans, as needed in the least-squares approach. FoII. 6), and
generically denoting thé,. andT parameters by variabl¥, we define a new paramet&r’ using the error functionrf by writing

_12X — Xnae — Xmin
Xmaac - szn

dX Xomaw — Xmin  —x’2

W = 7\/% e .

In this way, the new parametéf’ has a Gaussian distribution centered around 0 with a vaiaht/2, which is equivalent in probability

to an equipartition of the variabl& over the interval ]0,1[. The&X parameter{; or S,) can never reach the values 0 or 1 as these values are

infinite limits for the X’ parameter. However, this limit can be accurately apprahe¥ithout any stability problems.

X' = erf and (29)

Figureﬂ? shows an inversion example to obtain the variatafrthe volume rate of silica when the grains are constitutedilica

(Ks = 36 GPa, Gs = 40 GPa andps = 2650 kg/m?) and mica &, = 59.7 GPa, Gs = 42.3 GPa andps = 3050 kg/m?). The other
model parameters are those given in t{ble 2 which are assfixaddnd known. The unknowns of the inverse problem are #teilolitions of
theps, Ks andGs parameters characterizing the minerals, which are lumpgether as thé&, parameter. The source and receiver geometry
and characteristics are the same as those described ion:‘@i Figureﬂo displays the synthetic data computed flemtodels of figure

E, the seismograms at the last iteration of the inversionge®, and the data residuals. Figﬂre 9 shows that the voltmefrsilica is very
well reconstructed. A total of 18 iterations were perfornbedore reaching the minimum of the misfit function, which wdasded by 950
during the inversion process.

[Figure 9 about here.]
[Figure 10 about here.]

These examples show that a viable inversion strategy isrglatdy introducing 1p priori informations (e.g. the type of fluids) and
2) arelationship between the former and the new paramedaysrélationships betwedki, py and.S;.). This approach can be generalized
as soon as these two requirements are fullfilled. Followlregsame process, let us mention here that the number of parandescribing
the medium can be further reduced if the properties charaictg the solid part of the porous medium (mineral progertis, Ks andGs,
consolidation parametet, and porosityg) can be measured via laboratory experiments. This may séeious but if the medium can be
represented by two different facies (sand and shale for pkgmwe can invert for the volume percentage of each fatiethis case, the
number of unknowns would be reduced to two: the type of fa@asd or shale), and its fluid content.

6.2 Differential inversion

A second possibility to reduce the ambiguities of multipageser inversion is to consider and implement a differenitiaersion. Instead of
dealing with the full complexity of the medium, we concetgran small changes in the subsurface properties such as dlcoarring over
time in underground fluid-filled reservoirs. This approacayrbe particularly useful for time-lapse studies to folldwe £xtension of fluid
plumes or to assess the fluid saturation as a function of time.

For example, the monitoring of underground £€orage sites mainly aims at mapping the expansion of thedBfdd in the subsurface and
assessing its volume. Time lapse studies performed oveSléiener CQ injection site in the North Sea (see for example Arts pf a0420
O) highlight the variations of fluid carttas seen in the seismic data after imaging and inversiahidriluid substitution
case, the parameter of interest is the relative saturafisalime water / carbon dioxide although the fluid densityfisded as well by the
CO: injection. We can then rearrange the model parameters éotifor the relative HO / CO, saturation. A differential inversion process
will allow us to free ourselves from the unknown model partars to a high degree. This approach is valid for any typeua Bubstitution
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problem, such as water-table variation, oil and gas extnactr hydrothermal activity.
The first step in this approach is to perform a base or referencvey to estimate the solid properties before the fluigt#ulion occurs.
We have shown in the section on multiparameter inversionttigamodel properties are poorly reconstructed in genécalré [’f’), whereas
the seismic data are reasonably well recovered (fiﬂure 8)s,Tih spite of its defects, the reconstructed model resgecome degree the
wave kinematics of the input data. In other words, the imerhodel provides a description of the solid earth propertieich can be used
as a starting model for subsequent inversions. The lattaldime used to estimate the fluid variations within the suflaserfrom a series of
monitor surveys (second step). To test this concept, weinetthe fluid properties of the true model of figlﬂe 7 to simeilaffluid variation
over time. Two 30-metre thick layers located between 50 &ah&tres depth and between 110 and 140 metres depth are wpleted due
to gas injection. The water saturation varies between 6Bl in these two layers (figuElll). We assume that air istiefkio the water,
with propertiesK ;=0.1 MPa andp;=1.125 kg/ni). We consider air properties, even though is not correspgria injection problems, to
keep the problem as general as possible with regard to adyokifiuid substitution problem (involving C gas, etc.). The starting models
for the porositys and consolidation parametey are the ones reconstructed in figl}e 7. The initial seisrmog@NIT) of figure|1P are the
same as the output data (SYNT) of figﬂe 8. Our goal is to estitie fluid properties by inverting the seismic data for tlaewr saturation.
The model obtained is displayed in figlE 11. We see that tbetitmn and extension of the gas-filled layers are correcyrated.
The magnitude of the water saturation curve, which definesithount of gas as a function of depth, is somewhat undeiastihin the top
gas layer but is nevertheless reasonably well estimateatielbottom gas layer, the inversion procedure only provédgsalitative estimate
of the water saturation. The data residuals are quite stirornigis example because they correspond to the sum of théuadsiof both
inversion steps. These computations show that the diffiatenversion approach is capable of estimating the viamet of fluid content in
the subsurface without actually knowing the full propestid the medium.

[Figure 11 about here.]

[Figure 12 about here.]

7 CONCLUSION

We have developed a full waveform inversion technique wlth aim of directly estimating the porosity, permeabilityterstitial fluid
properties and mechanical parameters from seismic wawsfpropagating in fluid-filled porous media. The inversiggoathm uses a con-
ventional generalized least-squares approach to itetptiletermine an earth model which best fits the observechge@ata. To investigate
the feasibility of this concept, we have restricted our apph to plane-layered structures. The forward problemhgdavith the general-
ized reflection and transmission matrix method accountimghfe wave propagation in fluid-filled porous media with thetBheory. This
approach is succesfully checked against a semi-analyigation. The input data of our inversion procedure coesi$tshot gathers, i.e.,
back-scattered energy recorded in the time-distance domai

The numerical experiments carried out indicate that owgrsion technique can —in favourable conditions— reprotlvedine details of
complex earth models at reasonable computational timegstha the relatively fast convergence properties of thesighi@wton algorithm
implemented. The inversion of a single model parametedgieéry satisfactory results if large-aperture data ard,usevided that the other
parameters are well defined. As expected, the quality ofrhersions mainly reflects the sensitivity of the back-sratl wavefields to the
different model parameters. The best results are obtaoraté most influential parameters, namely, the porasityonsolidation parameter
¢s, solid densityp, and shear modulus of the grai@s. As a general rule, perturbations in fluid dengity solid bulk modulusk’s and fluid
bulk modulusK'; have only a weak influence on the wave amplitudes. Permsakilis the most poorly estimated parameter.

The number of model parameters entering the Biot theonh{@igour case) is not a problem by itself. However, the intpehdence
between some of these parameters is very challenging fantkesion since the information pertaining to one parametay be wrongly
transferred to another parameter. This is notably truedoameters., ¢ andG, on the one hand, and for parametersandp; on the other
hand. As a result, sequential or simultaneous inversionsedweeral model parameters are usually impossible, in theesthat the models
obtained are not reliable. The additional information ieatby the waveforms propagating in poro-elastic media dmgshelp to better
constrain the multiparameter inversion for the source eivec configuration considered in this article.

Several strategies can be used to circumvent the couplitvgebe the model parameters, either by using auxiliary médion or by
considering only perturbations in the medium propertiesr éime. In the former case, the solution consists in definomgposite parameters
from the original medium properties, by using basic knogkdn the material properties. For examglgriori information on the nature
of the saturating fluids can be exploited to invert for thedflsaturation rate. In other cases, we may consider inveftinthe volume rate
between two different lithologies if the rock formationgedmown beforehand from well log data. Our inversion aldponitcan easily be
modified to introduce new model parameters given that tketgt derivatives of the seismograms are expressed inagwtytical form.

In time-lapse studies, such as for the seismic monitoringnaerground C@storage, further simplifications occur as the fluid substitu
tion problem only involves a limited number of material peojies. The two-step approach proposed in this work foedéffitial inversions
of the reference and monitor surveys begins by estimatirgpimum yet inaccurate earth model from the reference dgtakich serves as
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a starting model for the inversion of the monitor dataselds &pproach proved successful and promising for the réantion of the fluid
saturation rate as a function of depth.

It is likely that 2D or 3D poro-elastic inversions will lead similar conclusions in terms of coupling between modehpwaters.
Therefore, the most interesting use of such full waveformeiision algorithms will probably be in combination with eentional elastic
inversions to estimate the wave velocities and bulk derfsy, and finish with the fine scale details of the poro-etaptoperties witha
priori knowledge of some of the parameters, as suggested in thig stu
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Table 1.Model parameters of the homogeneous half space model falgbethm check.

o()  ko(m?) py(kg/m®)  ps(kg/m®) Ks(GPa) G(GPa) Kjy(GPa) Kp(GPa) 7
030 1071 1000 2600 10 3.5 2.0 5.8333  0.001
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Table 2. Model parameters of the generic two-layer model used inrtyersion tests.

Depth(m) &() ko (mz) Pf (kg/m3) ps (kg/m3) Ks(GPa) Gs(GPa) Kjy(GPa) c¢s() n
0-100 0.30 10— 1 1000 2700 36 40 2.2 16.5 0.001
1000 0.15 1013 1000 2700 36 40 2.2 9.5 0.001
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Figure 1. Left panels : comparison of seismograms computed with oprageh (solid black line) with the analytical solution . 8)
(thick gray line), and their differences (thin dashed lirRight panels: Misfit between the two solutions. The congeens are made for the a) horizontal and

b) vertical solid displacements in a homogeneous halfesgacited by a vertical point forc€? and S denote the direct waves where®g PS SPand SS
refer to the reflected and converted waves at the free surface
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Figure 2. a) Gradienty; b) Hessian matrixd o of the misfit function; and c) ternDrHo_l.ﬂy0 at the first iteration of the inversion of the solid density éo
20 layer model.
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Figure 3. Models corresponding to the inversion for the mineral dgnsi: initial model, which is also tha priori model (dashed line), true model (thick
grey line), and final model (black line). The correspondiazmograms are given in figue 4.
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Figure 4. Seismograms corresponding to the inversion for the mirdeakity p,: synthetic data used as input (DATA), seismograms assatiaith the
initial model (INIT), seismograms obtained at the lastateam (SYNT), and data residuals (RES) computed from tHergifice between the DATA and SYNT
sections for the models depicted in figlﬂe 3. For convenieaitsections are displayed with the same scale, but the emesgetic signals are clipped.
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Figure 5. Decrease of the cost function (Eﬂq. 6) versus the numbermatidas in the inversion of the solid density (figuﬂes 3 End 4)
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Figure 6. Normalized RMS error of model parameter logs obtained bgrision using an incorrect starting model. The parameteishndre inverted are
indicated along the horizontal axis, whereas the paramethich are perturbed in the starting model are along theceérxis. The starting model is not
perturbed when the parameters along the horizontal anidalesixes are identical. Permeabilfy was not inverted in this test.
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Figure 7. Models for the simultaneous inversion of the porosity Jleftd consolidation parameter (right). Both panels showirittial model, which is also
thea priori model (dashed line), the true model (thick grey line), aredfihal model (black line). The corresponding seismograrasimplayed in figurg] 8.



22

L. De Barros, M. Dietrich and B. Valette

Offset (m) Offset (m) Offset (m Offset (m)
0 2?0 5(|)0 21:30 500 250 500 2?0 500
”*“"uullull *’
N -‘ q &0 .
Iy J)"“"'s o MJ‘“‘.&
:r:rrr-'-‘-“-rcf:r | ﬁi’”’»;;:;“ r |rrr \ rr rr 'FF';:?;“
e e B % i %
e o R “‘"’ﬂuii}'ji i
e F"L_‘E‘}"{"“f““:: e e s r" %
- i, iy, O JJJ}J"‘:‘II' jjjj” it "'rrrrrfrr o,
L I, 2ty e &)‘!l ) %%
0.2\ e 1“1 e 0.2 ) 0.2+ < 0.2} iy
OEJ . (il'r'q_‘:":._!; . . "‘ . . M‘h 11111‘
= i, s,
L’ --. =| h “1
rr'rf'r;-“"-l'-1 ﬁ‘_'g:,“ h -l".‘1
o, F""l“‘:‘\« ‘:::"11 4
O
,: % 1111,1 ““:‘
b | K
0.54 0.5 0.5} 0.5
DATA INIT SYNT

RES
Figure 8. Seismograms corresponding to the models depicted in fI];uiymhetic data used as input (DATA), seismograms as&atiaith the initial model

(INIT), seismograms obtained at the last iteration (SYNar)d data residuals (RES) computed from the difference leetwiee DATA and SYNT sections
For convenience, all sections are displayed with the saale,daut the most energetic signals are clipped
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Figure 9. Models corresponding to the inversion for the volume ratsilafa 7s: Initial model (dashed line), true model (thick grey linepd final model
(black line). The corresponding seismograms are displilyégure.
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Figure 10:Seismograms corresponding to the models depicted in

wynthetic data used as input (DATA), seismograms as&atigith the initial model
(INIT), seismograms obtained at the last iteration (SYNa)d data residuals (RES) computed from the difference leehilee DATA and SYNT sections
For convenience, all sections are displayed with the saale,dout the most energetic signals are clipped



Full waveform inversion of seismic waves reflected in a Sigatporous medium 25

0

O

50
1 1
‘_I‘:Ll:I_:

E |

e |
4% 1004 I]
o |_\_I |_\ :
]

150
200 [

T

o6 08 10
Saturation rate

Figure 11. Models corresponding to the inversion for the water satumat;-: Initial model (dashed line), true model (thick grey linahd final model (black
line). The corresponding seismograms are given in fi@re 12.
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Figure 12. Seismograms corresponding to the models depicted in f@,{rey.hthetic data used as input (DATA), seismograms adsaliaith the initial
model (INIT), seismograms obtained at the last iteratioiN¥), and data residuals (RES) computed from the differdmesveen the DATA and SYNT
sections. For convenience, all sections are displayedthélsame scale, but the most energetic signals are clipped.



