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Chapter 14

Surface wave holography

R. Snieder

1. Introduction

Surface waves have proven to be very useful in determining the properties of the Earth’s
crust and martle. The traditional surface wave analysis consisis of two steps. First, _from
surface wave recordings, dispersion data (phase velocities or group velocities) are retrieved
for each source recciver pair (Dzicwonski and Hales, 1972; Nolet, 1977). Next, the
information for different frequencies and many source receiver pairs is combined to yicld
an image of the Earth’s interior {e.g. Woodhouse and Dziewonski, 1984; Momagner, 1_986;
- Nataf el al., 1986). These methods implicitly use ray Ltheory by resorling to the "greal circle
theorem" (Backus, 1964; Jordan, 1978; Dahlen, 1979). This thcorem slates that for a
sufficiently smooth medium the surface wave data are only influenced !)y the structure
under the great circle joining the source amd the receiver. The great circle theorem is
acceptable provided the inhomogeneity varies linde on the scale of the wavelengih of the
surface waves. | .

It wrns out, however, that this condition is often violated in realistic siluations. A
Rayleigh wave with a period of 20 seconds has a horizontal wavelength of . about 7.(}
kilometers. It is well known that, especially in continents, the laleral heterogencity on this
scale can be considerable, In fact, the models construcied from surface wave daia using the
great circle (theoren sometimes vary strongly on a distance of one wavelength (Panza et al.,
1980). In that case the constructed model is inconsistent with the ray theory used for
producing the model. It is clear that in these situations one has 1o resort 1o a morc compleie
wave theory which takes surface wave scattering and reflection into account. Since these
effects are most scnsitive 10 the horizontal gradient in the Earth’s structure, scattercd
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surface waves could provide valuable independent information on the structure of the
Earth.

Surface wave scattering and reflection can be treated analytically in two dimensions
{Kennet, 1984}, but for three dimensional surface wave scattering no analytical solutions
are available. In that case one either has 1o use numerical methods, or make some
simplifying assumptions. The Bom approximation has been used successfully for
describing surface wave scattering in three dimensions {Snieder, 1986ab). A brief outline
of this theory is presented in section 2. The Bom approximation gives a linear relation
between the scatlered waves and the heterogeneity. This sitwation is closcly analogous 10
the wave theories forming the basis of modem migration schemes in exploration
geophysics (Clayton and Stolt, 1981; Tarantola, 1984ab; Bleistein et al., 1985; Bleistein
and Gray, 1985; lkelle ei al., 1986).

It is therefore not surprising that an inversion scheme using scattered surface waves can
be formulated along similar lines. In section 3 it is shown that this scheme can be derived
using a least squares criterion, as in Taraniola (1984ab). Without making additonal
simplifying assumptions the resulting inversion scheme isn't very manageable. It is shown
in section 4 how some simplifications result in a workable scheme for reconstructing an
inhomogeneity using scattered surface waves. The resulling reconstruction method is
similar ta holographic 1echniques used in oplics.

In order to check if the method works with real data, a field experiment was conducied
on a tidal flat, where surface waves were reflected by a dam. The results for this inversion
are presenied in section 5. A field experiment, as presented here, is an ideat ool for (esting

- the feasibility of abstract mathematical inversion schemes.

In this chapter the summation convention is used throughont for vector and tensor
indices. The dot product which is used is defined by

Ipgl=pi*q;. (L1

2. Linearized theory for surface wave scaftering

The cquation of molion combined with the equations for lincar elasticity lead (o the
following expression for the displacement field in the frequency domain

Lju;=F; 2.1
where the differential operator L is defined by
Ly = ~pw'8;; = 8, Cpm;Om (2.2)
and F is the point force which exciles the waveficld,

Now suppose that the elastic medium (i.e., the densily and the elasticily tensor) can be
decomposed as follows:
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Figure I Definition of the geometric variables for the direct wave.

plx.y.2)=p%)+p'xy.2) (2.3.2)
cry.2)=c%)+c'xy.2) (2.3.b)
This means that the medium is viewed here as a laterally homogeneous reference medium,

with heterogeneities superposed on it. This decomposition suggests the following
decomposition of the displacement

u=u’+u'. (2.4}

u? is the displacement in the laterally homogeneous reference medium, this tecrm is usvally
called the direct wave. u' describes the elfect of inhomogencities, this term is usually
labelled the scattered wave.,

In order 1o derive expressions for u® and u' it is convenient 10 introduce the surlace
wave polarization vectors. For Love waves the polarization vector is

PEO=17() 0 (2.5.2)
ang for Rayleigh waves )
Ped=rl@)A+iry@z)2 (25m
In this chapter Greek indices are used to label the surface wave modes. A summation over
these indices indicates a summation over both Love waves and Raylcigh waves, thus
treating both kinds of waves in an unificd way. The unit vectors 4, ¢ and 7 poinl
respectively in the radial, transverse and down direction, sec figure 1. The functions [} (2),
ry(z) and rj(z) are the surface wave cigenfunctions as defined in Aki and Richards
{(1980). These eigenfunctions are assumed (o be normalized according to:

Sc U =1 2.6)
U, and ¢, are the group and phase velocity of the mode under consideration, and I isthe
kinctic cnergy integrat (Aki and Richards, 1980).

The far ficki surface wave Green’s function of the laterally homogencous reference
medium can conveniently be expressed as a dyad of the polarization vectors. As shown in
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Figure 2. Definition of the geometric variables for the scaticred wave.

Snicder (1986a), this leads to the following far field expression for the direct wave in the
frequency domain

cxpi(k X+ %:—)
v(r) = 3 p¥(z .9) —— % P9 @7
v (5 kX)

sce fipure 1 for the definition of the geometric variables. It is assumed here that the
wavelicld is excited by a point force F at location r, . Note that the direcl wave is writlen as
a superposition of modes (Love waves and Rayleigh waves), and that the modes don't
interact with each other. Using the Born approximation, one can show that for sufficiently
weak scatlerers the scattered wave in the frequency domain is given by

| expi(kcx2+-g—) exp ik X+ 1)
u(r)=3% H p%(z.92) - i VT (x0.y0) TR TR (P*(z; 91)-Fl dxodyo
av (Ekoxz) (_?-"kvxl)

(2.8)
see figure 2 for the definition of geometric variables. This expression is derived in Snieder
(19860} for buried scattcrers in an isotropic medium. It is shown in Snicder (1986b) that

sFailcririg duc 10 surface topography can also be described by (2.8). Reading (2.8) from
right 1o left, one follows the "life history" of the scattered wave. At the source (in v, ), mode
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v is excited by the projection of the point force F on the polarization vector p¥. Then, a
propagation (0 the scatterer occurs. This gives a phase shift and ampl'}‘ludc decay due to

. ., K
geometrical spreading, described by the term exp i {(k X 1+I)I(-§-k‘)( 1) . At the scatlerer

(in rg), scattering and mode conversion occurs. This is described by the interaction terms
V% This term gives Lhe coupling between the incoming mode v, and the outgoing mode o.
Afier this, the mode o propagates to the receiver, which is shown by another propagator
term. Finally, the escillation at the receiver (in r) is described by the polarization vector p°.
An integraion over the scatterer, and a summation over all outgoing and incoming modes
(o.v) superposes the different parts of the scattcred waves u’.

The interaction terms V' are a linear function of the perturbations in the density (p!),
the Lame paramcters (A' and p'), and the surface topography #. It can explicity be scen
that in (2.8) a single scattering approximation is used, since the interaction terms appear
only once. For buried inhomaogeneities the interaction terms are given in Snieder (1986a),
while the interaction terms due to surface 1opography are derived in Snieder (1986b). For
example, the Love wave-Love wave interaction for buried heterogeneities is given by

Vo= J’ [ U8 p e - (@,1 )@, 1) M) cos b — k kI 01Y 1! cos 2¢] 4. (2.9

In this expression ¢p=d,—¢, is the scautering angle, and k&, is the wavenumber of mode v,
The interaction werms are a very simple function of the scattering angle ¢.

Al this point we can alrcady conclude that in inversions using scattered surface waves,
we can only obtain information of the scatierers through the inieraction terms Vo
Information at different frequencies (and possibly different modes) is needed to obtain the
depth dependence of the inhomogeneities. The dependence of V® on the scattering angle
can in principle be used 10 unravel the contributions from the density and the Lame
paramelers.

The theory is presented here for a point force excitaton in a plane geometry. The
excitation by a moment tensor is discussed in Snieder (1986a), and the formulation of this
theory in a spherical geometry is shown in Snicder and Nolet (1987). In both cascs only
minor changes in the theory have 10 be made.

3. A formalism for surface wave holography

Scatiered surface waves can be used to map the inhomogeneities in the Earth. The theory
in the previous scction is lincar(ized), therefore least squares inversion techniques can
conveniently be used for this. Least squarcs inversion for variables depending continuously
on one or more space variables has been discussed in detail by Taraniola and Valeue
(1982). Suppose we want to find the following model vector

pl(r)
m{r}=| A} (3.1}
nr)

and suppose we describe the a-priori knowledge of the heterogeneity with the vector m(r).
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Let the vector u denote all available data in the time domain. With "dala” we mean here the
difference between the recorded signals, and the synthetics produced by the a-priori model
my(r}. We shall assume here tha the a-priori model is zero (my(r)}=0). This means that the
data (u) consist of the difference between the recorded signals, and the synthetic
seismograms of the Jalerally homogeneous reference medium.

The inversion scheme of Taraniola and Valette (1982) requires the a-priori covariances
of the model (C,, (r,r)), and of the data (C,). If the a-priori cross covariances between the
model and the data (C,,,) are assumed to vanish, the least squares sclution of the model js
given by (Tarantola, 1984a):

m=M"C,G"Cc'u (3.2)
with

M=C,G"C;'G+1 3.3
and G is the gradient of the data with respect to the model parameters,

In principle, (3.2) can be used to compute the model m(r) at every point in three
dimensional space. In practice one shouldn’l be 100 optimistic aboul a straightforward yse
of (3.2), since three different kinds of inversion are implied in (3.2):

(11 The surface wave energy should be focussed in the horizontal directions on the
scatierers,

(2] The contribution of the three parameters p', u! and A! should be unraveled.
[3) The depth dependence of these parameters should be reconstructed.

It shall be clear that with band limited, noisy data for a limited range of scatlering angles,
the goals (2] and [3] can never be fully reached. As a simplification it is therefore
appropriate to expand the depth dependence of p', p' and A! in a suitably chosen sel of
basis functions by (z). The subscripts p and q are used throughout this chapier (o denote
these basisfunctions. The basisfunctions are used to parameterize the depth dependence of
the helerogeneity, and to separate the contributions from p!, 1" and A'. From now on, we
assume that the inhomogeneity can be decomposed as follows

m(r)= 3 &, (x) b, (z) (G4
P

and the aim of the inversion is to reconstruct the fields hp (x). The vector x shall be used to

denote the horizonial components of r (x=r—-{r.z)z) this convention will be followed
throughout this chapier,

In order 10 obtain a workable formalism, more notation needs to be introduced. A
superscript "rs” shall be used to denote the source receiver pair which is considered, thus
u" (¢) is the time signal of the recorded scattered surface wave for source "s" and receiver
“r". Furthermore, let the synthetic seismogram for source receiver pair "rs", basis function
b, (z) and a scauerer at location x be denoted by 5(x,1). Since the theory is lincar, this
synthetic seismogram is precisely the contribution of source receiver pair "rs" to the
gradient (G ) of the data at location x and basisfunction p.
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Now let us assume that the data are uncorrelated, but that the autocorrelation of
different seismograms may be different

CEruL)=8, 8, 8- )% (3.5
Tnserting this in {3.2-3), and working out the implicd operator products yiclds
R )= T [d%x [dx M, (X)) G (X1%0) Hy (32) (3.6)
Pufa
where
1) =F =5 [ s we @) de 3.7)
rs Gr.r
and

My )= E %) Co g (00) T = [ 000) 530 48,8030, (38)
P Vs

Tt ¢an be scen from (3.6) that the inversion consist of three steps. The data (#™ (1)) enter the
inversion through the "holography term” H,(x). After this, an integration with the model
covariance (C,,) is performed. Finally, a contraction with the inverse operator M -
completes the inversion. Now et us focus on the holography term (3.7).

This term can be interpreled most casily by converting (3.7) to a frequency integral
using Parseval’s (heorcm (Buotkov, 1968). Inscrting (2.8) for the synthetic seismogram
5,7 (x,m) we get

expi(kox2+%) expi (kX +0)
HP (x):_zl_. E_[d OJZ[I.I"‘ .Po(zr)l - W me’(x) IC " [pv(l,y YF)
LN av (EkUX«)) : (Ekvxl)

(3.9

It is undersicod that all quantities at the right hand side are evajuated in the frequency
domain, and that the geometric variables are to be considered for each source recciver pair
scparatcly. The intcraction terms Vp""(x) are for scattering (and conversion) by basis
function b, (z) at location x. Equation (3.9) can be interpretcd by considering the lerms on
the left and on %Lhe right of the interaction matrix. The lerm

cxpi(kﬁﬁ%)l(%kﬁl) [p¥(z,).F] describes the waves excited by the point force F,

which travel 1o the scatterer. In optics this term would be called "the illamination”, since
this term describes how much energy cmane}ing from the source reaches the scatierer. The

term [u™ p%(z, )] exp i(k0X2+'g)l(-g-k0X2) can be interpreted as the backpropagation of

the data u™, into the medium. This can most easily be understood by noting the symmelry
in (3.9) in the excitation F and the data u™. The holographic term (3.9) depends on the
comrelation between the illumination and the backpropagated signal. A summation uver all
source receiver pairs compleles this term. This procedure is similar to holographic
technigues in optics, where an image is reconstructed using the interference between the
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Figure 3. Ellipsoidal srea over which the contribution of one source-reeeiver pair 1o the holographic term (3.7)
is spread owt in the absence of mode conversions,

iltumination, and the light which has (back)propagaied from the hologram to the area of
reconstruction.

This holographic reconstruction procedurc amounts to smearing oul the recorded
scallered encrgy over cllipses, or egg shaped curves in the medium. For instance, if mode
conversions are absent, the recorded scatlered wave for onc source receiver pair is smeared
oul over an ellipse with the source and the receiver as focal points (figure 3). Using many
different source receiver pairs, these cllipses are superposed (o reconstrucl the

" heterogeneity. Virtually all migration schemes used in exploration seismics use the same

principle (either explicitly or implicidy). Insufficicnt data, or an inadequate reference
modde] for the propagation leads to an imperfect reconstruction, producing the characieristic
“smiles" in migrated seismic sections (Berkhout, 1984, chapter 5).

Afier applying the holographic operator in (3.6), an integration with the model
covariance C,, is to be applied. This covariance operator makes it possible 1o impose a-
priori knowledge on the spatial scale of variation in the medium. The integration over x,
with this operator implies a smoothing of the holographic image: One should be carefu! not
o apply too much smoothing. The reason for this is that the scattering effects are most
sensitive Lo the horizontal gradients of the inhomogencities, Smootking scatterers over one
wavelength of the surface waves climinates virtually all scatiering effects. Therefore it is
crucial o allow sufficiently horizontal abrupt variations of the inhomogcneities.

The Iast step in the inversion (3.6) entails the inversion of the operator M (3.8). After
discretizing the model in cells, this inversion amounts 1o inverting a huge matrix. The
matrix is in gencral very large, since the cell size should be much smaller than a
wavelength. In order to do an inversion on a continental scale using surface waves with
periods less than 100 seconds, several thousands of cells are requiired. A direct inversion of
such a matrix is not feasible, but iterative Lechniques such as steepest descent, or conjugate
gradients can be used for this, sce chapter 1.2, Allemnatively, one can complete the
reconstruction {3.6) by making strongly restricting assumptions on the matrix M, which
allows for a more convenient, but less accurate inversion of this matrix,



SURFACE WAVE HOLOGRAPHY 331

4. A simplitied reconstruction procedure

In this section a simplified version of the reconstruction (3.6) is proposed. It is assumed
that the heterogeneily can be described by one basisfunction b, (z) and the subscript "p" is
therefore dropped. Furthermore, it is assumed that the heterogeneity has a zero correlation

length
C.(xx" =62 §{(x—x") “.1)

and that all dala have the same covariance o2. Lastly, and this is the most restricting
assumption, we ignore the off-diagonal clements of the operaor M (xx). In this
approximation

A(x) =M (x,x) H(x) (4.2}
with
a?
Mxx)=1+ -5 3 [s™xa)a. 4.3)
0“ s

Assuming the operator M 10 be diagonal means that one assumes that for each point x, all
the scattered waves for all source receiver pairs are gencrated by a single scatterer at
location x. This assumplon clearly breaks down when different scatterers collectively
generate scatiered waves for all source receiver pairs. In that case (4.2-3) cannot be
expected 10 give results which are quantitatively correct. However, it is shown in section 5
that this simplifying assumption is able 10 produce qualitatively meaningful results. In fact,
many migration schcmes used in exploration geophysics implicitly use this assumption.
(As an altcrnative, the system (3.2-3) could be solved iteratively, as shown in Tarantola
(1984ab). In that case the substitation (4.3) specifies a preconditioning parameter for the
iterative inversion (Tarantola, 1984c), and the final model is insensitive to the choice of this
parameter, An explicit inversion of the operator M can then be avoided.)

Conibining (3.7} and (4.2-3) the image reconstruction is in this approximation

D R DO UOL ] .

hix)=

= (4.4)
_u s 2
a2 +§_[s (x0) dt

The numerator is simply the holographic term. The denominator contains two terms. The
aulocorrelation of the synthetic scismograms in the denominator serves to normalize the
reconstructed  heterogeneity. The o2/l erm serves to suppress the contaminating
influence of noise.

It is shown in Snicder (1986ab) that the radiation paiern for surface wave scaliering
usually has one or more nodes. For one source receiver pair, near a node of the radiation
patlern, the autocorrelation of the synihetic seismograms in the denominalor approaches
zero faster than crosscorrelution in the numcrator. This might lead to a numerical
instability. The regularization term 6262 damps this instability.
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Figure 4. Layow of the field experiment,

5. A field experiment for image reconstruction with scattered surface waves

A field experiment was carried out in order the test the feasibility of surface wave
holography. Surface wave measurements were done on a tidal flat in the Netherlands. A
cross shaped array of 24 (10 Hz.) geophones was placed 50 melers from a concrete dam
(the "Grevelingendam™). A weight drop source (of 30 kg.) was used to generate surface
waves at several locations 50 meters from the dam, see figure 4. A description of the field
equipment is given by Doornenbal and Helbig (1983). The reference model
(Pofz), Lg(2), Ag(z)) used in the inversion was determined using standard surface wave
dispersion analysis, using the fundamental Rayleigh modes and five higher modes (Gabriels
ctal., 1987). -

An example of the geophone records for one shotpoint is shown in figure 5. Note the
relatively strong higher mode signal before the arrival of the fundamental mode. It can be
seen that the direct fundamental mode arrives simultancously at the geophones on the
transverse leg of the array (geophone 13-24), confirming that this wave propagates parallel
o the dam. After this, the scattered fundamental mode arrives. On both the parallel
(geophone 1-12), and the transverse (geophone 13-24) leg of the array this wave has a
slanted lincup, indicating that this part of the signal comes from the direction of the dam. In
this inversion the signal was muted until just afier the arrival of the direct fundamental
mode, so that only the scattered fundamental Rayleigh mode was used in the inversion,
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OFFSET 168 M SCATTERED SURFACE WAVES

ZEELAND 1985
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TIME IN MSEC
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Figure S, Field record for a shotpoint 168 meters from the geophone array.
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Figure 6. Radiation patiern for the basis funclion employed for the scanering of the fundamental Rayleigh
made 10 itself. The direction of the incoming wave is indicated by an amow. The numbers indicale the
scatlering amp]ilude Im3,

(The Love wave contribution to the data and the synthetic seismograms is zero, becaose a
vertical force excites only Rayleigh waves, and vertical component geophones don't
register Love waves.)

The sediments composing the tidal flar have a shear wave velocity of 100-300 m/sec
{depending on depth), and a density of approximately 1500 kg /m>. In the dam, shear wave
velocities of several kilometers per second are possible, and the density can be as large as
2500 kg /m>. Tt will be clear that the dam cannot be considered a "small perturbation”, so
that we cannot expect o obtain quantitatively correct information. However, the geometry
of the scatterer isn't favourable to multiple scattering, which explains why this lingar
reconstruction lechnique can be employed.

As a basis function, a constant relative shear wave velocity perturbation of 500%, and a
consiant relative density perturbation of 25% was assumed down o a depth of 12 meters.
The radiation pattern for fundamental mode Rayleigh wave scattering is shown in figure 6.
Notc that the radiation pattem has a node f{or a scatiering angle ol approximacly 90
degrees,

The image reconstruction was performed with a  straiphtforward  numerical

implementation of (4.4). The synthetic seismograms s™{(x,r} were computed in the
frequency domain using (2.8), and then Fourier transformed. Imaging experiments were
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Figwe 7a, Envelope of the reconstructed image A (x} in the undamped case (0, =0}, using only 4 gr_.ophonr.: of
the array. The true location of the cdge of the dam is shown by the vertical dashed line. The shotpoints and the
geophone array are marked with dots and a cross.

Figure 7b. As figure 7a, using only 8 geophones of the armay.

Figure 7¢. As figure Tc, using all 24 geophones of the amay.
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Figure 8a. Envelope of the reconstrucied image A {x} in the damped case (0. #0), using only 4 guf.uph(:n:s of
the array. The true location of the edge of the dam is shown by the ventical dashed line. The shotpoints and the
geophone array are marked with dots and a cross.

Figure 8b. As figaie 8a, using only 8 geophones of the amay.

Figure Bc As figure Be, using all 24 geophones of the amay,

performed for geophone spacings of 6 melers (using 4 geophones), 3 meters (using
geophones) and 1 meter (using all peophones). (The dominant wavulcngl_h of .lhc
fundamental Rayleigh mode is 6 m.) In all cases five shotpoinls were used in the inversion,
The reconstructed inhomopeneity is a highly oscillaory function of the space vanables,
since the reconstructed inhomogencity A (x) consists of the temporal correlation of two

dispersed wavetrains, In the results presented here, the envelope of the funcion A{x) s
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Figure 9. Cross sections of the reconstructed image A (x) along the line AB for the solution in figure 8a (top
panel), figure 8b (middle panel) and figure 8¢ (botom pancl},

therefore shown. In the figures 7a,b.c the reconstrucied mmage is shown in the undamped
case (0, =0) for different geophone spacings. The dam is not reconstructed very well, and
the reconstrucied heterogeneity is dominated by a sickle shuped body near the geophone
array, This is caused by the fact that for the basis function employed here, the radiation
patiern has a node near 90 degrees, see figure 6. Therefore, ail the points near the circle
with the source and the receiver as antipodal points produce a scattered wave 5™ (x,¢} with
ve.y small amplitude. Since the denominator in (4.4) goes faster to zero with 5™ (x.t) than
the numerator, this leads 10 an unrealistic inhomogeneity where these circles for different
source receiver pairs overlap. This happens close 1o the geophone array, Taking more
geophones inlo account gives some improvement, but the result isn’1 very good.

If the damping is nonzero (o, #0), the resulls are considerably better, as can be seen in
the figures 8abc. The sickle-shaped "ghost heterogeneity” has disappeared, and in all cases
a clear image of the dam is visible at the correct location. In all cases a mirror image of the
dam (a1 the left side of the shotpoint-geophone line) is visible, but if more source receiver
pairs are 1aken into account this mirror image weakens. The reason for this is that only the
geophones on the transverse feg of the array contribuie 10 a determination between "left and
right” for the incoming waves. Taking more gcophones into account leads o a belter
detenmination of the direction of the incoming wave,
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Note that with a geophonc spacing comparable Lo the dominant wavelenglh {as in figurc
8a), the inhomogencity can still be reconstructed. This is fortunate, because in global
scismology the station density is usually so small that the stations are more than a
wavelength aparl. Apparently, spatial aliasing elfects don’t affect the reconstruction
strongly.

Cross sections of the field £ (x) along the linc AB in figurcs 8ahe are shown in figure 9
for the three geophone spacings employed. Note the oscillatory character ol the
reconstructed image, which is a by-product of the correlation technigue uscd here, The
image of the dam can clearly be secn at 50 meters. The mirror image of the dam is also
visible, but it can be seen that using more geophones leads to a weakening, of this mirror
image. Unfortunately, it is not possible to determine the sign of the heterogencity from
figure 9. In reality, the inhomogeneity is certainly positive because both the shear wave
velocity and the density are much higher in the dam than in the tidal flat. Due 1o the
oscillatory character of the reconstructed image this cannot be determined from figure 9.
This experiment has shown {he feasibility of lacating lateral heterogencitics in the Earth
using scattercd surface waves. Application of this technique to seismological data recorded
with the NARS array (Dost ¢t al., 1984} is currently in progress.
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