Surface-wave inversion for near-surface shear-wave velig estimation at Coronation field
Huub Douma * (ION Geophysical/GXT Imaging solutions) and Matthew Haney (Boise State University)

The method is a one-dimensional finite-element method. Even
though in this work we use only Rayleigh waves, the method
We study the use of surface waves to invert for a near-surfacecan be extended to Love waves (Haney & Douma, 2011a).
shear-wave velocity model and use this model to calculate Since we are inverting dispersion curves, the inversiorhoeet
shear-wave static corrections. We invert both group-wioc is inherently one-dimensional. Hence, lateral heterogeie

and phase-velocity measurements, each of which provide in-obtained by applying the method, e.g., below receiveraiati
dependent information on the shear-wave velocity strectur Even though the inversion is one-dimensional, the obtained
For the phase-velocity we use both slant-stacking and alkon models could be used as initial models for true 3D methods
tomography to obtain the dispersion curves. We compare mod-that can help further refine the models.

els and static solutions obtained from all different methos- . ) .

ing field data. For the Coronation field data it appears that th 1€ data set we use for this work is the Coronation data set,
phase-velocity inversion obtains a better estimate ofahg- which is a large 3D-3C data set from e_aster_n Alberta, Canada.
wavelength static than does the group-velocity inversion. We show results from only one receiver line. The number
of individual source-receiver pairs in this receiver liseover
100,000. The recording time for the seismic data was 6 s, en-
suring that Rayleigh wave arrivals registered even at wlista
receivers (Figure 1). Throughout this work we use only the
fundamental mode Rayleigh wave, even though the first higher
In land and OBC surveys a complex near-surface can oftenmode is clearly present in the data. Using higher mode sur-

provide a challenge in seismic data-processing. Having the face waves would allow to estimate the shear-wave velotity a
ability to correct for near-surface heterogeneity in inmaggean greater depths.

therefore be defining in the ability to successfully image th

deeper lying targets. Surface waves are sensitive to a depth

of roughly one wavelength. With typical observed frequen- GROUP VELOCITY
cies of 3-30Hz and typical near-surface velocities, thaamse

SUMMARY

INTRODUCTION

they carry information about the (shear-wave) velocity op t

To obtain group-velocity dispersion curves we use Frequenc

100-150m deep. Therefore they can be used to invert for near-Time ANalysis (FTAN): for each source-receiver pair thevtra

surface shear-wave velocity models [e.g., ¥taal. (1999),
Ivanovet al. (2006), Muyzert (2007) and Gouédaatchl. (2010)].

eltime related to the peak of the envelope is picked for &seri
of narrow bandpass filters. The resulting group delay-times

Such shear-wave velocity models can then be used, e.gl;to ca can be converted to group velocity based on the offset. The
culate shear-wave static solutions. obtained group-velocity is related to the average earticstr
ture between the source and receiver. To obladal disper-

sion curves, we apply group velocity tomography to the group
delay times along straight rays between the sources and re-
ceivers. This provides us with the group velocitfx,y, w).
Figure 2a shows the dispersion map obtained in this way for
5Hz. Figure 2b shows the topography of the area. We empha-
size the striking correlation between the detail in the grou
velocity dispersion map and the topography: in the vallegs t
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Figure 1. Observed fundamental and higher mode Rayleigh
waves.
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Here we compare using different measurements obtained from
the surface waves to invert for the near-surface shear-veve
locity structure. We compare group-velocity and phasesig}
dispersion measurements. For the phase velocity we use bottrigure 2: a) (left) group-velocity map for 5Hz and b) (right)
slant-stacking over a small-aperture array (van der K., elevation. The red line indicates the receiver locationke T
2007) and the recently developed eikonal tomography (Lin heterogeneity in the group velocity map correlates veryl wel
et al., 2009) to obtain the dispersion curves. The inversion with the topography except in the area indicated by thesallip
method used for the group and phase-velocity inversionssdba

on a perturbational approach applied to the forward method ye|ocity is generally substantially higher@00m/s) than up
from Lysmer (1970) and explained in Haney & Douma (2011b).
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Surface-wave inversion for near-surface velocity estimabn

shallow & 250m/s). This highlights that the velocity is in-
creasing with depth and possibly indicates that the near sur
face is only mildly laterally heterogeneous. The area iaigid
with the dashed circle shows an area where the correlation be
tween the velocity and the elevation is only weak, even thoug
we know from ray-coverage plots and resolution tests that th
area should be well resolved. We attribute this de-coiimelat

to potential ray-bending effects that were ignored in tloigr
velocity tomography. Such ray-bending effects can, howeve
be included in group-velocity tomography, even though such
extension is not immediately straightforward.

e —

e

et TR

Figure 3: Raw receiver stack without any statics applied.

Once the group-velocity dispersion mags, y, w) are obtained,
we can invert at eaclx,y)-location the dispersion curves for

a shear-wave velocity model as a function of depth. Figure 4a
shows the resulting model. Using this model we can derive
shear-wave statics. Figure 4 shows the near-offset raceive
stack along the receiver line with shear-wave statics agpli
For the purpose of comparison, Figure 3 shows the receiver
stack without any statics applied. From P-wave data we know
that the reflectors should be flat. Overall the group-vejobi-
rived model provides a decent static solution, even though o
the east-side we see that the static solution fails to cofoec
the "trough” in the reflectors. This area corresponds to tha a
highlighted in Figure 2 where the dispersion map does net cor
relate well with the topography. The remaining trough in the
reflectors in this area suggests that the average velocttyein
model is too high close to receiver 100. It is possible thahev

if ray-bending is accounted for, this area is too complexhsuc
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Figure 4: a) (bottom) Model derived from group-velocity-dis
persion curves and b) (top) receiver stack with shear-wiate s
ics, derived from the model, applied.

present and, just like the group-velocity inversion, thageh
velocity method thus also fails to properly account for this
static. Again, the overall model seems too fast in this area
based on the remaining trough after the static correction.
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Figure 5: a) (left) Receiver (red triangle) gather used fants
stacking. The near-offse&(300m) sources are highlighted in
green. b) (right) Phase-velocity dispersion curve.

Comparing the models obtained with the group and phase-
velocity method, both models are considerably differest, e
pecially in the valley on the east side of the model (receiver

that a 1D inversion method such as the one used here, does nofymper 75 to 110). This is due to the inherent non-linearty o

produce reliable enough results.

PHASE-VELOCITY: SLANT-STACKING

To obtain phase-velocity dispersion curves, we apply slant
stacking over a small-aperture array as a function of freque
We use the method employed by van der Ketial. (2007) but
apply it here to receiver gathers with a small maximum offset
of 300m (Figure 5a). An example dispersion curve is shown
in Figure 5b. As opposed to the group-velocity method, no
tomography is necessary, as with this method we get local dis
persion curves for each receiver immediately. Therefoee th
dispersion curves obtained with this method contain onky mi

the inversion, in combination with the fact that we usededtiff

ent initial models for both methods. At this stage, no patc
effort was put into carefully selecting starting models dowy

of the methods employed in this work. Due to the non-lingarit
of the problem, however, careful selection of an adequaté-st
ing model can be beneficial. We shortly revisit this subjact i
the discusssion section. At the same time, part of the differ
ences in the obtained models from both methods is due to the
inherent different sensitivities of both methods.

EIKONAL TOMOGRAPHY

In eikonal tomography (Liret al., 2009) the traveltimes of the

nor path effects as averages are taken over a small aperturgface waves are picked as a function of frequency and subse

only.

Comparing the static solution obtained with this methodheo t
group-velocity method, we see that the phase-velocity atkth
manages to better correct for the long-wavelength partef th
statics, as it provides an overall slightly flatter resultowH
ever, the trough in the reflections near receiver 100 is again

quently the gradient of the traveltime maps are calculaBsd.

the eikonal equation, this gradient equals the phase-glssvn

In this way phase-velocity dispersion curves can be obthine
This method is a purely local method, as no averaging over any
small aperture is used. From all methods studied in this work
eikonal tomography therefore contains the least path tsffec
Moreover, since many source-receiver pairs provide ttizwel
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Surface-wave inversion for near-surface velocity estimabn

Near-surface Depth model (phase vel measurement), datum=620
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Figure 8: a) (bottom) Model derived from eikonal phase-
velocity dispersion curves and b) (top) receiver stack with
shear-wave statics, derived from the model, applied.

Figure 6: a) (bottom) Model derived from phase-velocity
(slant-stacking) dispersion curves and b) (top) receitatks
with shear-wave statics, derived from the model, applied.

were calculated from this model and again applied to the re-
ceiver stack (top of Figure 8). The static solution is corapar
ble with the static solution from the slant-stacking metkefd
Figure 6), even though both derived depth models are differ-
ent, especially in the valley on the east-side of the recéive.

This highlights that the depth resolution for the statiaziioh

is not crucial, since only the integral measurement of the-tr
eltime delay is needed for the static solution. Since we used
a crude 2D approximation for the eikonal tomography only,
with only 7 different frequency measurements, compared to
the 160 frequencies used in the slant-stacking methodate |

of detail in the depth model obtained from eikonal tomogra-
phy is understandable. We are currently further investigat
the eikonal tomography using source-receiver reciprdoitye
able to apply it in a true 3D fashion and much finer frequency
sampling. We expect that this will improve the amount of sub-
surface heterogeneity on the east-side of the receiverdie
stantially. In addition, we mention that the starting meder

the slant-stacking and eikonal tomography are differehiciv
partly explains the difference in the final models obtairfeid.

estimates, each receiver will contain many dispersonecasv
timates. In this way the data variance can therefore be esti-
mated and used in the inversion.

Figure 7: Phase-velocity measurements obtained from aikon
tomography at 3Hz (left) and 7Hz (middle). The red measure-
ments are considered outliers and rejected. Right: in biaek
measured dispersion curve for one receiver. Error barsef on
standard deviation are indicated by the grey lines.

For testing purposes we used a quick-and-dirty 2D approxi-
mation by using sources close to the receiver line only (26
sources) and approximating the gradient by taking finitedif

ences between traveltimes from neighboring receivers.eMor nally, like the group-velocity and slant-stacking methtiue

over, we used only 7 frequencies{3Hz in equal steps of eikonal tomography does not provide a good static solution f

1Hz), as opposeq to both previous methods where 'dlspersmnthe trough in the reflections on the eastern side of the liosec|
curves were obtained at an interval of 0.05Hz, resultingsid 1 to receiver 100

different frequency measurements. Traveltimes were gicke
for all sources as a function of frequencies, and the result-
ing estimated phase-velocities are shown in Figure 7 for 3Hz 5,5cussioN

and 7Hz along the whole receiver line. The red dots indicate

measurements that were considered outliers due to theesourc The inversion of surface waves is inherently non-linear be-
not being exactly inline with the receivers and the resgltin
phase velocities being calculated by simple finite diffesmn
between receiver stations. After ignoring the outlierstm
left and middle of Figure 7) dispersion curves are obtaired f

cause the sensitivity kernels depend on the model. Therefor

as is true for all non-linear methods, the inversion is depeh

on the initial model. This is highlighted in figure 9, where

) ) X i ) 3 the slant-stacking phase-velocity method was used totinver
all receivers. For one receiver the obtained dispersiovecist  jisnersion curves using two different starting models. One
shown in the right panel of Figure 7. The error bars (i.eadat garing model (top left) was made based on the observation
standard deviation) is indicated by the grey lines. from the group-velocity dispersion map that the lower eleva

Using the same phase-velocity inversion as in the slankistg tion correlated with higher velocities (see Figure 2), wlah-

phase-velocity method, we obtain a depth model shown in Fig- Other starting model was taken to be a fixed 1D model from
ure 8. The blue line in Figure 7 shows the predicted dis- the surface (top right in Figure 9). The imprint of the stegti

persion curve for that particular receiver. The predictathd ~ Model is mostly visible in the final obtained depth models be-
fits the measured dispersion curve nicely for all frequencie Ween receivers 20-45. Therefore care has to be taken in the

within one standard deviation, except for the 8Hz measure- selection of the initial model. However, we emphasize that t

ment, where the predicted data is just outside the one-atdnd static solution is much less sensitive to the final obtaireguttal
deviation range of the measurement. The shear-wave staticd™odel and thus also to the initial model.
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Surface-wave inversion for near-surface velocity estimabn

None of the methods tested provide a good static solution for ACKNOWLEDGEMENTS

the area on the eastern part of the receiver line, as is dviden

from the remaining "trough” in the reflections in the receive  We thank ION Geophysical/GXT Imaging solutions for per-
stack. This could be related to scattering of surface waves mission to publish these results.

and/or coupling problems. However, it could also well be tha
this particular area is too complex to warrant a 1D inversion
and that full 3D methods of inversion are needed to provide a
better shear-wave static solution.
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Figure 9: Comparison of models obtained using the slant-
stacking-based phase-velocity method (bottom) for twiedif
ent starting models (top).

At the moment we are further investigating another method
that provides an independent measurement from the group-
velocity and phase-velocity: the H/Z ratio, the ratio begwe
the horizontal and vertical component of amplitude. Thigra
provides an estimate of the ellipticity of the Rayleigh wave
and can also be inverted for the shear-wave velocity as a func
tion of depth (Hanegt al., 2011).

Even though in this work we apply surface-wave inversion to
active data only, it can also be used for passive data because
seismic interferometry often provides accurate estimaftése
surface waves. Moreover, using interferometry, the nurober
source-receiver paths used in the group-velocity tomdgrap
step can be increased to provide improved ray coverage.

CONCLUSION

We have used fundamental mode Rayleigh waves to invert
group-velocity and phase-velocity dispersion curves far t
shear-wave velocity as a function of depth using a finiterelet-
based inversion method. The obtained models contain hetero
geneity on the order of 10m. Even though the inversion is non-
linear and thus sensitive to the initial model, the statiation
depends only on the integral of the shear-wave velocitygalon
aray and as such seems less sensitive to the initial model. Fo
the Coronation data, the phase-velocity methods providsg-a b
ter estimate of the long-wavelength statics than does thepgr
velocity method. We emphasize that the method of obtaining
the shear-wave statics used here is purely based on thephysi
of wave-propagation, and no artificial local cross-cotieta
methods were used to further improve the static solution re-
sult.
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