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Daylight imaging in V(X,y,z) media

Gerard T. Schuster and James Rickett!

ABSTRACT

Previous authors have tried to image seismic reflectivity by crosscorrelating passive seis-
mic data, and treating the resultant correlograms as active source seismograms. \We pro-
vide amathematical framework for working with passive seismic correlogramsthat isboth
appropriate for V(x,y,z) media, and arbitrary source location. Under this framework,
correlograms can be migrated with an imaging condition that is tuned to image particular
events. For example, tuning the imaging condition to the kinematics of the Direct-Direct
correlation event allows direct imaging of the seismic sources. Similarly, tuning to the
Direct-Ghost correlation event allows imaging of subsurface reflectivity. Numerical re-
sults with synthetic data partly verify the effectiveness of crosscorrelation migration, but
also suggest worse resolution of the image compared to standard Kirchhoff migration.

INTRODUCTION

Passive seismic imaging can be split into two categories: firstly, attempts to image the spatial
locations of passive seismic sources themselves, and secondly, attempts to image the subsur-
face reflectivity that isilluminated by passive seismic energy.

Passive seismic sour ce imaging

Passive seismic source imaging has the unique potential to provide direct measurements of
subsurface permeability [e.g. Shapiro et a. (1999)]. Fluid flow causes fracturing; you image
the fracturing; therefore, you are imaging the fluid flow. This, along with the growth of (both
surface and borehole) time-lapse seismic, has led to the drive towards the “electric oilfield”
permanently instrumented and continually monitoring itself (Jack and Thomsen, 1999).

To date, however, most of the published case studies of microseismic fracture imaging
rely on earthquake-style hypocentral event triangulation. For example, Maxwell et a. (1998)
describe the successful application of such technology to the Ekofisk field in the North Sea.
These approaches require automated event picking algorithms, and may run into problems if
microseismic events are not localized in time.
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Reflectivity imaging with passive seismic ener gy

Baskir and Weller (1975) describe possibly the first published attempt to use passive seismic
energy to image subsurface reflectivity. They briefly describe crosscorrelating long seismic
records to produce correlograms that could be processed, stacked and displayed as conven-
tional seismic data. Unfortunately their field tests seem to have been inconclusive.

Dating from about the same time, an exercise in Claerbout’s first book (1976) asks the
reader to prove that the temporal autocorrelation of a transmission seismogram with a source
deep underground is equivalent to a reflection seismogram. This may have inspired his con-
jecture that by crosscorrelating two passive traces, we can create the seismogram that would
be computed at one of the locations if there was a source at the other. Cole (1995) attempted
to verify this conjecture with data collected using a 4000 channel 2-D field array on Stanford
campus. Unfortunately, again, possibly due to the short (20 minute) records or bad coupling
between the geophones and the dry California soil, his results were inconclusive.

Following Cole's work, Rickett and Claerbout (1996) generated synthetic data with a
phase-shift method. Their earth reflectivity models consisted of (both flat and dipping) planar
layers and point diffractors embedded in a v(z) velocity function, and illuminated by random
plane waves from below. They generated both pseudo shot gathers (by crosscorrelating one
passive trace with many others nearby), and pseudo zero-offset sections (by autocorrelating
many traces). In these crosscorrelated domains, the kinematics for both point diffractors and
planar reflectors, were identical to those predicted for real shot gathers and zero-offset sec-
tions. Rickett (1996) then experimented with moving the passive source location close to the
receivers and reflectors, and included modeling with a v(x, z) velocity model. He observed
that these changes did indeed affect the kinematics of the correlograms; however, changes
were small, and would probably not cause the method to fail in most situations.

The idea that a pseudo-reflection seismogram could be created by crosscorrelating two
passive seismic records was rediscovered independently by the helioseismologists Duvall et
al. (1993), who created time-distance curves by cross-correlating passive solar dopplergrams
recorded by the Michelson Doppler Imager (Scherrer et a., 1995). Point-to-point traveltimes
derived from these time-distance curves could then be used in arange of helioseismic appli-
cations [e.g. Giles et a. (1997) and Kosovichev (1999)]. If helioseismic time-distance curves
are averaged spatially, the result is equivalent to a multi-dimensional autocorrelation. Rickett
and Claerbout (1999; 2000) demonstrated that multi-dimensional spectral factorization pro-
vides spatially averaged time-distance curves with more resolution than those calculated by
autocorrel ation.

Extending daylight imaging

In this paper, the daylight imaging method is represented mathematically and extended to
image arbitrary reflectivity and source distributionsin v(X, y, z) media. We temporally cross-
correlate the traces to form pseudo-shot gathers. These gathers are then migrated according
to a crosscorrelogram migration operator (Schuster, 1999). The migration operator can be
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tuned to image either the source locations, or the subsurface reflectivity distribution. Simple
synthetic examples are given to clarify the benefits and limitations of this daylight imaging
procedure. A special case of crosscorrelation migration is that of autocorrelation migration
(Schuster et al., 2000; Yu et a., 2000), except that now the source location does not need to be
known.

THEORY OF DAYLIGHT IMAGING

We will now describe how to image either the source distribution or the reflectivity distribution
from passive seismic data in a v(X, Yy, z) medium. The sources are assumed to be distributed
anywhere in space, and the time histories of each source are assumed to be uncorrelated. Nei-
ther the source location or time history are known. Without loss of generality we conveniently
assume one source and one scatterer, but the resulting migration formula are also applicable
to multiple sources and scatterers.

For an earth model with a free-surface, a smoothly varying velocity distribution and a
single point scatterer at Xo, the wavefield, W(ry |F's,w), recorded at ry due a source at Ts is
given by

W(Fgr|F5,w) R G(Fgr|Fs,w) F(w),
= Hello[Directy + Primary, + Ghosty] F(w),
— [el OTgy + Rel a)(rsxO +‘[xOg/) _ Reiw(fsg//+‘[g//XO+‘[xOg/)] F(CL)),
1)
where G(y|f's, ) isthe WKBJ Green’s function for an impulsive source at f's and a geophone
atry, and F(w) isthe complex source spectrum.

The first term on the RHS represents the direct arrival (see top figure in Figure 1), the
second term represents the scattered field excited by the direct arrival, and the third term rep-
resents the scattered arrival that is generated by a specular free-surface reflection (see middle
figurein Figure 1). Here, R isthe scattering coefficient, g4y isasolution to the eikona equa-
tion for a source at g and a receiver at g’, and the geometrical-spreading factors have been
harmlessly dropped. The specular-reflection point on the free surface is denoted by g” and the
location of the recording geophone is denoted by g'.

To eliminate the unknown phase of the source, we crosscorrelate the wavefield, W(ry |Fs, w)
recorded at Iy with W(Fy, |F's, ) recorded at rg, to get

W(g [Fs, 0)W(Tg, [Fs, 0)* = G(FgFs,@)G(Tglls,@)* |F(w)[? )
If we then assume source is a white source spectrum such that |F(w)|? & 1, the source term
can be dropped entirely, leaving
W(Fg/|F5,w)W(FgO|FS,a))* = G(Fg/|F5,w)G(FgO|FS,a))*
= Directy Directg,* + Ghosty Directg,* + other terms
e @7y —0tsg0) _ Rl lTsg” T, 08 TT0) | ther terms,
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where the first expression on the RHS corresponds to the correlation of the conjugate direct
wave recorded at geophone g, with the direct wave at g’; and the second term corresponds
to the correlation of the conjugate direct wave at g, with the ghost reflection recorded at g'.
The other terms correspond to the other correlations which will not be needed for imaging,
and are presumed to cancel upon migration. This last assumption about cancellation issimilar
to the standard assumption in migration, i.e., al migrated arrivals incoherently superimpose
except those that are tuned to the specified imaging condition. For the above equation, we will
tune the imaging conditions so that either the Directy Directy terms are migrated to image
the source distribution, or the Direct; Ghosty terms are migrated to image the reflectivity
distribution.

Sour ce location imaging

To image the unknown source location at f's from the data given in equation (3), we simply
identify the migration operator which when applied to the above equation cancels the phase of
the Directy Directy term. Such amigration operator is given by

e*iw(fslg/f‘rs/go)’ (4)

where s’ denotes the trial source-point location. Application of this migration operator to the
crosscorrelated data in equation (3) will annihilate the phase of the Directy Directy term
when the trial image point ry coincides with the actual source location denoted by rs. The
migration section is then given by summation over all geophone pairs

Meource(Fs, @) = ZZ W(FQ’WS,C‘)) W(Fgo|Fs10))* e_iw(fs’g/_TS’go),
Jgo ¢

— ZZ [ei“’(ng"fsgc’"s/g’“S/QO)+a|| other terms].
Jo ¢

()

The migration operator in equation (5) is "tuned" to image the source location so that asiy —
fs, the Direct Directy term will constructively interfere while the all other terms tend to
cancel.

Reflectivity distribution imaging

To image the unknown scatterer location and strength at X,, we simply identify the migration
operator which, when applied to the crosscorrelated data in equation (4), cancels the phase of
the Directy Ghosty term. Such amigration operator is given by

e—ia)(‘[gox-l—‘l.’xg/), (6)

where x and g, denote, respectively, the trial scatterer and specular-reflector point locations
respectively. Application of this migration operator to equation (3) will annihilate the phase
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Figure 1: (Top) Direct ray and a (middle) scattered ray excited by a specular free-surface
reflection associated with a source at s and a scatterer at X,. Bottom figure denotes the rays

associated with the migration operator for free-surface reflections. | schuster-figl|[NR]
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term of the Directy Ghosty term in equation (3) when both the trial image point, X, coin-
cides with the actual source location denoted by X,, and the trial specular-reflection point, r,,
coincides with the actual specular-reflection point, .. In other words, we require both

X — Xo, and (7
F90 d Fg”' (8)

This can be understood more clearly by noting that the migrated reflectivity section is given
by summation of the migrated crosscorrelation data over all geophone pairs

Mrent (X, ) = ZZ W(Fg’|rs,a)) W(Fgoﬁs,w)* e_iw(tgox-l-rxg/)’
do o

iw(t_n+T 17 4Ty ot —Tsgo—TooX —Txq’)

_ sg g xo ' Xo9 Jo — “Jo Xg

= R E E [e + all other terms].
Jdo ¢

©)

As X — Xo and as g, — [y, then it is clear that the above phase goes to zero, leading to
constructive interference at the scatterer’s location. In practice, these two conditions will be
fulfilled if the specular-reflection point is within the aperture of the recording array and the
geophone array is sufficiently dense.

Figure 2: Ghost reflection rays associated with a source at s, a trial image point a x, and a

scatterer at Xo. |schuster-fig2|[NR]

NUMERICAL RESULTS

We generated synthetic data to test the feasibility of imaging the location of unknown sources
and of imaging the reflectivity distribution from free-surface multiples. Thefirst example imi-
tates the scenario where afluid isinjected into a medium to open cracks, and the goal isto use
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Figure 3: As x approaches Xy and g, approaches g” in Figure 2, the dashed rays coincide with
the solid rays. Thusthe Direct Ghost correlation term will have zero phase, leading to maximal
constructive interference of the migration section at the actual scatterer point. | schuster-fig3
[NR]

passive selsmic data to image the location of the opened cracks. The second example approx-
imates the situation where the reflectivity distribution is imaged from seismic data generated
by adrill bit with unknown location.

Imaging the location of seismic sources

The top panel of Figure 4 shows synthetic data generated for a point exploder embedded in
a constant velocity medium centered 1050 m below a 2100 m wide array. There are 70 geo-
phones in the array with a geophone spacing of 30 m. The traces are computed for 1 second
of duration with a 30 Hz Ricker wavelet source. The point scatterer response of the Kirchhoff
operator and the crosscorrelation migration operator in equation (4) are shown in the middle
and lower panels of Figure 4, respectively.

Note, the crosscorrelation image of the point scatterer is smeared over alarger depth range
than that of the Kirchhoff image. Thisis because the crosscorrelation of one trace with another
smearsthe source wavel et into alonger wavel et, and al so because the crosscorrel ation operator
has poor resolution in the depth direction (see Figure 5). Nevertheless, the crosscorrelation
point-scatterer image is acceptable.

In practice, the master trace and its two nearest neighbors were muted because the direct
wave migration operator in equation (4) has zero or nearly zero phase when g ~ g’. This
is undesirable because any energy from these traces will be smeared uniformly throughout
the model, not just at the exploder points. Also, a second derivative in time was applied to
the crosscorrelogram traces to partly compensate for the smoothing effects of crosscorrelation
and migration.
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Figure 5 is the same as Figure 4 except the source wavelet is a long random time series.
The crosscorrelation of traces collapses the ringy time series to an impulse-like wavelet so
that the associated migration image in the lower panel of Figure 5 has good spatial resolution
compared to the Kirchhoff image in the middle pane.

Sesimic Section: # scatterers =
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Figure4: Sourceimaging test with 30 Hz impulsive source at adepth of 1050 mandt = 0: The
top panel shows the synthetic data. The middle panel shows the Kirchhoff migration image,
and lower panel shows crosscorrelation migration image. Thetrueimage location ismarked by
an asterisk (*). The Kirchhoff image is better resolved than the crosscorrelation image partly
because the temporal crosscorrelation broadens the seismic wavelet. [NR]

In the previous examples, the scatterer exploded at time zero. Figure 6 shows a similar
synthetic experiment with ten scatterers, all exploding at random times with a random time
seriesasasource wavelet. Theresulting datafor 1 second is shown inthetop panel of Figure 6.
The middle panel shows these data after crosscorrelation migration of 1 second of data, and
roughly locates the location of the 10 point sources. Repeating this crosscorelation migration
for fifteen data sets, each with 1 second of data generated from ten point scatterers with distinct
random time histories, yields the stacked images shown in the lower panel of Figure 6. As
expected, averaging the migration images tends to cancel migration noise and reinforce the
energy at the location of the point exploders.
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Sesimic Section: # scatterers = 1
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Figure 5: Same as Figure 4, except the source wavelet is along random time series beginning
at=0. Thetop pane shows the synthetic data. The middle panel shows the Kirchhoff
migration image, and lower panel shows crosscorrelation migration image. The true image
location is marked by an asterisk (*). Note that the crosscorrelation of traces collapses the
ringy source wavelet into an impulsive-like wavelet, leading to a better resolved migration

image in the crosscorrelogram image. | schuster-figs | [NR]
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Finally, the fault-like structure denoted by starsin Figure 7 is assumed to emanate seismic
energy randomly in time with random strength. This might approximate the situation where
fluid is injected along a reservoir bed and seismic instruments are passively monitoring the
injection front. Figure 7 shows the results after crosscorrelation migration of 1 second of
data (middle panel), and 40 stacks of 1 second records (lower panel). The fault boundaries
are much better delineated in the 40-stack migration image, although the resolution is much
worse than that of an ordinary seismic survey.

Poor resolution of the crosscorrelation images is consistent with theoretical predictions of
resolution for crosscorrelation migration operators. A possibility for improving resolution is
to measure the incidence angle of energy in the correlograms and use this angle as a constraint
in smearing data into the model. This strategy is similar to that of ray-map migration, but it
remains to be seen if thisis a practical strategy with correlograms.

Sesimic Section: # scatterers = 10
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Figure 6: Similar to previous figures, except there are ten isolated random point sources (*).
Thetop panel shows the synthetic data. The middle panel shows the crosscorrelation migrated
image, computed from 1 second of data; while the bottom image shows the result after 15
stacks of 1-second data. The stacked image is better resolved because stacking tends to cancel

noise and reinforce migration energy at the point exploder locations. | schuster-figéa| [NR]
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Sesimic Section: # scatterers = 55
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Figure 7: (Top). Source imaging test with 55 point exploders located aong afault-like bound-
ary. The points exploded at random times with random weighting amplitudes. The top panel
shows the synthetic data. The middle panel shows the crosscorrelation migrated image, com-
puted from 1 second of data; while the bottom image shows the result after 40 stacks of
1-second data. The stacked image appears to be less noisy and a better approximation to the
fault geometry delineated by stars. [NR]
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1-Stack Crosscorrelation Migration Image: 30 Hz Random*Ricker Source
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Figure 8: Similar to previous figure except the migration images are contoured, and the fault
boundary is delineated by a dashed line. The top panel shows the crosscorrelation migrated
image, computed from 1 second of data; while the bottom image shows the result after 40

stacks of 1-second data. [NR]
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Imaging the reflectivity from free-surface reflections

A singleimpulsive source is located somewhere in depth, and the synthetic data generated in a
4-layer channel model are shown at thetop of Figure 9. Theinterface boundaries are delineated
by the dash-dot lines in the bottom figure, including the semi-circle river channel along the
third interface. Using the migration operator for ghost reflections given by equation 6, the
data are migrated to give the image at the bottom of Figure 9. Note, the source location was
unknown, represented by the star symbol in the left bottom part of the migration image. It
might be surprising that the single source generates enough data so that the model is almost
entirely imaged. Part of the reason for this is that the ghost reflections illuminate a much
greater part of the medium (for a fixed recording array) than primary reflections alone. Each
point on the free surface acts as a virtual source.

Finally, ten point sources are buried at intermediate depths and their emissions arerecorded
on the surface. Each source is governed by a distinct random time series. Applying the
migration operator for free-surface reflections [equation (6)] to the data shown at the top of
Figure 10 yields the result shown in the bottom figure. Fifty one-second records were migrated
and stacked with one one another, and show that the sand channel boundary iswell imaged.

DISCUSSION

We present amethodol ogy for using daylight datato image source locations or reflector bound-
ariesfor v(x,y, z) media. Traces are crosscorrelated in time to form the correlation kernel in
equation (3), this kernel is weighted by the appropriate migration operator, and summation
over the g and g’ indices is carried out to give the migrated image. Our theoretical formulae
partly validate the conjecture: a crosscorrelogram is a trace that can be migrated in the same
fashion as atrace generated by asource at g and areceiver a g'.

Other possibilities can be explored using the mathematical formalism in this paper. It is
straightforward to develop a non-linear inverse methodology by using crosscorrelation misfit
functions and obtaining its gradient.

It is interesting to note the analogy of inverting correlograms with that of constructing
holograms. Light intensity images are used to reconstruct holograms, which are images of
the object polluted by noisy interference terms. Seismic correlograms can also be used to
reconstruct images of the object, but the other terms in equation (3) suggest that the data
are polluted by noisy interference terms. However, we can design migration operators to
reconstruct the object function (e.g., reflectivity) or information from the interference terms
(e.0., source locations). An alternative is to simultaneously reconstruct both coherent noise
and signal models with least squares migration filtering.
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Seismic Section: 4—Layer Buried Channel Model
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Figure 9: Similar to Figure 7 except now a a 4-layer sand channel model isimaged using one
buried source. The source time history is a 30-Hz Ricker wavelet. | schuster-f10| [NR]
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Seismic Section: 4-Layer Buried Channel Model
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Figure 10: Similar to previous figure except there are now ten buried point sources scat-
tered about at intermediate depths. Each source is governed by a distinct random time series.
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