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SUMMARY

Reflection traveltime tomography has evolved away from
layered models toward independent parameters for
velocities and reflectors. We introduce a simple method of
optimizing interval velocities and common-reflection points
simultaneously. Interval velocities are parametrized as a
smooth function of spatial coordinates, independently of
common-reflection points.

Dynamic ray methods and explicit traveltime
extrapolations identify common-reflection points that best
model prestack traveltimes. The error between a modeled
and measured traveltime is scaled by the cosine of a
raypath’s angle of reflection. This scaled traveltime error
is equivalent to the error of a reflection at normal-
incidence, or zero-offset.  Velocities are revised to
minimize the variance of these equivalent errors for all
offsets of a common-reflection point.

A North Sea seismic line was particularly unsuitable for
a layered velocity model. Salt interrupted reflections, and
chalk velocities increased rapidly with depth. The
tomographically estimated velocities showed strong lateral
changes. Prestack depth migration confirmed that the
velocity model accurately explained traveltimes.

INTRODUCTION

Few independently developed methods of reflection
traveltime tomography share identical physical parameters,
input data, or nu.aerical methods. This paper attempts to
isolate features that adapt to a variety of data with the
fewest physical constraints.  Sattlegger et al (1981)
introduced the tomographic optimization of layered models:
continuous reflectors that vertically delimit sharp changes
in interval velocities, usually with smooth lateral changes.
With few parameters, layer boundaries and velocities can
be optimized simultaneously. Sherwood’s survey (1989)
shows the continving popularity of this model. The first
three-dimensional applications (Chiu et al, 1986) extended
the layered model.

Bishop et al (1985), Bording et al (1987), Dyer and
Worthington (1988), and Toldi (1989) preferred models that
decouple velocities and reflector geometries. Velocities can
vary continuously, with resolution dependent on
discretization and binning. Sword (1987), Harlan (1989),
Biondi (1990), van Trier (1990), and others avoided
continuous reflectors and estimated common-reflection
points. The additional degrees of freedom raise concerns
about convergence. Fowler (1988), Etgen (1990), and
Stork and Clayton (1991} carefully analyzed the effect of
perturbed velocities on migrated reflection points and
concluded that both must be perturbed simultaneously. We
introduce a simple method of doing so.

These papers use a variety of input data: picked prestack

traveltimes, picked prestack depth migrations, constant-
velocity time migrations, picked stacking velocities,
semblance panels, local slant stacks, and beam stacks. We
illustrate our example with measured prestack traveltimes
because we have optimized many of these alternative data
as simple functions of traveltimes (e.g. best-fitting
hyperbolas). See Harlan et al (1991) for another example.

OPTIMIZING COMMON-REFLECTION POINTS

We parameterize the slowness (reciprocal velocity) as a
smooth function s(x,z) of horizontal and vertical
coordinates x and z. Basis functions, splines, or smoothed
grids serve equally well. An unoptimized slowness
function will not aow a fan of modeled rays to share a
common reflection point and satisfy the measured
traveltimes at all offsets. Nevertheless, dynamic ray
tracing, shooting, and relaxation can find reflection paths
that fit measurements as well as possible. We prefer the
powerful combination of explicit traveltime extrapolation
(e.g. Vidale, 1990; van Trier, 1990; Moser, 1991) with
Fermat’s principle to estimate representative raypaths
(Harlan, 1990). Measured spatial derivatives of surface
traveltimes constrain the dip of reflectors.

Assume that we have identified M different common-
reflection points, indexed by k. Each point reflects N,
raypaths with measured traveltimes T, at offsets indexed by
J. If estimated raypaths are written as a function of
distance a, then modeled traveltimes are integrals along the
paths: b = f s[xj,‘(a),zjk(a)]da.

In the vicinity of a reflection point, up- and down-going
waves can be approximated as plane waves. Assume that
a reflector has been displaced perpendicular to its dip until
the measured and modeled traveltimes of a raypath agree.
If the raypath reflects at an angle 8,, then the following
error measures the effect of such a displacement on the
zero-offset (normal-incidence) reflection time:

ey = Ty = fcosy, -

See Stork and Clayton (1991) for a justification of the
cosine. A revised velocity model need not drive these
positioning errors to zero but should make the errors
depend on the reflection point k alone. Let us then find the
velocity model that minimizes the variance of these errors
over offset:
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Analogously, prestack depth migration must create
consistent images from different offsets, without
constraining  the depth of reflectors.  This quadratic
function of slowness lends itself to least-squares methods
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like conjugate-gradients or singular-value decomposition.

EXAMPLE OF DISCONTINUOUS REFLECTORS

Figure 1 shows the zero-offset time stack of a line from
the North Sea which is unsvitable for a layered velocity
model. Lower reflections are interrupted by salt which
invades and compresses neighboring strata. A thick,
relatively homogencous chatk interval, below the strongest
reflector, increases greatly in velocity with depth.

A cube of the unstacked data was viewed on a 3D
interpretation workstation. Figure 2 shows the traveltimes
of reflections picked from various constant-offset panels,
after an approximate flattening of moveouts. In early
iterations, when estimated raypaths and reflections were
positioned poorly, the velocity model was perturbed
smoothly to adjust regional trends. The final velocity
mode! and reflectors (figure 3) fit the traveltimes to within
picking errors. No reflections crossed or detected the salt
directly, but velocities increase nearby from salt invasions
or increased pressure. A prestack depth migration (figure
4) produced a consistent depth model and stacked
coherently over offset.

CONCLUSIONS

Identifying common-reflection points improves the
robustness and convergence of estimated interval velocities.
Errors in modeled traveltimes can be converted into
equivalent displacements of the reflection point for each
raypath. An optimum velocity model encourages these
displacements to be as consistent as possible, without
attempting to preserve the original positions.

REFERENCES

Biondi, B., 1990, Seismic velocity estimation by beam
stack: Ph.D. thesis, Stanford Univ.

Bishop, T.N., Bube, K.P., Cutler, R.T., Langan, R.T.,
Love, P.L., Resnick, J.R. Shuey, R.T., Spindler, D.A.,
and Wyld, H.W., 1985, Tomographic determination of
velocity and depth in laterally varying media:
Geophysics, 50, 903-923.

Bording, R.P., Gersztenkorn, A., Lines, L.R., Scales,
J.A., and Trietel, S., 1987, Applications of seismic
traveltime tomography: Geophys. J. Roy. Astr. Soc.,
90, 285-303.

Chiu., S.K.L., Kanasewich, E.R., and Phadke, S., 1986,
Three-dimensional determination of structure and
velocity by seismic tomography: Geophysics, 51, 1559-
1571.

Dyer, B.C., and Worthington, M.H., 1988, Seismic
reflection tomography: a case study: First Break, 6, 354-
366.

Etgen, 1990, Residual prestack migration and interval-

velocity estimation: Ph.D. thesis, Stanford Univ.

Fowler, P.J, 1988, Scismic velocity estimation using
prestack time migration: Ph.D. thesis, Stanford Univ.

Harlan, W.S., 1989, Tomographic estimation of seismic
velocities from reflected raypaths: 59th Ann. Internat.
Mtg., Soc. Expl. Geophys., Expanded Abstracts, 922-
924.

Harlan, W.S., 1990, Tomographic estimation of shear
velocities from shallow cross-well seismic data: 60th
Ann. Internat. Mtg. Soc. Expl. Geophys., Expanded
Abstracts, 86-89.

Harlan, W.S., Hanson, D.W_, and Boyd, M., 1991,
Common-offset depth migrations and ftraveltime
tomography: 61st Ann. Internat. Mtg. Soc. Expl.
Geophys., Expanded Abstracts, this volume.

Moser, T.J., 1991, Shortest path calculation of seismic
rays: Geophysics, 56, 59-67.

Sattiegger, J.W., Rohde, J., Egbers, H., Dohr, G.P.,
Stiller, P.K., and Echterhoff, J.A., 1981, INMOD--Two
dimensional inverse modeling based on ray theory:
Geophy. Prosp., 19, 229-240.

Sherwood, J.W.C., 1989, Depth sections and interval
velocities from surface seismic data: Leading Edge, 8,
44-49.

Stork, C., and Clayton, R.W., 1991, Linear aspects of
tomographic velocity analysis: Geophysics, 56, 483-
495.

Sword, C.H., 1987, Tomographic determination of interval
velocities from reflection seismic data: the method of
controlied directional reception: Ph.D. thesis, Stanford
Univ.

Toldi, J.L, 1989, Velocity analysis without picking:
Geophysics, 54, 191-199.

van Trier, J.A., 1990, Tomographic determination of
structural velocities from depth-migrated seismic data:
Ph.D. thesis, Stanford Univ.

Vidale, J.E., 1990, Finite-difference calculation of
traveltimes in three dimensions: Geophysics, 55, 521-
526.

975




Tomography and common-reflection points

‘¢ 2In3Y YNM JUDISISUOD)  “ISSIJO IIA0 APUDISYOD SHIBIS
*SaNDOo2A pajewnss Juisn uonerdiw ydap yoeisaid ‘v DI

“(S/W (E6S O) S/W OCG| WIOL] ISBIIOUT S[2AI] Aead)
SOMIDO[OA UOISSTWSURI] pue SIOWI[aI pajewnsg ¢ "DId

000t
000¢
=
=)
3 &
e = -
0002 =
Y =z
3 3
=3
= .
/w\ ;, . - 0001
/)/ # S
/ !
| //r
4
T 1 T T 1
o00vL 00001 0009 000¢
*SUOIRLIOd OIWN ewrxoxdde (-siurodprw jo ury 1 ueds
Io)je  ‘SOWIN  UOMOOYDI  Jasyo-nnur  paydid 7 OId SUON0S [[V) UOMDSS SWn €IS WION PoNoElS [ "Did
|
ﬁ N
)
-
Q
O
-
»
5]
—t
w.
@
0

-1 e e | |

"0000t

(Wl JIONgLSIO

3
"C009 000<

976



