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Summary

We present a 3-D migration velocity analysis system and
procedure for updating depth-interval velocities based on
common image gathers in the offset domain. The
redundant structural information contained in migrated
common image gathers is extracted by residua moveout
analysis. Residual velocity associated with each subsurface
image point is determined from semblance scans of
common image gathers over a range of values. For
improved reliability, residuals are tied to and smoothed
along geologic horizons. With the same form of input
residua information, the toolkit provides the flexibility of
using vertical, normal-ray, or tomographic update to
improve the initial velocity model according to the level of
complexity in the structures. Specia considerations are
given to residual migration moveout for dipping layers,
automated residual picking for large volume data, and
residual smoothing along geologic horizons for improved
stability. Synthetic and marine data examples are provided
to demonstrate the migration velocity analysis method.

Introduction

Obtaining high quality images of subsurface structures
requires an accurate velocity model. One way of
reconstructing velocity models is Migration Velocity
Analysis (MVA) based on Common Image Gathers (CIG)
in the offset domain. The CIGs contain redundant
structural information that can be used to correct the initia
velocity model. Al-Yahya (1989) derived formulas for
velocity analysis of a single-layered model. Stork and
Clayton (1991), Stork (1994), Koren et a. (1999), and
Bednar (1999) presented tomographic MVA to address the
issue of resolving complex structures. In addition,
analytical studies of the relationship between residual
moveout and residua velocity is given by Liu and Bleistein
(1994) and Meng et a. (1999) based on the perturbation
method. The relationship function is implicit and can be
computed from the Kirchhoff integral. As mature ail fields
are depleted, the search for hydrocarbons has moved to
smaller reservoirs and increasingly  chalenging
environments. In these areas, geologic structures are
typicaly complex, with the presence of large lateral and
vertical variations of velocity, velocity gradients, and

varying dips.

In addition to accuracy, stability and convergence speed are
important considerations for MVA methods. For ill-
conditioned data, geological constraints (Stork, 1994) are
often necessary to narrow down the range of possible
solutions. Lafond and Levander (1993) presented a layer-
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stripping approach to resolve one layer a a time. Nemeth
(1995) described a tomographic layer-stripping approach to
solve the convergence speed problem.

Efficiency and flexibility are also important factors in a
velocity model building process. Bloor et a. (1999)
compared a number of tomographic methods and pointed
out that the sophistication of the velocity update method
must be adequate to the level of complexity in order to
achieve the best efficiency.

We present an MVA procedure that includes residua
velocity analysis for dipping layers, automated residua
picking for large data volumes, residual smoothing along
geologic horizons for improved stability, and the flexibility
to choose from vertical, normal-ray, or tomographic update
procedures based on the same input residual picks.

Offset-domain MVA

The objective of the MVA approach is to horizontally align
events along offset in common image gathers. Given an
initial approximate velocity model and input seismic data,
common image gathers at analysis subsurface locations are
generated from Kirchhoff integral prestack depth
migration. Migrated events in the image gathers may
exhibit deviations in depth adong with offset due to
incorrect migration velocity. A residual moveout analysis
is performed at each depth location. Optionally, geologic
horizons can be picked from the stacked volume using a
graphic interface. To improve reliability, residuals can be
tied to and smoothed along horizons prior to updating.
Updates can be peformed using an increasingly
sophisticated portfolio of techniques, starting with a
completely automatic approach for initial velocity models
and smple structures, to horizon-based vertical updates,
horizon-based norma ray updates, and tomography for the
most challenging structures. The process is either iterated
for dl layers a once, or performed in a layer-stripping
fashion (Deregowski, 1990) until al events are aligned
horizontally with offset. In the following discussion, we
focus on this approach of residual velocity anaysis and
velocity updating in the depth-offset domain.

Residual velocity values

To compute residual velocity at a subsurface image point,
we establish the relationship between migrated depth and
residual velocity for a given source-receiver offset. For a
reflector embedded in a constant velocity medium,
migration of the event with an erroneous velocity will
misposition the image in depth. This mispositioning can be
expressed in aratio of migration depth and true depth as a
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function of migration velocity, residual velocity, and offset.
The true depth can be represented by the migration depth
for the zero-offset component. Therefore, the residua
migration moveout can be rendered as a function of
residual velocity. The anaysis holds valid for dipping
layers as well. In the smplest case of flat layers, the
dependence reduces to hyperbolic moveout paths. In a
varying velocity case, al velocity quantities in the residual
velocity analysis are approximated by RM S values.

Residual moveout governed by the above mentioned
dependence function is performed on each CIG for the
region of interest with a suite of values of RMS residua
sowness squared. Note that choice of residual slowness
squared instead of residua velocity is only a matter of
convenience. An alternative representation is residual
velocity. A semblance distribution over RMS residua
slowness squared is then generated. The peak semblance
values correspond to the best-fit residuals that align the
events of interest horizontally.

Computing velocity updates

Once RMS residua downess squared or RMS residual
velocity is computed for CIGs, several methods can be used
to backproject the residuals to the overburden medium and
update the initia velocity model.

The simplest method is vertical update without horizons,
which consists of RMS residua picking and vertica
velocity updating. It is an automated process without the
need of picking geologic horizons. Given a semblance
spectrum of residual downess squared or velocity, the
method perturbs the initial velocity profile to search for a
new velocity profile that typicaly follows peak semblance
values a every depth. The perturbation of guessed
velocities can be geologically constrained. The output
from this method is a peak-semblance trgjectory, an RMS
residua slowness squared function, and an updated interval
velocity.

The advantage of this smple vertical update method liesin
its efficiency of processing large volumes of CIGs without
human intervention. The main drawback is limited
discrimination against noise in the input CIGs and lack of
geological constraint. Nonetheless, it isidea for obtaining
an initial velocity model and for updating well-behaved
sedimentary sections. A more stable approach is to tie
residual semblance scans to geologic horizons and perform
horizon-based updates. Geologic horizons usually exhibit
strong reflectivity and good lateral continuity that can be
picked from stacked image volumes or preliminary
migrations.

Incorporating geologic horizons into model building leads
to a better conditioned horizon-based vertical update. This
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algorithm is computationally efficient. Lateral smoothing is
applied to horizon-based residua slowness squared
respectively for each horizon to improve stability. Depth-
to-time conversion of horizons and associated residua
values (and vise versa) is implemented to update both
reflector geometry and the velocity field simultaneoudly.
In the end, velocities are updated by the sum of the
background and the calculated residual interval velocity at
the grid point of interest.

A magor limitation of the vertical update approach stems
from the simplifying backprojection assumption that places
the velocity corrections directly above the CIG anaysis
point. In areas where reflectors are steeply dipping, vertical
back-projection can severely misplace residua velocity
values. In the horizon-based normal-ray update approach,
perturbations are backprojected along a ray norma to the
dipping surface. This leads to improved accuracy since it
simulates more reliably the actua trgectory of wave
propagation in the subsurface. The improved accuracy of
normal-ray back-projection comes at the minor expense of
limited ray tracing.

Another level of accuracy and sophistication is added to the
velocity updating toolkit by tomography. In this approach,
afan of raysis used to backproject residual velocities more
accurately, and with more redundancy to the areas above
the anadlysis image points. Each tube of rays from an
analysis CIG point illuminates part of the overburden, and
several overlapping ray cones are used to reconstruct the
overburden velocity distribution in a tomographic fashion.
Horizon-based tomographic updating consists of two basic
components: forward modeling and tomographic
reconstruction. In the forward modeling, ray paths are
traced from every analysis CIG point and residua moveout
as depth deviation in CIGs is converted to residual
traveltime. For improved accuracy, hand picked residual
moveout can be used to resolve fine scale velocity features.
The influence of velocity errors on imaged reflector
geometry is taken into account. In the tomographic
reconstruction, ray paths, computed residua traveltimes,
and the unknown residual slowness field are cast as alinear
optimization system that is solved by a conjugate gradient
solver.

Examples

The first example is based on a 2-D transect through the
SEG/EAGE synthetic data set, at the location of the Al
classic synthetic. We started with a homogeneous
background velocity field and went through the procedure
of Kirchhoff prestack depth migration, residua velocity
semblance scan and automated picking (Fig. 1), horizon
picking, residual tying, and norma-ray update. The
estimation process was done in a top down layer-stripping
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fashion with fixed velocity distribution above the anaysis
layer. Geologic horizons are picked from the stacked
migrated image using a Java-based graphic user interface
(Bevc et d., 2000). The entire area below the top of salt
layer is flooded with salt velocity to resolve the base of salt.

Fig. 1. First iteration with a homogeneous velocity model. (a) stacked
image, (b) CIG at alateral location marked by the red line. (c)
Semblance panel of residual slowness squared.

Fig. 2. Layer stripping normal-ray update down to the base salt. The
base of salt and the sedimentary overburden are well imaged and well
positioned. While subsalt reflectors are imaged, they are mispositioned
due to limited acquisition aperture. The undulating reflector at the base
of the model cannot be flattened based on residual moveout analysis
aone. Thereisnot enough residual in the gathers to resolve the
velocity depth ambiguity from CIGs alone.
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Fig. 2 shows the improved stack image, flattened CIG and
nearly zero residua semblance panels after severa
iterations down to the base of salt. Since residual moveout
is applied over arange of illumination offsets, CIG residua
analysis assumes that the scale of overburden velocity
variations is greater than a cable length. Thus, lateral
smoothing of residua sowness in the velocity update
should be on the order of a cable length. A tomography
result will be presented at the meeting.

The second example is residua velocity analysis of a 3-D
marine data set from the Gulf of Mexico. The survey areais
approximately 21km long and 15km wide. The initial depth
interval velocity was obtained from stacking velocities.
Common image gathers with 32 offsets (Fig. 3 left hand
side) were produced for residual velocity andysis by 3D
Kirchhoff prestack depth migration. Fig. 3 shows the
semblance scan of RMS residual slowness squared and
automated picking for one CIG. As can be seen in the
figure, many events at shallow depth bend upward,
indicating migration velocity is too slow. Correspondingly,
pesk semblance vaues are concentrated in the negative
region of residual slowness, suggesting increasing interval
velocities above the analysis image points. The residua
slowness values picked from semblance panels like this are
smoothed along geologic horizons and used in horizon-
based vertical, normal-ray or tomographic update.

semblance panel of residual slowness squared (right). Automated picks of
residual values along with the depth are marked by the white line.
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Conclusions

We presented a 3D migration velocity analysis system and
procedure for updating velocities based on common image
gathers in the depth-offset domain. The RMS residual
downess sguared (or, aternatively, residual velocity)
associated with each subsurface image point is determined
from semblance scans of CIGs followed by automated,
geologically constrained picking. The residual migration
moveout analysis does not need to assume flat layers.
Residual values picked are tied to and laterally smoothed
along geologic horizons to improve the stability of velocity
model  building through vertical, normd-ray, or
tomographic update. The integrated system of residua
analysis, automated picking and several updating methods
provides a set of tools for efficient, flexible, and consistent
velocity model building in areas with varying levels of
complexity.
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