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ABSTRACT

Reflection data from land seismic surveys typically suffer from time-distortions,
commonly attributed to anomalies in the velocity and thickness of the near-surface
layers. These time-distortions are generally detrimental to the quality of the final
seismic image. Residual statics are still present in the data after the application of
field- and refraction-static corrections. Residual-statics problems are then related to
rapid near-surface variations, beyond the resolution of previously-applied methods.
The surface-consistency and time-invariance assumptions allow us to approach the
problem of correcting for residual statics from a statistical viewpoint.

Reasons conventionally cited to support the validity of these assumptions are
consistent with a ray-theoretical model of wave propagation in the near surface, ig-
noring the potential influence of wave-theoretical aspects. I study the magnitude and
implications of that influence using measurements of time-distortions present in syn-
thetic data generated by finite-difference acoustic modeling in subsurface models with
a sinusoidal base of weathering. Albeit simple, the models considered are meant to
address the essentials of the problem of residual statics.

I study the character of the time-distortions and the departure from surface-
consistency as a function of the parameters of the near-surface. Even though it consti-
tutes a simplification of a complex phenomenon involving the entire medium, viewing
a given arrival at the receiver as the result of averaging information from a finite
region in the medium (specifically, from the base-of-weathering) helps in understand-
ing qualitatively the character of the time-distortions and its relation to the medium
parameters. 1 estimate the size of that region along the base-of-weathering using the
familiar concept of Fresnel zone.

Except when the weathering thickness is much smaller than the seismic wavelength,
wavefront healing considerably reduces the size of the time-distortions for anomalies
of short wavelength. For larger-wavelength anomalies, the time-distortions increase in
magnitude with increasing offset due to ray-bending within the near-surface.

I quantify the errors in the surface-consistency assumption by comparing the
time-distortions with those expected under that assumption. Consistent with experi-
ence, the quality of the assumption degrades with increasing ratio of spreadlength to
reflector depth. The validity of the surface-consistency assumption is best for relat-
ively long-wavelength anomalies in a weathering layer that is relatively thin. While the
shortcomings in that assumption are largest where the weathering layer is relatively
thick, wavefront healing limits the amplitudes of time anomalies in that situation.
These results contrast with those for the quality of residual-static corrections com-
puted as the solution to a general linear inverse problem, which is founded upon the
assumption of surface-consistency. The quality of solution to that linear problem is
better for short-wavelength anomalies, or equivalently, for large spreadlength.
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Diffractions interfering constructively because of the regular sinusoidal shape ad-
opted for the near-surface model, and other events such as multiples, act like noise
that biases the estimates of time-distortions in this study. Although judged to be the
most useful approach for this study, finite-difference modeling of wave propagation
is troubled by issues of computational cost and accurate representation of interfaces.
Also, the choice of a boundary condition at the earth’s surface is most critical when
attempting to simulate near-surface phenomena, with finite-differences or other meth-
ods.

Accurate modeling of wave propagation in the near-surface is still a largely un-
solved matter. Our knowledge of the near-surface is still quite imperfect, both in the
formulation of a proper model of wave propagation and in the definition and estimation
of relevant physical properties.
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Surface-consistency in residual statics

Chapter 1

INTRODUCTION

1.1 Reflection-time distortions: the surface-consistency assumption

Reflection data from land seismic surveys typically suffer from time-distortions
commonly attributed to anomalies in the velocity and thickness of the near-surface
layers. These time-distortions are generally detrimental to the quality of the final
seismic image. The conventional approach to the correction for these distortions
considers them as static (i.e., time invariant), surface-consistent trace-dependent time
shifts associated with vertical travel paths in the near-surface.

These assumptions are suited to the common situation where the velocity of waves
in the weathering layer is low compared to that in the sub-weathering; the departure
from vertical raypaths should also be small, and the near-surface layer thin, with only
minor lateral variations in thickness and velocity. The assumptions also imply that
wave-theoretical influences on time-distortions can be ignored. Practical methods
developed to correct for time-distortions induced by propagation through the near-
surface generally work well in estimating short-wavelength components (wavelength
smaller than the spread length) of static corrections where the subsurface is relatively
uncomplicated and at least approximately layered.

1.2 Implications of geologic complexity

As dictated by the realities of the hydrocarbons and mineral resources business,
exploration is being conducted for targets of increasing complexity and difficulty,
where tools such as reflection seismology are being pushed toward their limits. In
areas of complex geology, characterized by large lateral and vertical velocity variations,
the assumptions of surface-consistency and time-invariance of the time-distortions can
be in error; on the other hand, conventional methods for statics estimation based on
normal-moveout (NMO) correction might fail because of the inadequacy of the NMO
assumption, due to the occurrence of multi-valued or non-hyperbolic moveout.

The issues of non-hyperbolic and multi-valued moveout have been addressed by
Tjan (1995), who proposed the introduction of prestack depth migration followed by
stack and multi-offset modeling in the estimation of reference traces. Tjan tested
the method, with promising results, for complex synthetic data from the Marmousi
dataset, which was simplistically contaminated in a surface-consistent manner with
pseudo-random, low-cut filtered (i.e., wavelength components larger than the spread
length were suppressed) static shifts. The question could be raised then, as to the per-
formance of the prestack-migration-based approach in the presence of more realistic,
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expectedly non-surface-consistent, time-distortions.

In all justice, the same question should be posed of any other static-estimation
method based on the surface-consistency assumption. In fact, we should not limit
ourselves to consideration of a particular method but rather leap toward generality
by consideration of the more fundamental question of the validity of the surface-
consistency assumption itself, and of the relative importance, for surface-consistency
(or for departure from surface-consistency, for that matter), of some of the factors
mentioned earlier, such as the magnitude and variation in thickness and velocity of
the weathering layer.

To my knowledge, this question has not been addressed in a systematic study
but rather has been left to confirmation in practice. Even if static-estimation methods
based on surface-consistency do yield robust and useful solutions most of the time
in common practice, we still have little feeling for the magnitude of the errors we
are incurring with that assumption. Probably in many situations, residual-statics
errors influence mainly subtle features such as the quality of individual stack traces
or wavelet character, and important differences might be difficult to observe at first
hand. As previously observed, reflection seismology is increasingly being used in
situations where departure from some of the above-stated conditions for the validity of
the surface-consistency assumption is ever more likely. On the other hand, independent
of the degree of geological complexity, we can presume that, for the rapid variations in
near-surface conditions addressed by residual-statics, wave-theoretical aspects should
have some distinguishable influence. What is the magnitude of that potential influence
and what are its implications, are other valid and interesting questions.

1.3 A model of the near-surface?

'To examine the validity of the surface-consistency assumption, somewhat realistic
time-distortions should be generated by a modeling procedure. Here, questions arise
as to how to define a velocity model of the near-surface, and what modeling algorithm
to use, so that the generated distortions resemble those found in field data.

One difficulty in doing the velocity modeling is that our knowledge of the near-
surface geology and structure is still quite imperfect, despite its tremendous import-
ance to the nature and quality of surface seismic recordings. Even if a plausible model
of the near-surface could be built, the question would still exist as to whether or not
the results of specific studies would be general enough to allow drawing some use-
ful conclusions. The problem is certainly complex, and the most general formulation
would surely involve a large number of parameters; an alternate approach would be
to choose simple models, characterized by a few key parameters, in hopes that in that
case, clear and unambiguous relationships can be established between the results and
the model parameters.

As to the choice of modeling algorithm, if we wish to have the chance at observing
wave-theoretic phenomena, we should direct our search toward a full-waveform solu-
tion of the wave equation. A finite-differences, two-way wave-equation solver offers
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an opportunity to model wave propagation with some degree of accuracy.

1.4 Purpose and scope of this thesis work

Wiggins et al. (1976) presented a now-classic study on the quality of surface-
consistent residual static solutions as a function of spatial wavelength via an eigen-
vector analysis. That analysis, however, remained fully within the assumption that
near-surface-induced time anomalies are surface-consistent. Thus, the problem as
defined was a linear one. If the wave-theoretic anomalies were a linear function of the
shape of the near-surface, then what we learn from studies with a simple sinusoidally-
varying near-surface could be used to build expected time-distortions for more com-
plicated models. We cannot expect to be as fortunate as that since the problem of
near-surface-induced time anomalies is nonlinear. I hope nevertheless, to be able,
as proposed above, to use simple models to characterize the influence of some key
parameters.

Following that idea, in this thesis I study the validity and implications of the
surface-consistency assumption through consideration of wave-theoretic time-distortions
for plane reflectors in 2D models whose near-surface layer structure is simply sinus-
oidal, as illustrated in Figure 1.1. For problems that are linear, one can understand
them through use of sinusoidal variations. Although the problem here is nonlinear,
the hope is that we can still gain some general understanding from a study involving
weathering layers whose base is sinusoidal. I perform a number of modeling tests
involving variation in the parameters describing the near-surface. In a further abstrac-
tion of the problem, I attempt to draw general conclusions from the time-distortions
observed on just a single shot-record for each test. Wave-theoretic anomalies are ob-
tained by finite-difference simulation on a sufficiently fine computational grid, for the
wavelengths considered; the pertinent details are presented in Chapter 3 .

The nature of the time-distortions and the implications for surface-consistency
are characterized in terms of the observed dependence on parameters of the model,
specifically, the geometry of the sinusoidal-shape layer, seismic wavelength and layer
velocity. I compare the wave-theoretic time anomalies obtained for a number of specific
model parameters with those expected under the assumption of surface-consistency,
to qualify the validity of that assumption.

Figure 1.2 presents an example of a shot record generated for one of the models. I
will purposedly omit any discussion on the details of how the data were generated, and
on particular parameters; a thorough discussion of those aspects is given in Chapter 3.
Let us rather examine some general features in the data.

The near-surface layer for the velocity model used to generate the data in Fig-
ure 1.2 has a sinusoidal variation with 400-m wavelength; the time-distortions induced
in the reflection just below 1.0 s are clearly visible as an oscillating departure from
a standard hyperbolic reflection-shape; similar distortions are indeed present in the
first arrivals (head waves).

The solid-line curve in Figure 1.3 presents my estimate of the time-distortions
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F1G. 1.1. Schematic depth section depicting general model consisting of a sinusoidal
base-of-weathering and a deep reflector. Darker shading indicates higher velocity.

present in the reflection from the data in Figure 1.2, due to the occurrence of the
variations in the near-surface layer. Here again, a discussion with details on how these
time-distortions are estimated is postponed for Chapter 3. Also shown in dotted-line,
are the distortions that one would expect to have if these distortions were purely
surface-consistent and attributable to vertical raypaths in the weathering layer. It
can be seen that the variations in the time-distortions are largely periodic, with a
wavelength similar to that in the near-surface variations; the separation between the
solid and dotted curves indicates a departure from surface-consistency that in this
case increases with increasing offset.

Figure 1.4 shows the time-distortions estimated for the data from a similar model
which differs in that the wavelength of the sinusoidal base-of-weathering is a much
shorter 50 m. The differences from Figure 1.3 are notable, though similarities also
exist. First, the 50-m wavelength of the near-surface variations for Figure 1.4 is also
roughly that observed for variations in the time-distortions. The time-distortions in
Figure 1.4, however, exhibit significant departure from those that would be obtained
under the assumption of surface-consistency. The departure is much larger than that
observed for the time-distortions in Figure 1.3, and interestingly, it is of opposite
sense, i.e., it decreases with increasing offset.

The brief excerpt, just presented, from some of the results that I will examine in
greater detail later on is intended to illustrate issues I will address. For example: what
are the reasons for the differences in character between the time-distortions presented
in Figures 1.3 and 1.47 Quite likely it must be related to the change in the wavelength
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FIG. 1.2. Synthetic shot record generated for a 3-layer model featuring a sinusoidal
variation in the shape of the base-of-weathering interface. The reflection just after
1.0 s zero-offset time comes from the horizontal interface between the second and
third layers.
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F1c. 1.3. Solid line: time-distortions estimated for the reflection in Figure 1.2. Dashed
line: the corresponding surface-consistent statics. This convention is followed in sim-
ilar plots throughout the thesis.

in near-surface variation, but, other than that what can we say? How large is the
departure from surface-consistency in one case as compared to the other? How can
we quantify that departure? What lessons can be learned on the relationship between
the extent of that departure and variations in the model parameters? Taking care of
these issues in some detail will be the purpose of the work in the succeeding chapters.

1.5 Content overview

In Chapter 2 , I review the main ideas concerning estimation of static corrections
in seismic data processing practice, placing the subject of residual-statics estimation
in a general context. I introduce the key issues to be addressed and provide some
background to support the approach followed in the study.

Chapter 3 is devoted to the study of modeled wave-theoretic time anomalies.
First, I briefly discuss the motivation and limitations of the choice of a sinusoidal
model for near-surface variations. Then I describe in detail the generation of synthetic
shot records and the estimation of reflection-time anomalies for 2D acoustic earth
models featuring a sinusoidal variation in the thickness of the near-surface layer. We
shall see the data and the corresponding time-anomalies for a number of modeling
tests involving variation in one or more of the parameters considered. I also discuss
the implications of some issues related to practical implementation of finite-difference
modeling, such as the choice of a boundary condition at the model boundary corres-
ponding to the earth’s surface, and the procedure for representing interfaces in the
velocity model on a discrete grid.

Chapter 4 is devoted to the study of the influence on the character of the time-
distortions and on the departure from surface-consistency, of variations in the near-
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F1G. 1.4. Time-distortions estimated for data from a model featuring a 50-m
wavelength variation in the near-surface.

surface parameters. I characterize the dependence on those parameters of wave-
propagation phenomena influencing the generation of the time-distortions. I quantify
the extent of departure from surface-consistency of the wave-theoretic time-distortions
and discuss the implications for the validity of the surface-consistency assumption.

In Chapter 5 I explore the implications of reflector dip for the character of the
time-distortions and the departure from surface-consistency.

Finally, in Chapter 6 I summarize the contributions of this work to the under-
standing of implications and quality of the surface-consistency assumption and give
general conclusions. Chapter 7 is devoted to a discussion on open questions and
recommendations for future work.
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