s" PETROLEUM INDUSTRY PRESS

REFLECTION
SEISMOLOGY:

THEORY, DATA PROCESSING
AND INTERPRETATION

WENCAI YANG




Copyright Elsevier 2018 This book belongs to Pantelis Soupios

Elsevier

225, Wyman Street, Waltham, MA 02451, USA

The Boulevard, Langford Lane, Kidlington, Oxford OX5 1GB, UK
Radarweg 29, PO Box 211, 1000 AE Amsterdam, The Netherlands

© 2014 Petroleum Industry Press. Published by Elsevier Inc. All rights reserved.

No part of this publication may be reproduced, stored in a retrieval system or transmitted
in any form or by any means electronic, mechanical, photocopying, recording or
otherwise without the prior written permission of the publisher

Permissions may be sought directly from Elsevier’s Science & Technology Rights
Department in Oxford, UK: phone (+44) (0) 1865 843830; fax (+44) (0) 1865 853333; email:
permissions@elsevier.com. Alternatively you can submit your request online by visiting
the Elsevier web site at http:/ /elsevier.com /locate / permissions, and selecting Obtaining
permission to use Elsevier material

Notice

No responsibility is assumed by the publisher for any injury and/or damage to persons
or property as a matter of products liability, negligence or otherwise, or from any use or
operation of any methods, products, instructions or ideas contained in the material
herein. Because of rapid advances in the medical sciences, in particular, independent
verification of diagnoses and drug dosages should be made

Library of Congress Cataloging-in-Publication Data
Wencai Yang, 1942-
Reflection seismology : theory, data processing, and interpretation / Wencai Yang,.
pages cm
Includes bibliographical references.
ISBN 978-0-12-409538-0 (hardback)
1. Seismic reflection method. 1. Title.
TN269.84.Y26 2013
551.22-dc23

|mailto:permissions@elsevier.com|

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library

ISBN: 978-0-12-409538-0

For information on all Elsevier publications
visit our web site at store.elsevier.com

Printed and bound in China

1314151617 10987654321

na Working together
— AW, 1o grow libraries in

Pockd developing countries

£ '8
ELSEVIER

www.elsevier.com e www.bookaid.org




Copyright Elsevier 2018 This book belongs to Pantelis Soupios

Contents

Preface ix

. Introduction to the Wave Theory 1

1.1. Wave Motion in Continuous Media 2
1.2. Vibration 5
1.3. Propagation and Diffusion 6
1.4. Acoustic Wave Equation 8
1.5. Acoustic Wave Equation with Complex Coeficients 11
1.5.1. Complex Elastic Modulus and the Complex Wave Velocity 11

1.5.2. Damping Wave Equations in Viscoelastic Media 13
1.5.3. Viscoelastic Models 14

1.6. Acoustic Wave Equation with Variant Density or Velocity 16

1.7. Summary 18

2. Elastic Waves in a Perfect Elastic Solid 19

2.1. Stress Tensor and Strain Tensor 20
2.2. Vector Wave Equation in Fully Elastic Media 23
2.3. Scalar Wave Equations in Fully Elastic Media 27
2.4. Elastic Wave Equation in Two-Dimensional Media 30
2.5. Elastic Wave Equations in Anisotropic Media 31
2.6. Boundary Conditions for Elastic Wave Equations 34
2.7. Elastic Wave Velocities of Rocks 37

3. From Elastic Waves to Seismic Waves 47
3.1. On Acoustic Wave Equations with Variant Coefficients 48
3.2. Seismic Reflection Records and Corresponding Equations 54
3.2.1. Wave Equations for Marine Reflection Records 54
3.2.2. Wave Equations for Land Single-Component Records 55
3.2.3. Wave Equations for Land Three-Component Records 55
3.3. Elastic Waves in Horizontally Multilayered Media 58
3.3.1. Elastic Wave Equations in a Cylindrical Coordinate System 58
3.3.2. Boundary Conditions 63
3.3.3. Acoustic Wave Propagarion in Layered Half Space 64
3.4. Elastic Waves in Fluid-Saturated Solid (I1): Gassmann’s Model
3.4.1. The Gassmann Model 66
3.4.2. The Generalized Gassmann Model 69
3.5. Elastic Waves in Fluid-Saturated Solid (II): Biot’s Theory 71

66



Copyright Elsevier 2018 This book belongs to Pantelis Soupios

vi CONTENTS

3.5.1. Low-Frequency Elastic Waves in a Fluid-Saturated Porous Solid 72
3.5.2. All Frequency Elastic Waves in a Fluid-Saturated Porous Solid 76
3.6. Tracking Reservoirs with the Gassmann Model 77

4. Wave Equation Reduction with Reflection Seismic Data

Processing 83

4.1. The Statics of Land Seismic Data 84

4.2. Muting and Deghost Filtering 87
4.3, Shear Wave Decoupling Process 88
4 4. Suppression of Multiples Generated by the Ocean Bortom 89
4.5. CMP Stacking 91
4.6. The One-Way Wave Equation and the Wave Migration Equations 95

4.7. Reflectors 99
4.8. Summary 105

5. Integral Solutions of the Wave Equation with Boundary
and Initial Value Conditions 107

5.1. Integral Solutions for Mixed Cauchy Boundary Value Problems 109
5.2. The Kirchhoff Integral Formula for the Boundary Value Wave
Equation Problems 112
5.3. The Green’s Function of Boundary Value Problems for Wave Motion 117
5.3.1. The Green’s Function Method 117
5.3.2. Green's Function for the Wave Equation with Zero Initial Value Problems 119
5.3.3. Green’s Function of the Wave Equation in Half Space with a Point Source 122
5.4. The Green’s Function in Medium with Linear Velocity 124
5.5. The Eikonal Equation and the Transport Equations 127
5.6. The Second-Type Green's Function with Nonhomogeneous
Boundary Conditions 131

5.7. Summary 133

0. Decomposition and Continuation of Seismic Wave Field 135

6.1. The Equations of Acoustic Upgoing and Downgoing Waves 137
6.2. Kirchhoff Migration of the Prestack Seismic Data 140
6.3. Downward Continuation of the Reflective Seismic Wave Field in
Homogenous Media 143
6.4. Downward Continuation of Seismic Wave Field in Vertically
Inhomogeneous Media 148

6.5. The Pseudo-Differential Operator and Fourier Integral Operator 151
6.5.1. Analysis of the Boundary Value Problem of Wave Equation with

Variant Coefficients 151

6.5.2. The Oscillatory Integral 153

6.5.3. The Fourier Integral Operator 156
6.5.4. Decomposition of Fourier Integral Operator 159
6.6. Downward Continuation of the Seismic Wave Field in
Inhomogeneous Medium 161
6.7. Decomposition of Body Waves in Reflection Seismic Wave Field 165

6.8. Brief Summary 169



Copyright Elsevier 2018 This book belongs to Pantelis Soupios

CONTENTS vii

7. Seismic Inversion 171

7.1. Introduction to Inverse Problems in Seismology 172
7.1.1. Inverse Problems in Seismic Exploration 172
7.1.2. The Generalized Solutions 174
7.1.3. Linearized Iterative Seismic Inversion 177
7.1.4. Nonlinear Stochastic Inversions 178
7.2. Born Approximation Inversion by Inverse Scattering 180
7.3. Acoustic Wave Equation Inversion in Vertically Inhomogeneous
Background Media 187
7.4. Acoustic Inverse Scattering Problems in Variant Velocity Media 190
7.4.1. Acoustic Generalized Radon Transformation 190
7.4.2. The Inverse Acoustic Generalized Radon Transformarion 192
7.4.3. Some Supplements about Inverse Scattering Procedures 196
7.5. Linearized Iterative Inversion of Seismic Reflection Data 198
7.6. The Maximum Entropy Inversion and Inversion for Reservoir Parameters 207
7.6.1. Bayes’ Theorem and Maximum Entropy Inversion 207
7.6.2. Probability Density Inversion Based on Statistical Estimation of Rock
Physical Properties 210
7.7. Summary 212

Appendix: Finite difference method for solving the acoustic wave
equation with velocity and density variant media 215
References 245

Index 249



RECOMMENDED READING

THE FOURIER INTEGRAL
AND ITS APPLICATIONS

McGRAW-HILL ELECTRONIC SCIENCES SERIES

EDITORIAL BOARD
Ronald Bracewell Colin Cherry Willis W. Harman e \ o . .
Edward W. Herold John G. Linvill Simon Ramo John G. Truxal ATHANASIOS PAPOULIS

ASRAMSON  Information theory and coding Professor of Electrical Engineering
BACHMAN  Noise and its effect on communication Polytechnic Institute of Brooklyn
BREmER  Superconductive devices

BROXMEYER Inertial navigation systems

Gl Introduction to the theory of finite-state machines
HANCOCK AND WiNTZ  Signal detection theory

Huasman  Circuits, matrices, ond linear vector spaces |
xas0  Radio ray propagation in the ionisphere

mERRIAM  Optimization theory and the design of feedback control systems

misum  Biological control systems analysis

Newcoms  Linear multiport synthesis

paPOULS  The fourier integral and its applications ‘
STEINBERG AND LEQUEUX (TRANSLATOR R. N. BRACEWEW) Radio astronomy

xl‘ McGRAW-HILL BOOK COMPANY, INC. 1962
|

New York San Francisco London Toronto



Burkhard Buttkus

Spectral Analysis
and Filter Theory
in Applied Geophysics

With 164 Figures and 23 Tables




Introductory Geophysical Inverse Theory

John A. Scales. Martin L. Smith and Sven Treitel

L7
LTS

Samizdat

Press






Developments in Solid Earth Geophysics
8

INTRODUCTION TO
DIGITAL FILTERING IN
GEOPHYSICS

BY

OTA KULHANEK

Seismological Institute
University of Uppsala, Sweden

ELSEVIER SCIENTIFIC PUBLISHING COMPANY
Amsterdam — Oxford — New York 1976



Numerical Recipes

in Fortran 77

The Art of Scientific Computing
Second Edition

Volume 1 of
Fortran Numerical Recipes

William H. Press

Harvard-Smithsonian Center for Astrophysics

Saul A. Teukolsky

Department of Physics, Cornell University

William T. Vetterling

Polaroid Corporation

Brian P. Flannery
EXXON Research and Engineering Company



