Appendix A

HEMNO Equivalence with Levin and Shah’s Equations

In this appendix, I prove that the HEMNO equation is equivalent to Levin and Shah’s traveltime equation (Levin and Shah, 1977) in the limit of small dip angle. They show that in a constant velocity medium with dipping target reflector and multiple generator, the moveout equation of the “S102G” pegleg multiple (see Figure 2.3) is:

t^2 = � τ^∗ cosθ + τ cosϕ

�_2 + ˇ x cos(ϕ + θ) V − τ^∗ sinθ − τ sinϕ

˘_2 , (A.1)

where ϕ and θ are the dip angle (in radians) of the multiple generator and target reflector, respectively. τ^∗ and τ are the zero-offset traveltimes to the two reflectors, x is offset, and V is the medium velocity. For small dip angles (i.e., less than 5 degrees), we can make the small angle approximation for angles ϕ, θ, and ϕ + θ to update equation (A.1) accordingly:

t^2 = � τ^∗ + τ

�_2 + h x V − τ^∗θ − τ ϕ i_2 . (A.2)

Multiplying out the squares in equation (A.2) and collecting terms gives:

t^2 = � τ^∗ + τ

�_2 + x^2 V^2 − 2 θτ^∗x V − 2 ϕτ x V + (τ^∗θ)^2 + (τ ϕ)^2. (A.3)

The θ^2 and ϕ^2 terms are negligible for small angles, so we can ignore these terms and further simplify equation (A.3):

t^2 = � τ^∗ + τ

�_2 + x^2 V^2 − 2 (θτ^∗ + ϕτ )x V . (A.4)

I will now show that the HEMNO equation (2.27) is equivalent to the Levin/Shah equation (A.1) under the constant velocity and small dip angle assumptions. First I make some preliminary definitions. In a constant-velocity medium, the expression for x_p, equation (2.21), simplifies to:

x_p = τ τ + τ^∗ x. (A.5)

Then x − x_p, which will be needed later, simplifies to:

x − x_p = τ^∗ τ + τ^∗ x (A.6)

Since the reflectors in this derivation are assumed planar and the velocity is assumed constant, using equations (A.5) and (A.6), we can directly write the (two-way) zero offset traveltime to the seabed and subsea reflection at any midpoint as a function of the corresponding zero-offset traveltimes at the midpoint location, y_0:

τ^∗(y_0 − x_p/2) = τ^∗(y_0) − x_p sinϕ V ≈ τ^∗(y_0) − ϕ τ (y_0) x ( τ (y_0) + τ^∗(y_0) ) V

(A.7)

τ (y_0 − (x − x_p)/2) = τ (y_0) −

(x − x_p)sinθ V ≈ τ (y_0) − θ τ^∗(y_0) x ( τ (y_0) + τ^∗(y_0) ) V

, (A.8) where the small angle approximation was employed as before. Substituting the zero-offset traveltimes (A.7) and (A.8) into the HEMNO equation (2.27) yields:

t^2 = ˇ τ (y_0) + τ^∗(y_0) −

( ϕ τ (y_0) + θ τ^∗(y_0) ) x ( τ (y_0) + τ^∗(y_0) ) V

˘_2 + x^2 V^2

(A.9) ≈ � τ (y_0) + τ^∗(y_0)

�_2 − 2 ( ϕ τ (y_0) + θ τ^∗(y_0) ) x V + x^2 V^2

. (A.10)

Equation (A.10) is equivalent to equation (A.4). Therefore, we have proven the equivalence of the moveout equations of the true and approximate raypaths shown in Figure 2.7, subject to the small dip angle approximation. As before, ϕ^2 and θ^2 terms were dropped in going from equation (A.9) to equation (A.10). Although explicit seabed and subsea reflector dip angles, ϕ and θ, are contained in equation (A.10), they were introduced only to show equivalence to equation (A.4). Locally-planar reflectors are not required to implement equation (2.27).

Appendix B

Derivation of Snell Resampling Operator

In the following appendix, I derive the Snell resampling operation, equation (2.21). The graphical basis for the derivation is Figure 2.4. Since the pegleg multiple and primary in the figure have the same emergence angle, θ, the stepout, or spatial derivative, of the traveltime curves of the two events is the same at x and x_p. First we compute the stepout of the primary event, starting from the standard NMO equation:

t^2_p = τ + x^2_p V^2

(B.1) d dx_p � t^2_p � = 2t_p dt_p dx_p = 2x_p V^2

(B.2) dt_p dx_p = x_p t_p V^2

. (B.3)

Using equations (2.18) and (2.20), we can similarly compute the stepout of the corresponding j^{th} -order pegleg multiple:

dt_m dx = x t_m V^2_{ef f}

. (B.4)

APPENDIX B. DERIVATION OF SNELL RESAMPLING OPERATOR 106

Finally, we compute x_p as a function of x by squaring equations (B.3) and (B.4), setting them equal, and substituting traveltime equations (2.18) and (B.1) for t_m and t_p, respectively:

x^2_p t^2_p V^4 = x^2 t^2_m V^4_{ef f}

. (B.5)

x^2 � V^4τ^2 + x^2_p V^2 � = x^2_p � V^4_{ef f} (τ + jτ^∗)^2 + x^2V^2_{ef f} � (B.6)

x^2_p = x^2τ^2V^4 (τ + jτ^∗)^2V^4_{ef f} + x^2(V^2_{ef f} − V^2)

. (B.7)

Bibliography

AAPG, 1998, Gulf of mexico petroleum systems: AAPG Bulletin, 82, no. 5.

Berkhout, A. J., and Verschuur, D. J., 1994, Multiple technology: Part 2, migration of multiple reflections: Soc. of Expl. Geophys., 64th Ann. Internat. Mtg, 1497–1500.

Berkhout, A. J., and Verschuur, D. J., 2003, Transformation of multiples into primary reflections:, in 73rd Ann. Internat. Mtg Soc. of Expl. Geophys.

Berryhill, J. R., and Kim, Y. C., 1986, Deep-water peglegs and multiples - Emulation and suppression: Geophysics, 51, no. 12, 2177–2184.

Biondi, B., and Palacharla, G., 1996, 3-D prestack migration of common-azimuth data: Geophysics, 61, no. 06, 1822–1832.

Biondi, B., Fomel, S., and Chemingui, N., 1998, Azimuth moveout for 3-D prestack imaging:

Geophysics, 63, no. 02, 574–588.

Biondi, B., 1997, Azimuth moveout + common-azimuth migration: Cost-effective prestack depth imaging of marine data: Soc. of Expl. Geophys., 67th Ann. Internat. Mtg, 1375– 1378.

Brown, M., 2002, Simultaneous estimation of two slopes from seismic data, applied to signal/noise separation: SEP–112, 181–194.

Claerbout, J. F., 1992, Earth Soundings Analysis: Processing Versus Inversion: Blackwell Scientific Publications.

Claerbout, J. F., 1995, Basic Earth Imaging: Stanford Exploration Project.

Fomel, S., 2001, Three-dimensional seismic data regularization: Ph.D. thesis, Stanford University.

Fomel, S., 2002, Applications of plane-wave destruction filters: Geophysics, 67, no. 06, 1946– 1960.

Foster, D. J., and Mosher, C. C., 1992, Suppression of multiple reflections using the Radon transform: Geophysics, 57, no. 03, 386–395.

Guitton, A., Brown, M., Rickett, J., and Clapp, R., 2001, Multiple attenuation using a t-x pattern-based subtraction method: Soc. of Expl. Geophys., 71st Ann. Internat. Mtg, 1305– 1308.

Guitton, A., 2002, Shot-profile migration of multiple reflections: 72nd Ann. Internat. Mtg., Soc. of Expl. Geophys., Expanded Abstracts, 1296–1299.

Hampson, D., 1986, Inverse velocity stacking for multiple elimination: J. Can. Soc. Expl.

Geophys., 22, no. 01, 44–55.

Hargreaves, N., Wombell, R., and VerWest, B., 2003, Multiple attenuation using an apexshifted radon transform: 65th Mtg., Eur. Assoc. Geosc. Eng., Workshop: Strategies Towards Multi-Dimensional Multiple Attenuation.

He, R., and Schuster, G., 2003, Least-squares migration of both primaries and multiples:, in 73rd Ann. Internat. Mtg Soc. of Expl. Geophys.

Hokstad, K., and Sollie, R., 2003, 3-D surface-related multiple elimination using parabolic sparse inversion:, in 73rd Ann. Internat. Mtg Soc. of Expl. Geophys., 1961–1964.

Hutchinson, M., and De Hoog, F., 1985, Smoothing noisy data with spline functions: Smoothing noisy data with spline functions:, Numer. Math., 99–106.

Kabir, M. M. N., and Marfurt, K. J., 1999, Toward true amplitude multiple removal: The Leading Edge, 18, no. 1, 66–73.

Kleemeyer, G., Pettersson, S., Eppenga, R., Haneveld, C., Biersteker, J., and Den Ouden, R., 2003, It’s magic – industry first 3D surface multiple elimination and pre-stack depth migration on Ormen Lange:, in 65th Mtg. Eur. Assn. Geosci. Eng., Session:B–43.

Kuehl, H., and Sacchi, M., 2001, Generalized least-squares DSR migration using a common angle imaging condtion: Soc. of Expl. Geophys., 71st Ann. Internat. Mtg, 1025–1028.

Levin, F. K., and Shah, P. M., 1977, Peg-leg multiples and dipping reflectors: Geophysics, 42, no. 05, 957–981.

Levin, F. K., 1971, Apparent velocity from dipping interface reflections: Geophysics, 36, no.

03, 510–516.

Levin, S. A., 1996, AVO estimation using surface-related multiple prediction: Soc. of Expl.

Geophys., 66th Ann. Internat. Mtg, 1366–1369.

Lomask, J., 2003, Flattening 3D seismic cubes without picking: Soc. of Expl. Geophys., 73rd Ann. Internat. Mtg., 1402–1405.

Lu, G., Ursin, B., and Lutro, J., 1999, Model-based removal of water-layer multiple reflections: Geophysics, 64, no. 6, 1816–1827.

Morley, L., 1982, Predictive multiple suppression: Ph.D. thesis, Stanford University.

Nemeth, T., Wu, C., and Schuster, G. T., 1999, Least-squares migration of incomplete reflection data: Geophysics, 64, no. 1, 208–221.

Ottolini, R., 1982, Migration of reflection seismic data in angle-midpoint coordinates: Ph.D.

thesis, Stanford University.

Paffenholz, J., 2003, All-azimuth streamer acquisition: the impact on 3D multiple attenuation:

65th Mtg., Eur. Assoc. Geosc. Eng., Workshop: Strategies Towards Multi-Dimensional Multiple Attenuation.

Prucha, M. L., and Biondi, B. L., 2002, Subsalt event regularization with steering filters: 72nd Ann. Internat. Mtg., Soc. of Expl. Geophys., Expanded Abstracts, 1176–1179.

Prucha-Clapp, M., and Biondi, B., 2002, Subsalt event regularization with steering filters: Soc.

of Expl. Geophys., 72nd Ann. Internat. Mtg, 1176–1179.

Reiter, E. C., Toksoz, M. N., Keho, T. H., and Purdy, G. M., 1991, Imaging with deep-water multiples: Geophysics, 56, no. 07, 1081–1086.

Rickett, J., and Lumley, D. E., 2001, Cross-equalization data processing for time-lapse seismic reservoir monitoring: A case study from the Gulf of Mexico: Geophysics, 66, no. 4, 1015– 1025.

Riley, D. C., and Claerbout, J. F., 1976, 2-D multiple reflections: Geophysics, 41, no. 04, 592–620.

Ross, W. S., Yu, Y., and Gasparotto, F. A., 1999, Traveltime prediction and suppression of 3-D multiples: Geophysics, 64, no. 1, 261–277.

Sacchi, M. D., and Ulrych, T. J., 1995, High-resolution velocity gathers and offset space reconstruction: Geophysics, 60, no. 04, 1169–1177.

Sava, P., and Fomel, S., 2000, Angle-gathers by Fourier Transform: SEP–103, 119–130.

Sava, P., and Fomel, S., 2003, Angle-domain common-image gathers by wavefield continuation methods: Geophysics, 68, no. 3, 1065–1074.

Shan, G., 2003, Source-receiver migration of multiple reflections:, in 73rd Ann. Internat. Mtg Soc. of Expl. Geophys.

Shuey, R. T., 1985, A simplification of the Zoeppritz-equations: Geophysics, 50, no. 04, 609– 614.

Stoffa, P. L., Fokkema, J. T., de Luna Freire, R. M., and Kessinger, W. P., 1990, Split-step Fourier migration: Geophysics, 55, no. 4, 410–421.

Taner, M. T., and Koehler, F., 1969, Velocity spectra - Digital computer derivation and applications of velocity functions: Geophysics, 34, no. 06, 859–881.

Taner, M. T., 1980, Long-period sea-floor multiples and their suppression: Geophys. Prosp., 28, no. 01, 30–48.

Tarantola, A., 1984, Inversion of seismic reflection data in the acoustic approximation: Geophysics, 49, no. 08, 1259–1266.

Thorson, J. R., and Claerbout, J. F., 1985, Velocity stack and slant stochastic inversion: Geophysics, 50, no. 12, 2727–2741.

Tsai, C. J., 1985, Use of autoconvolution to supress first-order long-period multiples: Use of autoconvolution to supress first-order long-period multiples:, Soc. of Expl. Geophys., Geophysics, 1410–1425.

Ursin, B., 1990, Offset-dependent geometrical spreading in a layered medium (short note):

Geophysics, 55, no. 04, 492–496.

van Borstelen, R., 2003, Optimization of marine data acquisition for the application of 3D SRME:, in 73rd Ann. Internat. Mtg Soc. of Expl. Geophys., 1965–1968.

van Dedem, E., and Verschuur, D., 2002, 3D surface-related multiple prediction using sparse inversion: experience with field data: Soc. of Expl. Geophys., 72nd Ann. Internat. Mtg, 2094–2097.

Verschuur, D. J., Berkhout, A. J., and Wapenaar, C. P. A., 1992, Adaptive surface-related multiple elimination: Geophysics, 57, no. 09, 1166–1177.

Wang, J., Kuehl, H., and Sacchi, M. D., 2003, Least-squares wave-equation avp imaging of 3D common azimuth data:, in 73rd Ann. Internat. Mtg Soc. of Expl. Geophys.

Wang, Y., 2003, Multiple subtraction using an expanded multichannel matching filter: Geophysics, 68, no. 1, 346–354.

Wiggins, J. W., 1988, Attenuation of complex water-bottom multiples by wave equation-based prediction and subtraction: Geophysics, 53, no. 12, 1527–1539.

Yu, J., and Schuster, G., 2001, Crosscorrelogram migration of IVSPWD data: Soc. of Expl.

Geophys., 71st Ann. Internat. Mtg, 456–459.