328

Chapter 11

Multiple reflections

11.1 MULTIPLE REFLECTION, CURRENT PRACTICE

Near the earth’s surface are a variety of unconsolidated materials such as water, soil, and the so-called weathered zone. The contrast between these near-surface materials and the petroleum reservoir rocks below is often severe enough to produce a bewildering variety of near-surface resonances. These resonance phenomena are not predicted and cannot be explained by the methods described in previous chapters.

11.1.1 Hard sea floor example

Figure 1.1 shows textbook-quality multiple reflections from the sea floor. Hyperbolas v^2 t^2 − x^2 = z^2_j appear at uniform intervals z_j = j ΔZ, j = 0, 1, 2, .... The data is unprocessed other than by multiplication by a spherical divergence correction t. Air is slower and lighter than water while sea-floor sediment is almost always faster and denser. This means that successive multiple reflections almost always have alternating polarity. The polarity of a seismic arrival is usually ambiguous, but here the waveform is distinctive and it clearly alternates in polarity from bounce to bounce. The ratio of amplitudes of successive multiple reflections is the reflection coefficient. In Figure 1.1, the reflection coefficient seems to be about − 0.7. Multiply reflected head waves are also apparent, as are alternating polarities on them. Since the head-wave multiple reflections occur at critical angle, they should have a −1.0 reflection coefficient. We see them actually increasing from bounce to bounce. The reason for the increase is that the spherical-divergence correction is based on three-dimensional propagation, while the head waves are really spreading out in two dimensions.

Multiple reflections are fun for wave theorists, but they are a serious impediment to geophysicists who would like to see the information-bearing primary reflections that they mask. 329

Figure 11.1: Marine profile of multiple reflections from Norway. At the right, the near trace is expanded. (GECO) mltp-multiple [ER]

11.1.2 Deconvolution in routine data processing

The water depth in Figure 1.1 is deeper than typical of petroleum prospecting. Figures 1.2 and 1.3 are more typical. In Figure 1.2, the depth is so shallow it is impossible to discern bounces. With land data the base of the weathered zone is usually so shallow and indistinct that it is generally impossible to discern individual reflections. The word shallow as applied to multiple reflections is defined to mean that the reflections recur with such rapidity that they are not obviously distinguished from one another.

Statisticians have produced a rich literature on the subject of deconvolution. For them the problem is really one of estimating a source waveform, not of removing multiple reflections. There is a certain mathematical limit in which the multiplereflection problem becomes equivalent to the source-waveform problem. This limit holds when the reverberation is confined to a small physical volume surrounding the shot or the geophone, such as the soil layer. The reason that the source-waveform and multiple-reflection problems are equivalent in this limit is that the downgoing wave from a shot is not simply intrinsic to the shot itself but also includes the local soil resonances. The word ghost in reflection seismology refers to the reflection of the source pulse from the surface (or sometimes from the base of the weathered layer). Because the source is so near to these reflectors, we often regard the ghost as part of the source waveform too.

An extensive literature exists on the vertical-incidence model of multiple reflections. Among wave-propagation theorists, the removal of all multiples is called inversion. It seems that for inversion theory to be applicable to the real problem, the theory must include a way to deal with an unknown, spectrally incomplete, shot waveform.

Routine work today typically ignores inversion theory and presumes the mathematical limit within which multiples may be handled as a shot waveform. The basic method was first developed for the industry by Schneider, Larner, Burg, and Backus [1964] of GSI (Figure 1.2. Despite many further theoretical developments and the continuing active interest of many practical workers, routine deconvolution is little changed.

Conventional industrial deconvolution (Figure 1.2 has many derivations and interpretations. I will state in simple terms what I believe to be the essence of deconvolution. Every seismogram has a spectrum. The spectrum is a product of many causes. Some causes are of fundamental interest. Others are extraneous. It is annoying when a seismogram is resonant just because of some near-surface phenomena. Deconvolution is basically a process in which strong resonances are measured, and then a filter is designed to suppress them. The filter is designed to have a spectrum that is roughly inverse to the spectrum of the raw data. Thus the output of the filter is roughly white (equal amounts of all frequencies). From the earliest times, seismologists have found that reflection seismic data rarely makes sense much outside the frequency band 10- 100 Hz, so as a final step, frequencies outside the band are removed. (The assumption that the output spectrum should be white seems to most seismologists to be a weak

Figure 11.2: Field profiles before (left) and after (right) deconvolution. (distributed by GSI, circa 1965) mltp-gsidecon [NR]

assumption, but practice usually shows it better than interpreting earth images from raw data).

Another nonmathematical explanation of why deconvolution is a success in practice is that it equalizes the spectrum from trace to trace. It balances the spectra (Tufekcic et al [1981]). Not only is it annoying when a seismogram is resonant just because of some near-surface phenomena, but it is more annoying when the wave spectrum varies from trace to trace as the near surface varies from place to place. A variable spectrum makes it hard to measure stepouts. Notice that the conventional industrial deconvolution described above includes spectral balancing as a byproduct. Figure 1.3 shows data that needs spectral balancing.

The above interpretation of deconvolution and why it works is different from what is found in most of the geophysical literature. Deconvolution is often interpreted in terms of the predictability of multiple reflections and the nonpredictability of primary reflections. It is shown in FGDP how multiple reflections are predicted. They are predicted, not by a strictly convolutional model, but approximately so. Prediction by convolution works best when the reverberation is all in shallow layers. Then it is like a source waveform.

Cardiovascular research is well integrated with routine practice, whereas pulmonary research is not. I compare this to migration and velocity theory being a good guide to industrial practice, whereas deconvolution theory is less so. The larger

Figure 11.3: Profile from the North Sea. (Western Geophysical) Observe strong reverberations with a period of about 90 ms. These are multiple reflections from the sea floor. Note that the strongest signal occurs at increasing offset with increasing time. This is because the strongest multiples are often at critical angle. The strength of the reverberation diminishes abruptly 1.8 km behind the ship. This implies that the sea floor changes abruptly at that point. mltp-multiples20 [ER]

gap between theory and practice is something to be aware of. Some fields are more resistant to direct attack. In them you progress by more indirect routes. This is confusing for the student and demoralizing for the impatient. But that is the way it is. For more details, see Ziolkowski [1984].

The next few pages show land data with buried geophones confirming that source waveforms are mainly near-surface reverberation. Then we turn to departures from the convolutional model.

11.1.3 A vertical seismic profile (VSP)

Seismologists always welcome the additional information from a vertical seismic profile (VSP). A VSP is some collection of seismograms recorded from the surface to a borehole. Routine well-based measurements such as rock cuttings and electric logs record local information, often just centimeters from the well. It is nice to think of the earth as horizontal strata, but this idealization fails at some unknown distance from the well. Surface reflection seismology, although it is further from the “ground truth” of well-bore measurements, provides the needed information about lateral continuity. But surface reflection data has resolving-power limitations as well as other uncertainties. The VSP provides information at an intermediate scale and also provides a calibration of the surface seismic method. Unfortunately, VSPs are costly and we rarely have them.

The subject of VSP occupies several books and many research papers. (See Gal’perin [1974] and Balch et al [1982]). Here we will just look at a single VSP to get some idea of source waveforms and multiple reflections. The VSP shown in

Figure 1.4 is from a typical land area. The multiple reflections are not so severe as

Figure 11.4: Vertical seismic profile. The source is at the earth’s surface near the borehole. The horizontal axis is the receiver depth. The vertical axis is travel time from zero to one second. Amplitudes are scaled by t^{1.5}. (ARCO) mltp-vspl [NR]

with the marine data shown elsewhere in this chapter. The earliest arrival in Figure 1.4 is the primary downgoing wave. Downgoing waves increase their travel time with depth, the slope of the arrival curve giving the downward component of velocity. After the first downgoing waves arrive, you can see more downgoing waves with the same velocity. Upgoing waves have the opposite slope of the downgoing waves. These are also visible in Figure 1.4.

Since late echoes are weaker than early ones, seismic data is normally scaled upwards with time before being displayed. There is no universal agreement in either theory or practice of what scaling is best. I have usually found t^2 scaling to be satisfactory for reflection data. Figure 1.4 shows that t^{1.5} scaling keeps the first arrival at about a constant amplitude on the VSP.

Viewing Figure 1.4 from the side shows that the downgoing pulse is followed by a waveform that is somewhat consistent from depth to depth. The degree of consistency is not easy to see because of interference with the upcoming wave. As far as I can tell from the figure, the downgoing wave at the greatest depth is equal to that at the shallowest depth.

Figure 1.5 shows the same data augmented by some shallow receivers. You will notice that the downgoing wave no longer seems to be independent of depth. So we can conclude that, as a practical matter, the downgoing waveform seems to be mainly

Figure 11.5: The data of Figure 1.4 augmented with shallower receivers. Amplitudes are scaled by t^{1.5}. (ARCO) mltp-vsp2 [NR] a result of near-surface reverberation.

The energy in the first burst in Figure 1.4 is roughly comparable to the remaining energy. The remaining energy would be less if the VSP were displayed without t^{1.5} scaling, but since the surface reflection data is normally displayed with some such scaling (often t^2), it makes more sense statistically to speak of the energy on the scaled data. So the reverberating energy is roughly comparable to the first arriving energy.

Below the near-surface region, the downgoing wave changes slowly with depth. Now we should ask how much the downgoing wave would change if the experiment were moved laterally. Obviously the borehole will not move laterally and we will be limited to data where only the surface source moves laterally. Since near-surface variations often change rapidly in the lateral direction, we may fear that the downgoing waveform also changes rapidly with shot location. The reverberation near a shot is repeated similarly near any surface receiver. The resulting composite reverberation is the convolution of near-shot reverberation and near-geophone reverberation. So to get the information needed to deconvolve surface seismic data, the VSP should be recorded with many surface source locations.

Unfortunately such offset VSP data is rarely available. When petroleum production declines and expensive secondary recovery methods are contemplated, the cost of VSP will not seem so high. The production lost during VSP acquisition may be more easily weighed against future gains.

Again we should think about the meaning of “bad” data. Seismic data is generally repeatable whenever it is above the level of the ambient microseismic noise. But often the signals make no sense. The spatial correlations mean nothing to us. Most data at late times fits this description. Perhaps what is happening is this: (1) The downgoing waveform is getting a long trail; (2) the trail is a chaotic function of the surface location; and (3) the energy in the trail exceeds the energy in the first pulse. So, with so much randomness in the downgoing wave, the upcoming wave is necessarily incomprehensible.

11.1.4 Deep marine multiples, in the polar latitudes

It has frequently been noted that sea-floor multiple reflection seems to be a problem largely in the polar latitudes only—rarely in equatorial regions. This observation might be dismissed as being based on the statistics of small numbers, but two reasons can be given why the observation may be true. Each of these is of interest whether or not the statistics are adequate.

It happens that natural gas is soluble in water and raises the temperature of freezing, particularly at high pressure. Ice formed when natural gas is present is called gas hydrate. Thus there can be, under the liquid ocean, trapped in the sediments, solid gas hydrate. The gas hydrate stiffens the sediment and enhances multiple reflections.

A second reason for high multiple reflections at polar latitudes has to do with glacial erosion. Ordinarily ocean bottoms are places of slow deposition of fine-grained material. Such freshly deposited rocks are soft and generate weak multiple reflections. But in polar latitudes the scouring action of glaciers removes sediment. Where erosion is taking place the freshly exposed rock is stronger and stiffer than newly forming sediments. Thus, stronger sea-floor reflections.

Continents erode and deposit at all latitudes. However, one might speculate that on balance, continental shelves are created by deposition in low and middle latitudes, and then drift to high latitudes where they erode. While highly speculative, this theory does provide an explanation for the association of multiple reflections with polar latitudes.

11.1.5 Pegleg and intrabed multiple reflections

Multiple reflections fall into one of three basic categories—see Figure 1.6. Waterbottom multiples are those multiples whose raypaths lie entirely within the water layer (Figure 1.6a). Since the sea floor usually has a higher reflectivity than deeper geological horizons, water-bottom multiples often have strong amplitudes. In deep water these multiples can be very clear and distinct. A textbook-quality example is shown in Figure 1.1.

Pegleg multiple reflections are variously defined by different authors. Here pegleg multiples (Figure 1.6b) are defined to be those multiples that undergo one reflection in the sedimentary sequence and other reflections in the near surface.

To facilitate interpretation of seismic data, let us review the timing and amplitude relations of vertical-incidence multiple reflections in layered media. Take the sea-floor two-way travel time to be t_1 with reflection coefficient c_1. Then the n^{th} multiple reflection comes at time n t_1 with reflection strength c^n_1 . Presume also a deeper primary reflection at travel-time depth t_2 with reflection coefficient c_2. The sea-floor peglegs arrive at times t_2 + n t_1. Note that peglegs come in families. For example, the time t_2 + 2t_1 could arise from three paths, t_2 + 2t_1, t_1 + t_2 + t_1, or 2t_1 + t_2. So the n^{th} order pegleg multiple echo is really a summation of n + 1 rays, and thus its strength is proportional to (n + 1) c_2 c^n_1 . The sea-floor reverberation is c^n_1 , which is not the same function of n as the function that describes reverberation on sediments, (n + 1) c^n_1 . Ignoring the sea-floor reverberation itself you can just think of (n + 1) c^n_1 as a shot waveform.

Every multiple must have a “turn-around” where an upcoming wave becomes a downgoing wave. Almost all readily recognized multiples are surface multiples, that is, they have their turn-arounds at the earth’s surface. Figure 1.7 shows some clear examples. In land data the turn-around can be at the base of the soil layer, which is almost the same as being at the earth’s surface.

Figure 11.6: Raypaths are displayed for (a) a water-bottom multiple, (b) a pegleg multiple family, and (c) a short-path multiple. mltp-multpath [NR]

Figure 11.7: Near-offset section—offshore Labrador (Flemish Cap). The offset distance is about 9 shotpoints. SF = sea floor, BM1 = first bottom multiple, BM2 = second bottom multiple, P = primary, PM1 = first pegleg multiple, and PM2 = second pegleg multiple. (AMOCO-Canada, Morley) mltp-nearoffset [NR]

A raypath that is representative of yet another class of multiples, called shortpath or intrabed multiples, is shown in Figure 1.6c. Their turn-around is not at or near the earth’s surface. These multiples are rarely evident in field data, although Figure 1.8 shows a clear case in which they are. When they are identified, it is often

Figure 11.8: A rare case of unambiguous intrabed multiple reflections. The data was recorded near Puerto Rico. The inner-bed multiple is between the sea floor and the basement. Thus its travel time is t_{base} + (t_{base} − t_{floor}. Do you see it? (Western Geophysical) mltp-intrabed [NR]

because the seismic data is being interpreted using some accompanying well logs. The reason that short-path multiples are so rarely observed compared to peglegs is that the reflection coefficients within the sedimentary sequence are so much lower than on the free surface. The weakness of individual short-path multiples may be compensated for, however, by the very large numbers in which they can occur. Any time a seismic section becomes incomprehensible, we can hypothesize that the data has become overwhelmed by short-path multiples.

11.1.6 The need to distinguish between types of sections

By 1974, wave-equation methods had established themselves as a successful way to migrate CDP-stacked sections. Bolstered by this success, Don Riley and I set out to apply the wave equation to the problem of predictive suppression of deep-water multiple reflections. Hypothesizing that diffraction effects were the reason for all the difficulty that was being experienced then with deep-water multiple reflection, we developed a method for the modeling and predictive removal of diffracted multiple reflections (see FGDP, Chapter 11-4). We didn’t realize that in practice the multiple reflection problem would be so much more difficult than the primary reflection problem. For primaries, the same basic migration method works on zero-offset sections, CDP-stacked sections, or vertical-incidence plane-wave sections. Our multiplesuppression method turned out to be applicable only to vertical plane-wave stacks. Don Riley prepared Figure 1.9, which shows some comparisons.

Figure 11.9: Diffracted multiple-reflection examples: (a) 1-D synthetic, (b) 2-D synthetic, vertical plane-wave source, (c) 27-fold CDP data section (GSI), (d) near-trace section. (Riley) mltp-sections [NR]

One thing to keep in mind while studying the comparisons in Figure 1.9 is that on the field data there are likely to be aspects of propagation in three dimensions that may go unrecognized. The third dimension is always a “skeleton in the closet.” It doesn’t usually spoil two-dimensional migration, but that doesn’t assure us that it won’t spoil 2-D wave-equation multiple suppression.

11.1.7 Examples of shallow-water multiples with focusing

The exploding-reflector concept does not apply to multiple reflections, so there is no simple wave-theoretic means of predicting the focusing behavior of multiples on a near-trace section. Luckily multiples on vertical plane-wave stacks are analyzable. They may give us some idea about the focusing behavior of multiple reflections on other seismic sections. A vertically downgoing plane wave is simulated by a commongeophone stack without moveout. This isn’t the same as the familiar CDP stack, but it is analyzable with the techniques described in chapters 1 to 5.

Consider a multiple reflection that has undergone several surface bounces. The seismic energy started out as a downgoing plane wave. It remained unchanged until its first reflection from the sea floor. The sea-floor bounce imposed the sea-floor topography onto the plane wave. In a computer simulation the topography would be impressed upon the plane wave by a step with the lens equation. Then the wave diffracted its way up to the surface and back down to the sea floor. In a computer another topographic lens shift would be applied. The process of alternating diffraction and lensing would be repeated as often as you would care to keep track of things. Figure 1.10 shows such a simulation. A striking feature of the high-order multiple reflections in Figure 1.10 is the concentration of energy into localized regions. It is easy to see how bounces from concave portions of the sea floor can overcome the tendency of acoustic energy to spread out. These regions of highly concentrated energy that occur late on the time axis do not resemble primaries at all. With primaries a localized disturbance tends to be spread out into a broad hyperbola. Primary migration of the highly concentrated bursts of energy seen on Figure 1.10 must lead to semicircles. Such semicircles are most unlikely geological models—and are all too often predicted

Figure 11.10: Simulated sea-floor multiple reflections. The vertical exaggeration is 5. Little focusing is evident on the gentle seafloor topography, but much focusing is evident on high-order multiple reflections. At late times there is a lack of lateral continuity, really unlike primary reflection data. mltp-multfocus [NR]

by the industry’s best migration programs.

The most important thing to learn from the synthetic multiple reflections of Figure 1.10 is that multiples need not resemble primaries. Semicircles that occur on migrated stacks could be residual multiple reflections. Unfortunately, there is no simple theory that says whether or not focused multiples on vertical wave stacks should resemble those on zero-offset sections or CDP stacks. Luckily some data exists that provides an answer. Figure 1.11 is a zero-offset section which establishes that such focusing phenomena are indeed found in qualitative, if not quantitative, form on reflection survey data.

The marine data exhibited in Figure 1.11 clearly displays the focusing phenomena in the synthetic calculations of Figure 1.10. This suggests that we should utilize our

Figure 11.11: Example of focusing effects on multiple reflections in near-trace section at Chukchi Sea. These effects are obscured by stacking. (U.S. Geological Survey) A. Existing structure. B. Former structure unevenly eroded away leaving localities of sea floor convex or concave. C. High order multiple reflections focusing where the sea floor is concave. D. Existing structural dip exposed in windows where the multiples are weak (i.e., where convex sea floor causes multiple to spread rapidly). mltp-multfoc2 [NR] understanding in a quantitative way to predict and suppress the multiple reflections in order to get a clearer picture of the earth’s subsurface. There are several reasons why this would not be easy to do. First, the Riley theory applies to vertical wave stacks. These are quantitatively different from common-midpoint stacks. Second, the effective seismic sea-floor depth is not a known input: it must somehow be determined from the data itself. Third, the water depth in Figure 1.11 is so shallow that individual bounces cannot be distinguished.

11.1.8 Why deconvolution fails in deep water

It has been widely observed that deconvolution generally fails in deep water. A possible reason for this is that deep water is not the mathematical limit at which the multiple-reflection problem is equivalent to the shot-waveform problem. But that is not all. Theory predicts that under ordinary circumstances multiples should alternate in polarity. The examples of Figure 1.1 and Figure 1.2 confirm it. You will have trouble, however, if you look for alternating polarity on CDP stacks. The reason for the trouble also indicates why deconvolution tends to fail to remove deep multiples from CDP stacks.

Recall the timing relationships for multiples at zero offset. The reverberation period is a constant function of time. Because of moveout, this is not the case at any other offset. Normal-moveout correction will succeed in restoring zero-offset timing relationships in a constant-velocity earth, but when the velocity increases with depth, the multiples will have a slower RMS velocity than the primaries. So the question is what velocity to use, and whether, in typical land and marine survey situations, the residual time shifts are greater than a half-wavelength. No equations are needed to answer this question. All that is needed is the general observation that conventional common-midpoint stacking suppresses multiples because they have lower velocities than primaries. This observation implies that normal moveout routinely time shifts multiple reflections a half-wavelength or more out of their natural zerooffset relationships.

To make matters worse, the amplitude relationships that we expect at zero offset are messed up. Reflection coefficient is a function of angle. But on a seismogram from some particular offset, each multiple reflection will have reflected at a different angle.

Vertical incidence timing relationships are approximately displayed on CDP stacks. The practical difficulty is that the CDP stack does not mimic the vertical-incidence situation well enough to enable satisfactory prediction of multiples from primaries.

Before stack, on marine data, moveout could be done with water velocity, but then any peglegs would not fit the normal-incidence timing relationship. Since peglegs are often the worst part of the multiple-reflection problem, moveout should perhaps be done with pegleg velocity. No matter how you look at it, all the timing relationships for deep multiple reflections cannot be properly adjusted by moveout correction.

EXERCISES:

1 On some land data it was noticed that a deep multiple reflection arrived a short time earlier than predicted by theory. What could be the explanation?

11.2 MULTIPLE REFLECTION—PROSPECTS

To improve our ability to suppress multiples, we try to better characterize them. The trouble is that a realistic model has many ingredients. Few of the theories that abound in the literature have had much influence on routine industrial practice. I would put these unsuccessful theories into two categories:

• Those that try to achieve everything with statistics, oversimplifying the complexity of the spatial relations

• Those that try to achieve everything with mathematical physics, oversimplifying the noisy and incomplete nature of the data

Multiple reflection is a good subject for nuclear physicists, astrophysicists, and mathematicians who enter our field. Those who are willing to take up the challenge of trying to carry theory through to industrial practice are rewarded by learning some humility. I’ll caution you now that I haven’t pulled it all together in this section either!

Here two approaches will be proposed, both of which attend to geometry and statistics. Both approaches are new and little tested. Regardless of how well they may work, I think you will find that they illuminate the task.

The first approach, called CMP slant stack, is a simple one. It transforms data into a form in which all offsets mimic the simple, one-dimensional, zero-offset model. The literature about that model in both statistics and mathematical physics is extensive.

The second approach is based on a replacement impedance concept. It is designed to accommodate rapid lateral variations in the near surface. It is easiest to explain for a hypothetical marine environment where the sole difficulty arises from lateral variation in the sea-floor reflectivity. The basic idea is downward continuation of directional shots and directional geophones to just beneath the sea floor, but no further. This is followed by upward continuation through a replacement medium that has a zero sea-floor reflection coefficient. This process won’t eliminate all the multiple reflections, but it should eliminate the most troublesome ones.

11.2.1 Transformation to one dimension by slant stack

A rich literature (c.f. FGDP) exists on the one-dimensional model of multiple reflections. Some authors develop many facets of wave-propagation theory. Others begin from a simplified propagation model and develop many facets of information theory. These one-dimensional theories are often regarded as applicable only at zero offset. However, we will see that all other offsets can be brought into the domain of one-dimensional theory by means of slant stacking.

The way to get the timing and amplitudes of multiples to work out like vertical incidence is to stop thinking of seismograms as time functions at constant offset, and start thinking of constant Snell parameter. In a layered earth the complete raypath is constructed by summing the path in each layer. At vertical incidence p = 0, it is obvious that when a ray is in layer j its travel time t_j for that layer is independent of any other layers which may also be traversed on other legs of the total journey. This independence of travel time is also true for any other fixed p. But, as shown in Figure 1.12, it is not true for a ray whose total offset ∑ f_j, instead of its p, is fixed.

Likewise, for fixed p, the horizontal distance f_j which a ray travels while in layer j

Figure 11.12: Rays at constantoffset (left) arrive with various angles and hence various Snell parameters. Rays with constant Snell parameter (right) arrive with various offsets. At constant p all paths have identical travel times. mltp-multangle [NR]

is independent of other legs of the journey. Thus, in addition, t_j + const f_j for any layer j is independent of other legs of the journey. So t^′_j = t_j − pf_j is a property of the jth layer and has nothing to do with any other layers which may be in the total path. Given the layers that a ray crosses, you add up the t_j and the f_j for each layer, just as you would in the vertical-incidence case. Some paths are shown in Figure 1.13.

To see how to relate field data to slant stacks, begin by searching on a common-

Figure 11.13: A two-layer model showing the events (t_1, 2t_1, t_2, t_2 + t_1). On the top is a ray trace. On the left is the usual data gather. On the right the gather is replotted with linear moveout t^′ = t − pf. Plots were calculated with (v_1, v_2, 1/p) in the proportion (1,2,3). Fixing our attention on the patches where data is tangent to lines of slope p, we see that the arrival times have the vertical-incidence relationships— that is, the reverberation period is fixed, and it is the same for simple multiples as it is for peglegs. This must be so because the ray trace at the top of the figure applies precisely to those patches of the data where dt/dx = p. Furthermore, since δ_1 = δ_2, the times (t^′_1, 2t^′_1, t^′_2 + t^′_2) also follow the familiar vertical-incidence pattern. (Gonzalez) mltp-intervalve1 [NR] midpoint gather for all those patches of energy (tangency zones) where the hyperboloidal arrivals attain some particular numerical value of slope p = dt/df. These patches of energy seen on the surface observations each tell us where and when some ray of Snell’s parameter p has hit the surface. Typical geometries and synthetic data are shown in figures 1.13 and 1.14.

Both the t_j and the t^′_j behave like the times of normal-incident multiple reflections. While the lateral location of any patch unfortunately depends on the velocity model v(z), slant stacking makes the lateral location irrelevant. In principle, slant stacking could be done for many separate values of p so that the (f, t)-space would get mapped into a (p, t)-space. The nice thing about (p, t)-space is that the multiple-suppression problem decouples into many separate one-dimensional problems, one for each p-value. Not only that, but the material velocity is not needed to solve these problems. It is up to you to select from the many published methods. After suppressing the multiples you inverse slant stack. Once back in (f, t)-space you could estimate velocity and further suppress multiples using your favorite stacking method.

Figure 1.14 is a “workbook” exercise. By picking the tops of all events on the

Figure 11.14: The same geometry as Figure 1.13 but with more multiple reflections. mltp-intvel2 [ER]

right-hand frame and then connecting the picks with dashed lines, you should be able to verify that sea-bottom peglegs have the same interval velocity as the simple bottom multiples. The interval velocity of the sediment can be measured from the primaries. The sediment velocity can also be measured by connecting the n^{th} simple multiple with the n^{th} pegleg multiple.

Transformation to one dimension by slant stack for deconvolution is a process that lies on the border between experimental work and industrial practice. See for example Treitel et al [1982]. Its strength is that it correctly handles the angle-dependences that arise from the source-receiver geometry as well as the intrinsic angle-dependence of reflection coefficient. One of its weaknesses is that it assumes lateral homogeneity in the reverberating layer. Water is extremely homogeneous, but sediments at the water bottom can be quite inhomogeneous.

11.2.2 Near-surface inhomogeneity

Soils have strange acoustic behavior. Their seismic velocities are usually less than or equal to the speed of sound in water (1500 meters/sec). It is not uncommon for soil velocity to be five times slower than the speed of sound in water, or as slow as the speed of sound in air (300 meters/sec). Where practical, seismic sources are buried under the weathered zone, but the receivers are almost always on the surface. About the only time you may encounter buried receivers is in a marshy area. There field operations are so difficult that you will have many fewer receivers than normal.

A source of much difficulty is that soils are severely laterally inhomogeneous. It is not rare for two geophones separated by 10 meters to record quite different seismograms. In particular, the uphole transit time (the seismic travel time from the bottom of a shot hole to the surface near the top of the hole) can easily exhibit time anomalies of a full wavelength. All this despite a flat level surface. How can such severe, unpredictable, travel-time anomalies in the weathered zone be understood? By river meanders, tiny shallow gas pockets, pocketed carbonates, glacial tills, etc. All these irregularities can be found at depth too, but they are worse at the surface before saturation and the pressure of burial reduce the acoustic inhomogeneity.

The shallow marine case is somewhat better. Ample opportunities for lateral variations still exist—there are buried submarine channels as well as buried fossil river channels. But the dominant aspect of the shallow marine case becomes the resonance in the water layer. The power spectrum of the observed data will be controlled by this resonance.

Likewise, with land data, the power spectrum often varies rapidly from one recording station to the next. These changes in spectrum may be interpreted as changes in the multiple reflections which stem from changes in the effective depth or character of the weathered zone.

11.2.3 Modeling regimes

Downward-continuation equations contain four main ingredients: the slowness of the medium at the geophone v(g)^{−1}; likewise at the shot v(s)^{−1}; the stepout in offset space k_h/ω; and the dip in midpoint space k_y/ω. These four ingredients all have the same physical dimensions, and modeling procedures can be categorized according to the numerical inequalities that are presumed to exist among the ingredients. Onedimensional work ignores three of the four—namely, dip, stepout, and the difference v(g)^{−1} − v(s)^{−1}. CMP slant stack includes the stepout k_h/ω. Now we have a choice as to whether to include the dip or the lateral velocity variation. The lateral velocity variation is often severe near the earth’s surface where the peglegs live. Recall the simple idea that typical rays in the deep subsurface emerge steeply at a low-velocity surface. When using continuation equations in the near surface, we are particularly justified in neglecting dip, that is v^{−1} ≫ k_y/ω. It is nice to find this excuse to neglect dip since our field experiments are so poorly controlled in dip out of the plane of the experiment. Offset stepout, on the other hand, is probably always much larger in the plane of the survey line than out of it.

Another important ingredient for modeling or processing multiple reflections is the coupling of upcoming and downgoing waves. This coupling introduces the reflectivity beneath the shot c(s) and the receiver c(g). An important possibility, to which we will return, is that c(s) may be different from c(g), even though all the angles may be neglected.

11.2.4 Subtractive removal of multiple reflections

Stacking may be thought of as a multiplicative process. Modeling leads to subtractive processes. The subtractive processes are a supplement to stacking, not an alternative: After subtracting, you can stack.

First we try to model the multiple reflections, then we try to subtract them from the data. In general, removal by subtraction is more hazardous than removal by multiplication. To be successful, subtraction requires a correct amplitude as well as a timing error of less than a quarter-wavelength.

Statistically determined empirical constants may be introduced to account for discrepancies between the modeling and reality. In statistics this is known as regression. For example, knowing that a collection of data points should fit a straight line, we can use the method of least-sum-squared-residuals to determine the best parameters for the line. A careful study of the data points might begin by removing the straight line, much as we intend to remove multiple reflections. Naturally an adjustable parameter can help account for the difficulty expected in calculating the precise amplitude for the multiples. An unknown timing error is much harder to model. Because of the nonlinearity of the mathematics, a slightly different, more tractable approach is to take as adjustable parameters the coefficients in a convolution filter. Such a filter could represent any scale factor and time shift. It is tempting to use a time-variable filter to account for time-variable modeling errors. An inescapable difficulty with this is that a filter can represent a lot more than just scaling and amplitude. And the more adjustable parameters you use, the more the model will be able to fit the data, whether or not the model is genuinely related to the data.

The difficulty of subtracting multiple reflections is really just this: If an inadequate job is done of modeling the multiples—say, for example, of modeling the geometry or velocity—then you need many adjustable parameters in the regression. With many adjustable parameters, primary reflections get subtracted as well as multiples. Out goes the baby with the bath water.

11.2.5 Slanted deconvolution and inversion

Because of the wide offsets used in practice, it has become clear that seismologists must pay attention to differences in the sea floor from bounce to bounce. A straightforward and appealing method of doing so was introduced by Taner [1980]—that was his radial-trace method. A radial trace is a line cutting through a common-shot profile along some line of constant r = h/t. Instead of deconvolving a seismogram at constant offset, we deconvolve on a radial trace. The deconvolution can be generalized to a downward-continuation process. Downward continuation of a radial trace may be approximated by time shifting. Unfortunately, there is a problem when the data on the line consists of both sea-floor multiples and peglegs, because these require different trajectories. The problem is resolved, at least in principle, by means of Snell waves. Estevez, in his dissertation [1977], showed theoretically how Snell waves could also be used to resolve other difficulties, such as diffraction and lateral velocity variation (if known). An example illustrating the relevance of the differing depths of the sea floor on different bounces, is shown in Figure 1.15.

Figure 11.15: ) ] Time of multiple depends on sum of all times. (Estevez [1977]) mltp-estevez [NR]

Incompleteness of the data causes us to have problems with most inversion methods. Data can be incomplete in time, space, or in its spectrum. Any recursive method must be analyzed to ensure that an error made at shallow depths will not compound uncontrollably during descent. All data is spectrally incomplete. Also, with all data there is uncertainty about the shot waveform. At the p-values for which pegleg multiples are a problem, the first sea-floor bounce usually occurs too close to the ship to be properly recorded. To solve this problem, Taner built a special auxiliary recording system.

It is an advantage for Snell wave methods that slant stacking creates some signalto-noise enhancement from the raw field data, but it is a disadvantage that the downward continuation must continue to all depths. The methods to be discussed next are before-stack methods, but they do not require downward continuation much below the sea floor.

11.2.6 The split Backus filter

We are preparing a general strategy, impedance replacement, for dealing with surface multiple reflections. This strategy will require heavy artillery drawn from both regression theory and wave-extrapolation theory. So as not to lose sight of the goals, we will begin with an example drawn from an idealized geometry. That reality is not too far from this idealization was demonstrated by Larry Morley, whose doctoral dissertation [1982] illustrates a successful test of this method and describes the impedance-replacement strategy in more detail.

Imagine that the sea floor is flat. Near the shot the sea-floor reflection coefficient is taken as c_s. Near the geophone it is taken to be c_g. Near the geophone the reverberation pattern is 1 1 + c_g Z

= 1 − c_gZ + c^2_gZ^2 − c^3_gZ^3 + c^4_gZ^4 + ... (11.1)

where Z is the two-way delay operator for travel to the water bottom. Near the shot there is a similar reverberation sequence: 1 1 + c_s Z

= 1 − c_sZ + c^2_sZ^2 − c^3_sZ^3 + c^4_sZ^4 + ... (11.2)

Ignoring the difference between c_s and c_g leads to the Backus [1959] reverberation sequence, which is the product of (1.1) and (1.2). 1 1 + c Z 1 1 + c Z

= 1 − 2cZ + 3c^2Z^2 − 4c^3Z^3 + 5c^4Z^4 + ... (11.3)

The denominator in (1.3) is the Backus filter. Applying this filter should remove the reverberation sequence. Morley called the filter which results from explicitly including the difference at the shot and geophone a split Backus filter. The depth as well as the reflection coefficient may vary laterally. (The effect of dip is second order). Thus the split Backus operator can be taken to be ( 1 + c_s e^{iωτ(s)} ) ( 1 + c_g e^{iωτ(g)} ) (11.4)

Inverting (1.4) into an expression like (1.3), you will find that the n^{th} term splits into n terms. This just means that paths with sea-floor bounces near the shot can have different travel times than paths with bounces near the geophone.

Figure 1.16, taken from Morley’s dissertation, shows that split pegleg multiples are an observable phenomenon. His interpretation of the figure follows:

Figure 11.16: Constant-offset section (COS) from the same line as Figure 1.7. Offset distance is about 46 shotpoints. Notice that the first-order pegleg multiple is now split into two distinct arrivals, P M1s and P M1g. (AMOCO Canada, Morley) mltp-splitpeg [NR]

[The figure] is a constant-offset section (COS) from the same line for an offset halfway down the cable (a separation of 45 shot points with this geometry). The first-order pegleg multiple starting at 2.5 seconds on the left and running across to 3 seconds on the right is “degenerate” (unsplit) on the near-trace section but is split on the COS due to the sea-floor topography. The maximum split is some 200 mils around shot points 180- 200. This occurs, as one might expect, where the sea floor has maximum dip; i.e., where the difference between sea-floor depths at the shot and geophone positions is greatest.

Most present processing ignores the Backus filter altogether and solves for an independent deconvolution filter for each seismic trace. This introduces a great number of free parameters. By comparison, a split Backus approach should do a better job of preserving primaries.

In practice we would expect that any method based on the split Backus concept would need to include the effect of moveout. Luckily, velocity contrast would reduce the emerging angle for peglegs. Of course, residual moveout problems would be much more troublesome with water-bottom multiples. Presumably the process should be applied after normal moveout in that case. Let us take a look at the task of estimating a split Backus operator.

11.2.7 Sea-floor consistent multiple suppression

Erratic time shifts from trace to trace have long been dealt with by the so-called surface-consistent statics model. Using this model you fit the observed time shifts, say, t(s, g), to a regression model t(s, g) ≈ t_s(s) + t_g(g). The statistically determined functions t_s(s) and t_g(g) can be interpreted as being derived from altitude or velocity variations directly under the shot and geophone. Taner and Coburn [1980] introduced the closely related idea of a surface-consistent frequency response model that is part of the statics problem. We will be interpreting and generalizing that approach. Our intuitive model for the data P (s, g, ω) is P (s, g, ω) ≈ 1 1 + c_s e^{iωτ(s)} 1 1 + c_g e^{iωτ(g)} × (11.5)

e^{i !v √z2 + 4h2} H(h, ω) Y (y, ω) F (ω) The first two factors represent the split Backus filter. The next factor is the normal moveout. The factor H(h, ω) is the residual moveout. The factor Y (y, ω) is the depth-dependent earth model beneath the midpoint y. The last factor F (ω) is some average filter that results from both the earth and the recording system.

One problem with the split Backus filter is a familiar one—that the time delays τ(s) and τ(g) enter the model in a nonlinear way. So to linearize it the model is generalized to P^′(s, g, ω) ≈ S(s, ω) G(g, ω) H(h, ω) Y (y, ω) F (ω) (11.6) Now S contains all water reverberation effects characteristic of the shot location, including any erratic behavior of the gun itself. Likewise, receiver effects are embedded in G. Moveout correction was done to P , thereby defining P^′.

Theoretically, taking logarithms gives a linear, additive model:

ln P^′(s, g, ω) ≈ ln S(s, ω) + ln G(g, ω) + ln H(h, ω) + ln Y (y, ω) + ln F (ω) (11.7)

The phase of P^′, which is the imaginary part of the logarithm, contains the traveltime information in the data. This information loses meaning when the data consists of more than one arrival. The phase function becomes discontinuous, even though the data is well behaved. In practice, therefore, attention is restricted to the real part of (1.7), which is really a statement about power spectra. The decomposition (1.7) is a linear problem, perhaps best solved by iteration because of the high dimensionality involved. In reconstructing S and G from power spectra, Morley used the Wiener- Levinson technique, explicitly forcing time-domain zeroes in the filters S and G to account for the water path. He omitted the explicit moveout correction in (1.5), which may account for the fact that he only used the inner half of the cable.

11.2.8 Replacement-medium concept of multiple suppression

In seismology wavelengths are so long that we tend to forget it is physically possible to have a directional wave source and a directional receiver. Suppose we had, or were somehow able to simulate, a source that radiated only down and a receiver that received only waves coming up. Then suppose that we were somehow able to downward continue this source and receiver beneath the sea floor. This would eliminate a wide class of multiple reflections. Sea-floor multiples and peglegs would be gone. That would be a major achievement. One minor problem would remain, however. The data might now lie along a line that would not be flat, but would follow the sea floor. So there would be a final step, an easy one, which would be to upward continue through a replacement medium that did not have the strong disruptive sea-floor reflection coefficient. The process just described would be called impedance replacement. It is analogous to using a replacement medium in gravity data reduction. It is also analogous to time shifting seismograms for some replacement velocity.

The migration operation downward continues an upcoming wave. This is like downward continuing a geophone line in which the geophones can receive only upcoming waves. In reality, buried geophones see both upcoming and downgoing waves. The directionality of the source or receiver is built into the sign chosen for the squareroot equation that is used to extrapolate the wavefield. With the reciprocal theorem, the shots could also be downward continued. Likewise shots physically radiate both up and down, but we can imagine shots that radiate either up or down, and mathematically the choice is a sign. So the results of four possible experiments at the sea floor, all possibilities of upward and downward directed shots and receivers, can be deduced.

Extrapolating all this information across the sea-floor boundary requires an estimate of the sea-floor reflection coefficient. This coefficient enters the calculation as a scaling factor in forming linear combinations of the waves above the sea floor. The idea behind the reflection-coefficient estimation can be expressed in two ways that are mathematically equivalent:

• The waves impinging on the boundary from above and below should have a cross-correlation that vanishes at zero lag.

• There should be minimum power in the wave that impinges on the boundary from below.

After the geophones are below, you must start to think about getting the shots below. To invoke reciprocity, it is necessary to invert the directionality of the shots and receivers. This is why it was necessary to include the auxiliary experiment of upward-directed shots and receivers.

EXERCISES:

1 Refer to Figure 1.14.

a. What graphical measurement shows that the interval velocity for simple seafloor multiples equals the interval velocity for peglegs?

b. What graphical measurements determine the sediment velocity? c. With respect to the velocity of water, deduce the numerical value of the (inverse) Snell parameter p.

d. Deduce the numerical ratio of the sediment velocity to the water velocity.

2 Consider the upcoming wave U observed over a layered medium of layer impedances given by (I_1, I_2, I_3, ...), and the upcoming wave U^′ at the surface of the medium (I_2, I_2, I_3, ...). Note that the top layer is changed.

a. Draw raypaths for some multiple reflections that are present in the first medium, but not in the second.

b. Presuming that you can find a mathematical process to convert the wave U to the wave U^′, what multiples are removed from U^′ that would not be removed by the Backus operator?

c. Utilizing techniques in FGDP, chapter 8, derive an equation for U^′ in terms of U, I_1, and I_2 that does not involve I_3, I_4 ....

11.3 PROFILE IMAGING

A field profile consists of the seismograms of one shot and many receivers along a line. Migration of a single profile, or of many widely separated profiles, demands a conceptual basis that is far removed from anything discussed so far in this book, namely, exploding-reflector and survey-sinking concepts. Such a conceptual basis exists, predates (Claerbout [1970]), and seems more basic than that of exploding reflectors or survey sinking. I call this older imaging concept the U/D imaging concept.

The sinking concept seems to demand complete coverage in shot-geophone space. Exploding reflectors requires many closely spaced shots. On the other hand, profile imaging with the U/D concept has no requirement for density along the shot axis. An example of a dataset that could only be handled by the older concept is a sonobuoy. A sonobuoy is a hydrophone with a radio transmitter. It is thrown overboard, and a ship with an air gun sails away, repeatedly firing until the range is too great. The principle of reciprocity says that the data is equivalent to a single source with a very long line of geophones.

While improving technology is leading to greater sampling density on the geophone axis, we are unlikely to see increasing density in shot space. There are only twentyfour hours in a day, and we must wait ten seconds between shots for the echoes to die down. So, given a certain area to survey and a certain number of months to work, we end out with an irreducible shotpoint density. Indeed, with three-dimensional geometries proving their worth, we may see less spatial sampling density. Poor sample density in shot space is a small impediment to profile methods.

Unlike the exploding-reflector method and the survey-sinking method, U/D concepts readily incorporate modeling and analysis of multiple reflections. Indeed, an ingenious algorithm for simultaneous migration and de-reverberation is found in FGDP. In principle it can be applied to either field profiles or slant stacks.

Wave equation methods have been suggestive of new ways of making weatheringlayer corrections. Yet none have yet become widely accepted in practice, and it is too early to tell whether a DSR approach or a profile approach will work better.

All these considerations warrant a review of the profile migration method and the U/D imaging concept. We could easily see a revival of these in one form or another.

11.3.1 The U/D imaging concept

The U/D imaging concept says that reflectors exist in the earth at places where the onset of the downgoing wave is time-coincident with an upcoming wave. Figure 1.17 illustrates the concept.

Figure 11.17: Upcoming and downgoing waves observed with buried receivers. A disturbance leaves the surface at t = 0 and is observed passing the buried receivers G_1...G_5 at progressively later times. At the depth of a reflector, z_3, the G_3 receiver records both the upcoming and downgoing waves in time coincidence. Shallower receivers also record both waves. Deeper receivers record only D. The fundamental principle of reflector mapping states that reflectors exist where U and D are time-coincident. (Riley) mltp-udimage [NR]

It is easy to confuse the survey-sinking concept with the U/D concept because of the similarity of the phrases used to describe them: “downward continue the shots” sounds like “downward continue the downgoing wave.” The first concept refers to computations involving only an upcoming wavefield U(s, g, z, t). The second concept refers to computations involving both upcoming U(x, z, t) and downgoing D(x, z, t) waves. No particular source location enters the U/D concept; the source could be a downgoing plane wave.

In profile migration methods, the downgoing wave is usually handled theoretically, typically as an impulse whose travel time is known analytically or by ray tracing. But this is not important: the downgoing wave could be handled the same way as the upcoming wave, by the Fourier or finite-difference methods described in previous chapters. The upcoming wave could be expressed in Cartesian coordinates, or in the moveout coordinate system to be described below.

The time coincidence of the downgoing and upcoming waves can be quantified in several ways. The most straightforward seems to be to look at the zero lag of the cross-correlation of the two waves. The image is created by displaying the zero-lagged cross-correlation everywhere in (x, z)-space.

The time coincidence of the upcoming wave and the earliest arrival of a downgoing wave gives evidence of the existence of a reflector, but in principle, more can be learned from the two waves. The amplitude ratio of the upcoming to the downgoing wave gives the reflection coefficient.

In the Fourier domain, the product U(ω, x, z) D̄(ω, x, z) represents the zero lag of the cross-correlation. The reflection coefficient ratio is given by U(ω, x, z)/D(ω, x, z). This ratio has many difficulties. Not only may the denominator be zero, but it may have zeroes in the wrong part of the complex plane. This happens when the downgoing wave is causal but not minimum phase. The phase of the complex conjugate of a complex number equals the phase of the inverse of the number. Thus the ratio U/D and the product Ū both have the same phase. It seems you can invent other functional forms that compromise the theoretical appeal of U/D with the stability of Ū.

Don C. Riley [1974] proposed another form of the U/D principle, namely, that the upcoming waves must vanish for all time before the first arrival of the downgoing wave. Riley’s form found use in wave-equation dereverberation.

11.3.2 Migration with moveout correction

If the earth were truly inhomogeneous in all three dimensions, we could hardly expect the data of a single seismic line to make any sense at all. But reflection seismology usually seems to work, even when it is restricted to a single line. This indicates that the layered model of the earth is a reasonable starting point. Thus normal-moveout correction is usually a good starting process. Mathematically, NMO is an excellent tool for dealing with depth variation in velocity, but its utility drops in the presence of steep dip or a wide dip spectrum.

My early migration programs were based on concepts derived from single profiles. The data and the wave equation were transformed to a moveout-corrected coordinate system. This approach to migration is well suited to data that is sparsely sampled on the geophone axis. When steepness of dip becomes the ground on which migration is evaluated, then moveout correction offers little advantage; indeed, it introduces unneeded complexity. Whatever its merits or drawbacks, NMO commands our attention by its nearly universal use in the industrial world.

11.3.3 Moveout/radial coordinates in geophone space

Our theoretical analysis will abandon the geophone axis g in favor of a radial-like axis characterized by a Snell parameter p. (This really says nothing about the implied data processing itself, since it would be simple enough to transform final equations back to offset). The coordinate system being defined will be called a retarded, moveoutcorrected, Snell trace, coordinate system. Ideal data in this coordinate system in a zero-dip earth is unchanged as it is downward continued. Hence the amount of work the differential equations have to do is proportional to the departure of the data from the ideal. Likewise the necessity for spatial sampling of the data increases in proportion to the departure of data from the ideal. Define p (sin θ)/v, the Snell ray parameter t_p any one-way time from the surface along a ray with parameter p g the surface separation of the shot from the geophone t^′ one-way time, surface to reflector, along a ray τ travel-time depth of buried geophones, one-way time along a ray t travel time seen by buried geophones v(p, t_p) a stratified velocity function v^′(z), in the new coordinates

The coordinate system is based on the following simple statements: (1) travel time from shot to geophone is twice the travel time from shot to reflector, less the time-depth of the geophone; and (2) the horizontal distance traveled by a ray is the time integral of v sin θ = pv^2; (3) the vertical distance traveled by a ray is computed the same way as the horizontal distance, but with a cosine instead of a sine.

t(t^′, p, τ) = 2 t^′ − τ (11.8) g(t^′, p, τ) = 2 p ∫ t0 0 v(p, t_p)^2 dt_p − p ∫ τ 0 v(p, t_p)^2 dt_p (11.9) z(t^′, p, τ) = ∫ τ 0 v(p, t_p) √ 1 − p^2 v^2 dt_p (11.10)

Surfaces of constant t^′ are reflections. Surfaces of constant p are rays. Surfaces of constant τ are datum levels. Unfortunately, it is impossible to invert the above system explicitly to get (t^′, p, τ) as a function of (t, g, z). It is possible, however, to proceed analytically with the differentials. Form the Jacobian matrix ∂_t0 ∂_p ∂_τ = t_t0 t_p t_τ g_t0 g_p g_τ z_t0 z_p z_τ ∂_t ∂_g ∂_z (11.11)

Performing differentiations only where they lead to obvious simplifications gives the transformation equation for Fourier variables: −ω^′ k_p k_τ = 2 0 −1 g_t0 g_p g_τ 0 z_p z_τ −ω k_g k_z (11.12)

It should be noted that (1.12) is a linear relation involving the Fourier variables, but the coefficients involve the original time and space variables. So (1.12) is in both domains at once. This is useful and valid so long as it is assumed that second derivatives neglect the derivatives of the coordinate frame itself. This assumption is often benign, amounting to something like spherical divergence correction.

Here we could get bogged down in detail, were we to continue to attack the nonzero offset case. Specializing to zero offset, namely, p = 0, we get −ω^′ k_p k_τ = 2 0 −1 0 2t^′ − τ 0 0 0 v −ω k_g k_z (11.13)

Equation (1.13) may be substituted into the single-square-root equation for downward continuing geophones, thereby transforming it to a retarded equation in the new coordinate system.

11.3.4 Historical notes on a mysterious scale factor

My first migrations of reflection seismic data with the wave equation were based on the U/D concept. The first wave-equation migration program was in the frequency domain and worked on synthetic profiles. Since people generally ignored such work I resolved to complete a realistic test on field data. Frequency-domain methods were deemed “academic.” I found I could use the bilinear transformation of Z-transform analysis to convert the 15^∘ wave equation to the time domain. As a practical matter, it was apparent that a profile migration program could be used on a section. But the theoretical justification was not easy. At that time I thought of the exploding-reflector concept as a curious analogy, not as a foundation for the derivation.

The actual procedure by which the first zero-offset section was migrated with finite differences was more circuitous and complicated than the procedure later introduced by Sherwood (Loewenthal et al [1976]) and adopted generally. The equation for profile migration in moveout-corrected coordinates has many terms. Neglecting all those with offset as a coefficient (since you are trying to migrate a zero-offset section), you are left with an equation that resembles the retarded, 15^∘ extrapolation equation. But there is one difference. The v ∂_{gg} term is scaled by a mysterious coefficient, [t^′/(2t^′ − τ)]^2. This is the equation I used. As the travel-time depth τ increases from zero to the stopping depth t^′, the mystery coefficient increases slowly from 1/4 to 1.

Unfortunately my derivation was so complicated that few people followed it. (You notice that I do not fully include it here). My 1972 paper includes the derivation but by way of introduction it takes you through a conceptually simpler case, namely, the seismic section that results from a downgoing plane-wave source. This simpler case brings you quickly to the migration equation. But the mystery coefficient is absent. Averaged over depth the mystery coefficient averages to a half. (The coefficient multiplies the second x-derivative and arises from Δx decreasing as geophones descend along a coordinate ray path toward the shot). Sherwood telephoned me one day and challenged me to explain why the coefficient could not be replaced by its average value, 1/2. I could give no practical reason, nor can I today. So he abandoned my convoluted derivation and adopted the exploding-reflector model as an assumption, thereby easily obtaining the required 1/2. I felt more comfortable about the mystery coefficient later when the survey-sinking concept emerged from my work with Doherty, Muir, and Clayton.

My first book, FGDP, describes how the U/D concept can be used to deal with the three problems of migration, velocity analysis, and multiple suppression. In only one of these three applications, namely, zero-offset migration (really CDP-stack migration), has the wave-equation methodology become a part of routine practice. Nonethe-less, the U/D concept has been generally forgotten and replaced by Sherwood’s exploding-reflector concept.

11.4 PREDICTIONS FOR THE NEXT DECADE

In the 1960s seismologists learned how to apply time-series optimization theory to seismic data—see FGDP for that. Eventually time series reached the point of diminishing returns because its approach to spatial relations was oversimplified. In the 1970s seismologists learned to apply the wave equation. That’s what this book has been about. You can see that the job of applying the wave equation is not yet complete, but we have come a long way. Perhaps we have solved most of our “first-order” problems, and the problems that remain are mainly “second order.” For second-order effects to be significant, all the first-order phenomena must be reasonably accounted for.

Some first-order effects that this book has touched on only lightly relate to obvious, as well as subtle, imperfections in seismic data.

11.4.1 Problems in the database

We often have a problem of truncation. The recording cable is of course finite in length, and perceptible waves generally travel well beyond it. The seismic survey itself has finite dimensions. We also have the problem of gaps. Gaps in seismic data may occur unpredictably, as when a gun misfires or surveyors are denied access to parcels of land in the midst of their survey. In addition we have the problem of spatial aliasing. Because of improving technology, we can expect a substantial reduction in aliasing on the geophone axis, but aliasing on the shot axis will remain. There are only twenty-four hours in a day, and we must wait ten seconds between shots for the echoes to die down. So, given a certain area to survey and a certain number of months to survey it in, we end out with a certain number of shotpoints per square kilometer. With marine data, the spacing in the line of the path of the ship presents no problems compared to the problems presented by data spacing off the line.

Migration provides a mapping from a data space to a model space. This transformation is invertible (in the nonevanescent subspace). When data is missing, the transformation matrix gets broken into two parts. One part operates on the known data values, and the other part operates on the missing values. This book mostly ignores the missing part.

Noisy data can be defined as data that doesn’t fit our model. If the missing data were replaced by zeroes, for example, the data would be regarded as complete, but noisy. Data is missing where the signal-to-noise ratio is known to be zero. More general noise models are also relevant, but statistical treatment of partially coherent multidimensional wave fields is poorly developed in both theory and practice.

11.4. PREDICTIONS FOR THE NEXT DECADE 363

My prediction is that a major research activity of the next decade will be to try to learn to simultaneously handle both the physics and the statistics of wavefields.

11.4.2 Reuniting optimization theory and wave theory

Let’s take a quick peek beyond this book into the future. A seismic image is typically a 1000×1000 plane, derived from a volume of about 1000^3 interrelated data points. There are unknowns present everywhere, not only in the earth model, but also in the data, as noise, as gaps, and as insufficient spatial density and extent of data recording. To assemble an interpretation we must combine principles from physics with principles from statistics. Presumably this could be done in some monster optimization formulation. A look at the theory of optimization shows that solution techniques converge in a number of iterations that is greater than the number of unknowns. Thus the solution to the problem, once we learn how to pose the problem properly, seems to require about a million times as much computing power as is available. What a problem!

But the more you look at the problem, the more interesting it becomes. First we have an optimization problem. Since we are constrained to make only a few iterations, say, three, we must go as far as we can in those three steps. Now, not only do we have the original optimization problem, but we also have the new problem of solving it in an optimum way. First we have correlated randomness in the raw data. Then, during optimization, the earth model changes in a correlated random way from one iteration to the next. Not only is the second optimization problem the practical one—it is deeper at the theoretical level.

11.4.3 Throw away your paper sections.

Current seismic interpretation often amounts to taking colored pencils and enhancing aspects of a computer-generated image. Seismic interpretation is entering an era in which the interpretation will all be done on a video screen. The basic reason is that a sheet of paper is only two-dimensional, while most reflection data is threedimensional. Modern 3-D surveys really record four-dimensional data. A video screen can show a movie. The operator/interpreter can interact with the movie. There are things I would like to show you, but I cannot show you in a book. Seismic data or even a blank sheet of paper has texture. When a textured object moves, you immediately recognize it. But I couldn’t show it to you with pictures in this book. (Imagine a sequence of pictures of a blank sheet of paper, each one shifted some way from the previous one). The perception of small changes is blocked by any eye movement between pictures. Astronomers look for changes in the sky by rapidly blinking between looking at photographs taken at different times. Our eyes are special computers. Movies often show “where something comes from,” enabling us to notice the unexpected in the general ambiance.

Most seismic interpretation is done on stacked sections. The original data is three-dimensional, but one dimension is removed by summation. Theoretically, the summation removes only redundancy while it enhances the signal-to-noise ratio. In reality, things are much more complicated. And much more will be perceptible when summations are done by the human eye (just by increasing the speed of a movie). There will be two generations of seismic interpreters—those who can interpret the prestacked data they see on their video screens—and those who interpret only stacked sections.