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Abstract

The near surface environment is often the source of the most

severe lateral velocity variations present in the seismic section.

Near surface lateral velocity variations distort the traveltimes

of deeper events and are the most serious limitation in achieving

accurate structural maps.

This work discusses the development of a near surface

velocity model for a shallow marine data set. The near surface

model consists of three components. The first is a model of the

laterally variable seafloor depth and topography. Below the

seafloor, the model consists of the compressional wave velocity as

a function of depth which reaches a maximum depth of approximately

500 meters. The presence of vertical and lateral velocity

gradients is recognized. Embedded within this slowly varying

background velocity field are a number of local lens-like velocity

anomalies. The lens anomalies represent the major lateral velocity

variations present in the near surface.

Autocorrelograms of the deeper pre-stack data are used to

obtain the seafloor model. The period of the first water layer

reverberation is used to estimate the water depth. These data are

enhanced by a deconvolution algorithm which improves the agreement

at the line intersections.

Measured first arrival times from the pre-stack data are used

to develop the subseafloor velocity model. A multichannel filter



algorithm is devised to estimate the traveltime deviations

produced by the lens anomalies and the common shot statics. These

traveltime deviations are the higher spatial frequency components

of the first arrival times and are produced by the higher spatial

frequency components of the velocity model. The output from the

algorithm consists of a sixteen layer traveltime (velocity)

perturbation model.

The estimates of the lens anomaly and shot static produced

traveltime deviations are subtracted from the first arrival times

to isolate the slowly varying background components. These data

are then inverted using the Generalized Linear Inversion and Tau-

sum algorithms to obtain the laterally varying background velocity

model.
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Chapter 1 - Introduction

The near surface environment is often the source of the most

severe lateral velocity variations present in the seismic section.

Lateral velocity variations in the near surface distort the

seismic traveltimes of deeper events and are the most serious

limitation in achieving accurate structural maps. Backus (1985)

states, "Inadequacy in our handling of near surface effects is the

most important limitation to the exploration quality of seismic

data, in the current state of the art, everywhere in the world, at

all levels of data quality ...
with the notable exception of deep

water data where nature has solved the problem for us."

In the past, the primary goal of the seismic exploration

industry has been directed towards obtaining an accurate geometric

model of the subsurface which is based on traveltime information.

Typically, the data were CDP stacked, automatic gain control (AGC)

was applied, and the data were then interpreted for structural

traps. Lately, the emphasis has turned towards obtaining an

accurate stratigraphic model of the subsurface where changes in

waveform amplitude and character are important in both pre-stack

and post-stack data. Near surface velocity variations can affect

both the structural and stratigraphic images of the subsurface. As

a result of near surface velocity variations, the apparent

subsurface structure on stacked sections may be distorted,

1
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erroneous stacking velocities may result due to reflection times

which deviate from hyperbolic moveout, and the quality of the CDP

stack may be degraded due to alterations in waveform amplitude and

character.

It is somewhat ironic that the data which contain the

valuable near surface velocity information are commonly discarded

at an early stage of the seismic processing sequence. Data

recorded at large x/t ratios are commonly zeroed out because of

their obvious deviation from the hyperbolic assumption used in

conventional velocity analysis programs. These mute zone data

(wide-angle reflections, refractions, and/or diving waves) are

believed to be especially critical for the extraction of shallow

velocity information. It is these data which propagate with

apparent horizontal velocities (which are measurable at the

earth's surface) nearest to the true velocities of the media and

are especially critical for near surface velocity control.

It is interesting to consider that the importance of

obtaining an accurate near surface velocity model seems to have

come full circle since the beginning of the seismic era. The

seismic refraction method was a highly developed art in the 1920's

when it was used to outline shallow Gulf Coast salt domes and the

fan shooting method was popular (McGee and Palmer, 1967). The

seismic reflection method began to dislodge the refraction method

as the bread and butter of the industry in the 1930's and 1940's

because of its increased resolution and depth of penetration.
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The late 1950's was a high point for the use of the

refraction method, primarily to provide weathering corrections for

reflection data. The near surface low velocity (weathered) layer

common to land data was the primary culprit in limiting the

quality of onshore seismic data. The shallow subsurface was

usually considered to be made up of constant velocity layers. Any

lateral variations in velocity were considered to be caused by

changes in the depth of the weathered layer. Techniques such as

the time-delay method (Gardner, 1939), the wavefront method

(Thornburgh, 1930), and the plus-minus method (Hagedoorn, 1959)

found widespread use. Several techniques were introduced which

modified the constant velocity assumptions to incorporate more

realistic geologic conditions; dipping refractors of constant or

variable thicknesses, and/or velocities which varied with depth

within a layer (Banta, 1941; Goguel, 1951; Kaufman, 1953;

Hagedoorn, 1955).

Throughout the 1960's the wide-angle data were all but

forgotten due to the invention and evolution of the CDP stack and

digital processing techniques. The wide-angle data were commonly

muted out, and little if any attention was directed towards the

near surface velocity structure. Reflection statics methods

(Hileman et al., 1968; Disher and Naquin, 1970) and residual

statics methods (Wiggins et al., 1976) were designed to correct

for traveltime variations produced by a variable near surface, but

were based on information derived from the deeper reflection
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events and did not provide any near surface velocity information.

Over the past several years there has been a resurgence in

the use of refracted arrivals to provide near surface traveltime

corrections (Cunningham, 1976; Palmer, 1981). The limitations of

residual statics techniques (spatial resolution deteriorates as

the spatial wavelength of the anomaly increases beyond a cable

length), as well as the industry trend towards a larger number of

recording channels, shorter trace intervals, and shorter source

and receiver arrays, have contributed to the increasing popularity

of refraction statics methods. Refraction based static correction

methods analyze refracted arrivals to create a near surface

velocity model, and then estimate reflection time variations

produced by the model (Hampson and Russell, 1984; Schneider and

Kuo, 1985). These derived time shifts are then applied as statics

to relate subsurface events to a given datum so that deeper events

are no longer affected by shallow transmission anomalies. The use

of refracted arrival times to delineate a model of the near

surface offers potential benefits in computing long wavelength

statics and improving the results of subsequent residual statics

techniques.

Refraction based methods are primarily intended to correct

for transmission anomalies attributed to the weathered layer found

in land data. But local lateral velocity variations (isolated

anomalies much smaller than a cable length) are also important

contaminators of deeper data, particularly in shallow marine
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environments. Fulton and Darr (1984) have used wide-angle arrivals

to detect and locate near surface velocity anomalies. Loinger

(1983) and Lynn and Claerbout (1982) have illustrated the effects

that local lens anomalies can have on stacking velocity estimates

and given methods to correct for them. Tomographic methods

utilizing pre-stack traveltime information (Bishop et al., 1985;

Cutler et al., 1984) have been used to correct for transmission

through local velocity anomalies in the near surface.

1.1: Objectives

The primary goal of this study is to develop a 3-D velocity

model which will predict the first arrival times obtained from a

2-D grid of shallow marine seismic reflection data. The near

surface model should include local anomalous lenses and vertical

and lateral velocity gradients. A model of compressional wave

speed versus depth for the upper 500 meters of the subsurface will

be obtained. An immediate application of the resulting model will

be to provide dynamic traveltime corrections for transmission

effects through the near surface to a buried datum. This model can

then be used as a starting model for the long wavelength

components of the velocity function in the attempt to invert for

the full waveform data in the mute zone.
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1.2: Data set

Approximately 300 line-km of 48 channel seismic reflection

data are available from the Offshore Area One (OA-1) marine

prospect which covers a 10 by 10 km grid. The data were collected

with 24-fold coverage with a CDP spacing of 25 meters. The CDP

data were then sorted into full 48-fold records with a CDP smear

of 25 meters. The streamer configuration is shown in Figure 1.1,

and the basemap is shown in Figure 1.2. The prospect consists of

31 lines, strike lines 1-10 which run "north-south" and dip lines

11-31 which run "east-west". The basin is towards the west.

Various aspects of the data set have been the subject of previous

studies (Backus and Chen, 1975; Catto, 1981; Chang, 1983; Todd,

1986; Finn, 1986).

Over 300,000 first arrival times covering an offset range of

300-2650 meters are available. The near surface is generally well

behaved in this area. In general, the shallow sediments exhibit

gentle dips and rapid compaction with depth. At certain shallow

depths there are local low velocity lenses (interpreted as gas

charged sands) which are apparent on the conventional CDP stacked

sections as shallow bright spots. Figure 1.3 shows portions of the

conventional stacked sections for lines 3 and 28 illustrating the

shallow velocity anomalies. These low velocity lenses are the

major source of lateral velocity variations in the near surface.

These lenses introduce nontrivial time delays to first arrivals at



Figure 1.1: Streamer configuration for the Offshore Area One data,
taken from Todd (1986).
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Figure 1.2: Offshore Area One basemap.
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Figure 1.3: Portions of the conventional CDP stacked sections for

lines 3 and 28 illustrating the shallow velocity anomalies.
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offsets for which the first arrival propagates through the

anomaly.

It should be recognized that this first arrival time data set

is comprised of wide-angle reflections and diving waves; true head

waves are not significant.

1.3: Implications and applications of the near surface model

Obtaining an accurate velocity model of the near surface is

not the primary goal of the seismic reflection method. The primary

goal is the enhancement of our image of the target zone; typically

from 1.0-2.0 seconds traveltime where hydrocarbon accumulations

are often found. The desired target zone image can be greatly

enhanced by an accurate near surface model.

The most common use of the shallow velocity model is to

provide static time corrections to a buried datum which account

for traveltime distortions through the near surface. Dent (1983)

attempts to provide dynamic traveltime corrections computed by

raytracing to correct for traveltime distortions produced by a

submarine canyon cut into the seafloor. Near surface velocity

anomalies can also affect the amplitude of deeper reflection

events. This becomes particularly important in the pre-stack

analysis of the variation in reflection coefficient with offset

(Ostrander, 1984; Todd, 1986). Gassaway (1984) states that

transmission effects are an order of magnitude greater than other
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effects, and that transmission anomalies in the shallow section

can totally mask the true reflection coefficient versus incidence

angle response at the objective horizons. Morley (1984) comes to

the conclusion that the near surface medium does not affect our

ability to invert for the elastic parameters at depth provided

that there are no lateral inhomogeneities in the near surface.

Taner and Koehler (1981) attempted to correct for amplitude

anomalies in a surface consistent manner.

An application of an accurate near surface model is for the

replacement of the shallow section. A correction time is computed

for the replacement of the weathering layer, or near surface

layers, with a single constant velocity layer. Yilmaz and Lucas

(1986), and Berryhill (1986) make use of the wave equation

datuming technique (Berryhill, 1979, 1984) to reduce the problems

of distortion and disruption of reflections below an irregular

water bottom. The process begins with the downward continuation of

common source and common receiver gathers to the base of the water

layer. The procedure is then reversed with the subseafloor

velocity so that the data appear as if acquired from a constant

velocity layer near the surface. The development of an accurate

near surface velocity model would allow for the total replacement

of the shallow section.

Perhaps the most interesting application of an accurate near

surface model is for deterministic reverberation reduction. The

Backus filter (Backus, 1959) can be generalized to account for and
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remove the near surface generated reverberation effects (Kunetz

and Fourmann, 1968; Middleton and Whittlesey, 1968). Conventional

predictive deconvolution methods are very powerful but require

stringent time prediction of the reverberatory components (Backus

and Simmons, 1984). Morley and Claerbout (1983) have taken a first

step in making the predictive deconvolution process more

deterministic by using a split operator based on different water

layer properties at the source and receiver. The angle dependence

of near surface reverberations can be very significant and can

possibly be accounted for and removed with the use of a model

based deconvolution scheme.

1.4: Methods and organization

The goal of this study is to develop a 3-D model for the

compressional wave velocity in the upper 500 meters of the

subsurface. The general form of the shallow velocity model is

shown in Figure 1.4. The water depth Z w (x,y) varies around the

prospect as a function of spatial location. The depth dependent

background velocity function V(x,y,z) also varies with spatial

location. Embedded within the background velocity field are a

number of anomalous low velocity lenses, AV(x,y,z). These lens

anomalies introduce first order traveltime variations to the first

arrival time data set, and also affect the deeper reflection data.

The effects of the near surface velocity lenses on the deeper



Figure 1.4: Form of the shallow velocity model to be obtained.
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reflections are clearly illustrated in the colorstack displays of

Todd (1986).

An initial step in this model formulation is the estimation

of the water bottom depth and topography. Chapter 2 discusses the

use of autocorrelograms of the deeper reflection data to obtain an

accurate and robust estimate of the seafloor depth and topography.

A crucial issue in this study is the estimation of the near

surface anomaly effects seen in the first arrival time data set.

Chapter 3 discusses the use of a specialized multichannel

filtering (MCF) technique to estimate and predict in a least-mean-

squared-error (LMSE) sense the traveltime deviations produced by

the lens anomalies and shot statics present in the first arrival

time data set. Linear models, which represent the lateral velocity

variations as a series of time delays at several depth levels, are

obtained as output from the multichannel filtering procedure.

These linear models are then used to accurately map the near

surface anomalies throughout the prospect, and represent the

higher spatial frequency components of the near surface velocity

model.

Chapter 4 discusses the estimation of the laterally varying

background velocity field from the inversion of the first arrival

time data. The LMSE predictions of the lens anomaly and shot

static effects are removed from the original first arrival time

data set. These "anomaly-free" data, which contain the more slowly

spatially varying components of the first arrival times, are then
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amenable to a series of 1-D inversions for the compressional wave

velocity versus depth model. The Generalized Linear Inversion

(GLI) algorithm is used to invert the data, as is the Tau-sum

algorithm. A number of background velocity models are computed at

various spatial locations around the prospect. These velocity

models are then used to map the interval velocity and vertical

traveltime to a series of depth levels.

The conclusions from this study and recommendations for

future work are given in Chapter 5.



Chapter 2: Autocorrelograms and the Seafloor Model

2.1: Introduction

The ultimate goal of this study is to develop a three-

dimensional velocity model of the near surface which will

reproduce the observed first arrival time data. A first step in

this model construction is the development of techniques which

will accurately depict the water bottom depth and topography.

Given the shallow water depths (55-70 meters) and short near trace

offset (300 meters) present in the data set, it is very difficult,

if not impossible, to obtain reliable information about the water

bottom directly from the data by conventional methods. For

example, assuming a 60 meter water depth, a 300 meter near trace

offset, and a water velocity of 1500 m/sec, the water bottom

reflection arriving at the near trace would be propagating at a

horizontal ray parameter of approximately 0.6 sec/km. This absence

of low p (ray parameter) data at early record times is a

fundamental limitation of shallow marine data. Figure 2.1 shows

two typical shot records taken from the most basinward and most

landward portions of the prospect. The shallow water depths

prohibit any direct interpretation of the data for the near

surface structure. The absence of low p information, as well as

interference from the direct wave, water layer reverberations, and

16
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Figure 2.1: a) Common shot record from line 11, SP 1 (basinward),
b) Common shot record from line 31, SP 1 (landward).
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other subsurface events, necessitates the use of alternate methods

to obtain the desired water bottom information.

Autocorrelograms of the deeper reflection data will be used

to infer the water layer information that is not directly

available from the seismograms. Reverberatory components which may

be present, but obscured, in the original data often appear

clearly in the corresponding autocorrelations (Anstey, 1966). In

this instance the autocorrelogram data are used to reveal the

water layer reverberatory structure so that an estimate of the

water bottom depth and topography can be obtained. System timing

problems often plague the recording of seismic data resulting in a

difficult determination of the true t=o time. The autocorrelogram

method will be shown to provide a robust estimate of the seafloor

depth that is independent of the recording system timing response.

2.2: Method and procedure

The 10 near traces of each common shotpoint gather are used

as input to the autocorrelogram process. Individual trace

autocorrelations are computed over a time gate of approximately

1.0-2.0 seconds for each 10-trace ensemble. The individual

ensembles are then stacked and normalized to yield a single

stacked autocorrelation for each shotpoint location in the

prospect. The arrival time of the first water layer reverberation

is then automatically picked from the stacked autocorrelogram
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sections. The picked times provide estimates of the water bottom

depth. The amplitudes of the first reverberation are also recorded

and may provide a rough estimate of the apparent seafloor

reflectivity.

2.3: The autocorrelogram process

Figure 2.2 shows a common shot record from line 15 indicating

the time gate over which the autocorrelogram computations are

performed. A time gate of 1.0-2.0 seconds on the near trace

linearly interpolating to 2.0-3.0 seconds on the far trace is

used. This particular time window is selected since the

reverberation period becomes more stable (the reverberation period

is less variable for small p) at greater record times, and the

water layer reverberations are still of sufficient amplitude to

appear clearly in the autocorrelations.

Figure 2.3 shows the unnormalized and normalized

autocorrelogram of the example shot record shown in Figure 2.2.

The full suite of 48 offsets is included. An overall decrease in

amplitude with increasing offset is readily apparent in the

unnormalized autocorrelogram (Figure 2.3a) with a sharp amplitude

decrease at 1000 meters offset. Normalization by the zero-lag

value (Figure 2.3b) reveals a sharp decrease in the amount of high

frequency components with increasing offset. Offsets between 1000

and 1550 meters contain a large amount of higher frequency
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Figure 2.2: Common shot record for line 15, SP 50. The time gate
used to compute the individual trace autocorrelations is shown.
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Figure 2.3: a) Unnormalized autocorrelogram of the shot record

shown in Figure 2.2. The zero-lag value is aligned at 1.5

sec. b) Normalized autocorrelogram of the shot record seen in

Figure 2.2. The data in Figure 2.3 a are normalized by the zero-lag
value on a trace-by-trace basis.
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components. The first water layer reverberation has a period of

about 80 ms on the near trace and is marked. The reverberation

period decreases with offset due to its dependence on the cosine

of the incidence angle (Chang, 1983). Since the nearer traces

dominate the autocorrelogram with regard to amplitude, and the

vertical traveltime of the reverberation is nearer to the true

normal incidence time, only the ten near traces of each shot

record are included in subsequent autocorrelogram computations.

The maximum ray parameter under consideration in this particular

time window for the offset aperture used (300-750 meters) is

roughly 0.1 sec/km, as measured from the shot record in Figure

2.2.

Each 10-trace ensemble of unnormalized common shotpoint

autocorrelograms is then stacked to yield a single stacked

autocorrelogram trace for each shotpoint location in the prospect.

The stacked autocorrelogram traces are then normalized by their

zero-lag values and displayed on a line by line basis.

Figure 2.4 displays the stacked autocorrelogram section for

line 15 with the first 2.0 seconds of the conventional stacked CDP

section below. The first water layer reverberation is indicated by

the arrows and shows an increase in period across the line towards

the basin (left). Frequency variations are most apparent in the

autocorrelogram section. These frequency variations are related to

changes in the geology within the 1.0-2.0 second time gate used

and appear to correlate with subsurface faulting.
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Figure 2.4: a) Stacked autocorrelogram section for line 15. The

first water layer reverberation is marked. Notice the frequency
variations which occur across the section, b) Conventional CDP

stacked section.
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Figure 2.5 displays the stacked autocorrelogram and

conventional CDP sections for line 28. The autocorrelogram data

show the effects of a shallow velocity anomaly, seen as a shallow

bright spot between the intersections with lines 4 and 5 on the

stacked section. Note the broadening of the main lobe of the

autocorrelogram which implies a loss of high frequency energy due

to transmission through the anomaly. A strong reverberatory

component is reinforced by the anomaly with a period of

approximately 55 ms. Frequency variations are again apparent and

can be correlated with subsurface faulting.

2.4: Picked times and amplitudes

The first water layer reverberation is automatically picked

for the arrival time and amplitude from the stacked

autocorrelogram sections. The picking software used was developed

by Stark (1986). The picked times reveal the apparent water depth

(assuming a water velocity) and the overall topography of the

water bottom. The amplitudes of the time picks may provide a rough

estimate of the apparent seafloor reflectivity. Anstey (1977)

gives a relationship between the amplitude of the first water

reverberation and the zero-lag amplitude that may provide an

estimate of the reflectivity. A portion of the amplitude data is

included here but future study is necessary to confidently relate

these amplitude values to the seafloor reflectivity.
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Figure 2.5: a) Stacked autocorrelogram section for line 28. The
first water layer reverberation is marked. Notice the effects
produced by the shallow bright spot which can be seen in the CDP

stacked section below. b) Conventional CDP stacked section.
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The picked times and amplitudes of the first water layer

reverberation for line 15 are shown in Figure 2.6. The data are

displayed as a function of common shotpoint location. The

amplitude values are the absolute value of the ratio of the first

reverberation amplitude to the zero-lag amplitude. The period of

the water layer reverberation increases towards the basin (left)

and varies from 70 to 90 ms across the line. There is a sharp

break in the slope of the arrival times near shotpoint 100 which

may be due to a stream channel. The arrival times are quite robust

although there is a slight amount of scatter in the data at the

higher shotpoint numbers. The amplitude values remain relatively

constant across the line from shotpoints 1 to 150. Lower amplitude

values occur for the higher shotpoint numbers and are associated

with the area in which some scatter is present in the arrival

times.

A question may arise as to the accuracy of the

autocorrelogram time picks since averaging over a 450 meter

aperture permits larger ray parameter information into the

calculation which may produce thickness estimates that are less

than their true values. Ideally zero ray parameter data should be

used to predict the vertical traveltime estimates, but zero ray

parameter information is not recorded in practice. Morley and

Claerbout (1983) use only the near trace to estimate the water

depth at the source and receiver locations for their split-

deconvolution operators. Figure 2.7 shows the near trace only
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Figure 2.6: Autocorrelogram picks for line 15. The amplitude
values are normalized by the zero-lag values.
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autocorrelation time picks plotted with the 10-trace stack

autocorrelogram time picks for line 15. The difference between the

two sets of time picks (10-trace minus near trace) is displayed in

the lower part of the figure. In general, the differences between

the near trace and 10-trace picks are on the order of + 1 ms

except in isolated instances. The near trace picks show a much

larger amount of scatter and are less robust. Differences between

the two sets of picked times which are attributed to the

difference in the ray parameter range included in the estimates

are second order. The main effect is the spatial smear of the

reverberation estimates from the 10-trace stack data. The use of

the 10-trace averaged ensemble actually introduces a desirable

amount of smoothing prior to picking, which more than offsets any

loss of accuracy in thickness estimation due to the larger ray

parameter data included in the calculation.

2.5: The seafloor model

The period of the first water layer reverberation is

determined for each of the 31 lines in the prospect. Figures 2.8

to 2.10 display a subset of the arrival time estimates for three

sets of three line swaths. The corresponding amplitudes are shown

in Figures 2.12 to 2.14. Superimposed on these data are the

corresponding crossline values at the line intersections, with

similar symbols corresponding to lines shot in similar directions.



Figure 2.7: a) Comparison of the autocorrelogram time picks for

the 10-trace stack and near trace only data, b) Difference between
the 10-trace stack and near trace data.

29



Figure 2.8: Autocorrelogram times for strike lines 1,2,
and 3. Superimposed on these data are the corresponding values for

the dip lines at the line intersections. Crosses correspond to dip
lines shot with the ship heading updip (west to east) and squares
correspond to dip lines shot with the ship heading downdip. The

horizontal axis is shotpoint and the vertical axis is in ms. The

apparent water depths assuming a water velocity of 1500 m/sec are

shown at the right.
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Figure 2.9: Autocorrelogram times for lines 15, 16, and 17. The

display format is identical to that of Figure 2.8 except that the

squares correspond to strike lines shot in the north-south

direction, and the crosses correspond to strike lines shot from

south to north.



Figure 2.10: Autocorrelogram times for dip lines 26, 27, and 28

with the strike line values at the line intersections

superimposed.
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Figure 2.11: The relationship between the ratio of the first water

layer reverberation autocorrelation amplitude and the zero-lag
amplitude to the apparent seafloor reflectivity. The figure is
taken from Anstey (1977).
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Figure 2.12: Autocorrelogram amplitude data for strike lines 1,
2, and 3. The crossline values at the line intersections are

shown. The scale at the left is the absolute value of the ratio
between the first water reverberation amplitude and the zero-lag
amplitude of the autocorrelogram data. The scale at the right is

the apparent seafloor reflectivity as determined from Figure 2.11.



Figure 2.13: Autocorrelogram amplitude data for dip lines 15, 16,
and 17. The crossline values at the line intersections are

marked. Notice the excellent line ties along line 17.
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Figure 2.14: Autocor relogram amplitude data for dip lines 26, 27,
and 28. The crossline values at the line intersections are

marked.
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The line intersection locations are indicated at the top of each

figure. In general, features seen in the arrival times correlate

well around the prospect and the values at the line intersections

tie extremely well. The apparent water depths range from about 52

meters (70 ms two-way time) to 70 meters (93 ms two-way time)

across the prospect.

The amplitude values also tie well around the prospect. The

amplitude values can be approximately related to the apparent

seafloor reflectivity using the relationship shown in Figure 2.11.

Anstey (1977) states that the relationship is valid only when the

reverberation period is at least twice as long as the basic

seismic wavelet. The extent to which this relationship applies to

the OA-1 data is not clear, but Anstey's scale is included on the

autocorrelogram amplitude picks along the right side of the

figures. Note the excellent agreement at the line intersections

along lines 17 and 26.

Two factors may be contributing to the misties seen at the

line intersections of the autocorrelogram time data. The first is

that the geometry for the data set was obtained by reading the

shotpoint locations directly from the basemap, and assuming that

the streamer was located directly behind the ship. This effect is

thought to be of minor consequence. The second and major factor

contributing to the mistie problem is the 450 meter averaged

reverberation estimate from the receiver locations used in the

autocorrelogram computation. The resulting stacked autocorrelogram
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traces are shifted spatially from the shotpoint location. This

effect can be seen clearly, particularly in the time picks of the

strike lines (Figure 2.8). Dip lines shot with the ship heading

towards the basin (squares) have values at the line intersections

that are less than the strike line values because the subsurface

average point is actually updip from the shotpoint intersection

and predicts a slightly shallower water depth. Lines shot in the

opposite direction have intersection values that are greater than

the strike lines since the subsurface average locations are

downdip. The magnitude of the bias introduced by the shooting

direction of the lines is dependent on the dip of the seafloor.

Figure 2.15 a shows a histogram of the time misties between

the strike and dip line data at the line intersections. The

histogram is bimodal because of the time misties produced by the

line shooting direction bias. The histogram shows that most of the

errors are within +_ 1.5 ms. Figures 2.15 b and 2.15 c are the time

mistie histograms separated into components where Figure 2.15b

shows the histogram data for dip lines shot in the updip

direction, and Figure 2.15 c shows the histogram for dip lines shot

downdip. Both of the component histograms are skewed because of

the shooting direction bias. A solution to this problem is to

perform a spatial deconvolution of the autocorrelogram times to

remove the effects of the 10-trace stacking, and the effect of the

300 meter near trace offset.
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Figure 2.15: a) Histogram of the time misties at the 210 line
intersections in the prospect, b) Histogram of the time misties
for dip lines shot in the updip direction, c) Histogram of the
time misties for dip lines shot in the downdip direction.
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2.6: Spatial deconvolution of the autocorrelogram times

The autocorrelogram times are actually a filtered version of

the true water bottom arrival time profile. The 10-trace stack of

the common shotpoint autocorrelations acts to smooth and spatially

shift the data from the actual common shotpoint location. These

effects become particularly apparent at the line intersections.

The autocorrelogram times can be used to formulate a least-squares

inverse problem where the objective is to remove the effects of

the 10-trace stacking operator from the recorded times to obtain a

less biased estimate of the true water bottom arrival time

profile. The goal of the inversion is to boost the higher spatial

frequency components that are attenuated in the stack, and to

remove the line shooting direction bias.

The measured autocorrelog ram times can be expressed in the

spatial domain as a convolution of the 10-trace stacking response

with the true water bottom arrival time profile as

g(x) * t (x) = T(x), where

g(x) = 10-trace stacking response (known),

(2.1)

t(x) = true water bottom arrival time profile (unknown),

T(x) = measured water bottom arrival times (known).

In the spatial frequency domain the measured times can be

expressed as the product of the stacking response and the true

water bottom profile. Equation (2.1) becomes
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G(k
x ) t (kx ) = T(kx), where (2.2)

G(kx), t (k x ), and T(kx ) are the respective Fourier transforms of

g(x), t(x), and T(x) in equation (2.1). Equation (2.2) is a

single linear equation for each k x. G(kx ) and T(kx ) are complex

numbers. The goal of the inversion is to solve for the unknown

complex number x(kx)» The problem is analogous to the frequency

domain deconvolution problem where G can be considered as the

known wavelet, T corresponds to the seismic trace, and t

corresponds to the unknown reflectivity.

The 10-trace stacking response (G matrix) is known exactly.

Figure 2.16 a shows the spatial domain impulse response of the G

matrix, along with the amplitude and phase spectra in the spatial

frequency domain. The impulse response consists of a boxcar that

is 450 meters in length which is offset from a delta function by

300 meters. The delta function corresponds to the actual common

shotpoint surface location, and the boxcar corresponds to the 10

near traces used in the stack. The impulse response is reversed

for lines shot in the opposite direction (dashed line).

The amplitude and phase spectra of the G matrix are shown in

Figures 2.16 b and c. The amplitude response contains a minimum at

k
x=0.9375 cycles/km that is approximately 20 dB down. The higher

spatial frequencies are about 6 dB down. The amplitude response is

independent of the shooting direction of the data. The relation-

ship between the phase responses is that they are complex
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Figure 2.16: a) Spatial domain impulse response of the 10-trace

stacking operator (dashed refers to the operator for lines shot in

the opposite direction), b) Amplitude spectrum of the 10-trace

stacking operator as a function of spatial frequency, c) Phase

spectrum of the 10-trace stack operator as a function of spatial
frequency.
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conjugates of each other. The two phase curves are shown in Figure

2.16c. The phase curves indicate the amount of spatial shift as a

function of spatial frequency that is produced by the particular

impulse response. The amount of spatial shift is determined by the

slope of the phase curve over the different spatial frequency

ranges. The largest amount of spatial shift occurs for the low

spatial frequencies since the phase curve contains the steepest

slope in this region. The slope changes sign near the minimum in

the amplitude spectrum; spatial frequencies in the vicinity of the

minimum (positive slope) are shifted in the opposite direction

from the low spatial frequencies.

A straightforward frequency domain division cannot be used to

solve equation (2.2) because of the minimum at 0.9375 cycles/km.

The solution to equation (2.2) is given by the damped least-

squares solution (Menke, 1984)

x = [G*G + e I"* 1 G*T, (2.3)

where * implies conjugate transpose, and e is simply a constant

that is analogous to the white noise parameter used in

conventional deconvolution. The [G*G + e ] _l
term is a real number

that merely scales the amplitude. The phase change is determined

by G* which is complex. Equation (2.3) is a single, linear

equation which is solved independently for each k
x.

To implement equation (2.3), the mean and trend are removed

from the autocorrelogram times for a particular line by removing
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the times predicted by a LMSE line fit to the data. The removal of

the mean and trend helps to reduce the truncation effects

encountered in the spatial Fourier transforms. Equation (2.3) is

then solved independently for each k
x. The solution vector is then

inverse Fourier transformed to the spatial domain. A spatial shift

of 250 meters is applied to the trend, and then the mean and trend

are added back to the solution vector to obtain the deconvolved

water bottom profile t(x).

Figure 2.17 shows the results of deconvolving the

autocorrelogram times for line 15 for various values of e. The

solid curves are the original T(x) and the dashed curves represent

the estimates of t(x). The shooting direction of line 15 is from

left to right and the corresponding spatial shift of the data is

apparent. The high spatial frequencies are scaled up in amplitude

for small values of e .
As e increases, the higher spatial

frequencies become attenuated and the primary effect of the

deconvolution is the spatial shift. The minimum in the G matrix

produces a sinusoidal oscillation in the t(x) estimates that has a

wavelength of 1066 meters. This oscillation is apparent for small

e, and is damped out as e increases.

The effect introduced by the minimum in the G matrix is more

apparent in the strike line data of line 2 seen in Figure 2.18.

The 1066 meter wavelength oscillation is most easily apparent for

small e .
The high spatial frequencies are again amplified for

small e, and are attenuated as e becomes large.



Figure
2.17:
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The addition of the white noise parameter helps to damp out

the sinusoidal oscillations present in the solution. At the same

time the addition of the white noise decreases the model parameter

resolution. The generalized inverse matrix G“9 is defined as

(Menke, 1984)

G“9 = [G*G + e]" 1 G*
, (2.4)

and the model resolution matrix R is given as

R = G~9 G
.

(2.5)

The resolution matrix indicates the extent to which the model

parameter estimates are determined. For the problem posed here the

G“9 matrix is a single complex number for each k
x ,

and the

resolution matrix R is a real number for each k
x whose value lies

between 0 and 1. If R(k x)=l then the model parameter for that

particular spatial frequency is completely recovered. The extent

to which R departs from unity implies that the white noise

parameter is contributing to a reduction in the estimate of the

model parameter. If the data were inverted with £=o then the

resolution for all k
x

would equal 1 but the noise components would

be greatly magnified. In effect a tradeoff occurs; better model

resolution provides less noise suppression (small e) ,
and less

model resolution provides a greater amount of noise suppression

(large e ).

Figure 2.19 shows the resolution matrix, [G*G + e] and the
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G“9 amplitude and phase spectrum as a function of k
x

for different

values ofe
.

For small e, the model resolution approaches 1 for

all k
x except near the minimum at 0.9375 cycles/km. The G

amplitude spectrum shows a strong peak for e =0.005 which

corresponds to the notch in the resolution matrix. |G-9| ranges

from |G“l| (inverse filter) to |G| (matched filter) as e ranges

from a number much smaller than G*G to a number much larger. The

phase response of G-9 is independent of £
.

Figures 2.20 to 2.22 show the deconvolved water bottom

arrival time estimates for the three line swaths examined earlier.

A value of e=0.075 is used for the deconvolution. The value of

e is selected based on the visual interpretation of improved line

ties, and an adequate damping of the sinusoidal oscillation having

a wavelength of 1066 meters. Comparison of these figures with the

original time estimates (Figures 2.8 to 2.10) shows that the line

ties are improved, and that the shooting direction bias is no

longer present.

Figure 2.23 compares the line mistie histograms for the

deconvolved and original water bottom arrival time estimates. The

histogram of the deconvolved data is now centered around zero and

the two peaks are no longer present. The histogram of the misties

for the lines shot in the downdip direction is no longer skewed to

the right but is centered around a value of zero mistie. The

remaining errors can likely be attributed to the frequency

variations present in the stacked autocorrelogram data which
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Figure 2.19: Components of the inverse operator applied to the

measured water bottom arrival times to remove the effects of the

10-trace stacking operator.



Figure 2.20: Deconvolved autocorrelogram times for strike lines

1,2, and 3 with the values at the line intersections included. A

value of e = 0.075 is used for the deconvolution.
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Figure 2.21: Deconvolved autocorrelogram times for dip lines 15,
16, and 17 with the values at the line intersections included. A

value of z = 0.075 is used for the deconvolution.



Figure 2.22: Deconvolved autocorrelogram times for dip lines 26,
27, and 28 with the values at the line intersections included. A

value of £ = 0.075 is used for the deconvolution.
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Figure 2.23: Comparison of the histograms of the line intersection

misties before and after the deconvolution. Notice that the

misties are substantially reduced by the deconvolution and that
the line shooting direction bias is no longer present.
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affect the arrival time estimates, and to line intersection

location errors.

Figure 2.24 is a plan view map of the water bottom arrival

time as determined from the deconvolved autocorrelogram data. To

reduce the size of the data set, the data are averaged around each

grid cell seen in the basemap. Common shotpoint location

coordinates are used. The averaging provides 242 control points

and these control points are considered to be located at the

center of their respective grid cells. These control points are

then fit with a 2-D bicubic spline (Inoue, 1986) to perform the

interpolation.

The water bottom arrival time map shows the topography and

dip of the water bottom. The basin is towards the left of the

figure. The contour interval is 2 ms. The line locations are

indicated along the edges of the grid. The water bottom arrival

time ranges from 70 to 88 ms. The shallowest water depths are

located in the southeast corner (lower right) of the prospect. The

largest relief in the seafloor occurs along dip lines 14-20. The

slope of the water bottom becomes more gradational towards the

north (higher shotpoint numbers). The overall trend of the

contours is predominantly north-south.



Figure 2.24: Plan view map of the water bottom arrival time

structure around the prospect. The line locations are indicated

around the edges of the map. The contour interval is 2 ms.
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2.7: Summary

The use of deeper reflection autocorrelogram data can provide

an accurate estimate of the water depth that is independent of any

system timing problems. Obtaining the autocorrelogram data from

the 10 near traces of each shot record provides an accurate and

robust estimate due to the smoothing effect of the 10-trace stack.

The variations in water bottom topography introduce rapid spatial

variations in the reverberation period which may degrade the

performance of conventional deconvolution methods. The bias

dependent on the shooting direction of the dip lines is adequately

removed by deconvolving the effects of the 10-trace stack and the

300 meter near trace offset from the measured water bottom arrival

times. The stacked autocorrelogram sections themselves contain a

wealth of information of which only a small portion has been

extracted here. The very obvious frequency variations apparent in

the stacked autocorrelogram sections are likely due to changes in

the spectrum of the reflectivity, which may have serious

implications in the design of conventional deconvolution

operators.



Chapter 3 - First Arrival Times and Near Surface Anomalies

3.1: Introduction

First arrival times provide important information pertaining

to the near surface velocity structure. In the marine environment,

these data are readily accessible with automatic picking

algorithms since they generally possess an extremely high signal-

to-noise ratio. In this chapter the entire OA-1 first arrival time

data set is examined. The data contain rapidly varying high

spatial frequency components which are the first arrival time

deviations produced by a number of near surface lens anomalies and

common shot statics. These higher spatial frequency components are

superimposed on a slowly varying background component which is

related to the lateral change in the near surface velocity

structure. A multichannel filter algorithm is developed to predict

the higher spatial frequency components of the first arrival times

in a LMSE sense. The method is examined on some synthetic data and

several relevant issues are discussed. The algorithm is then

applied to the OA-1 data. Some additional processing is required

on the real data prior to the application of the multichannel

filter. A global background velocity model for the near surface is

obtained, and a method is given to approximately separate the

higher spatial frequency components from the more slowly varying
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background. The multichannel filter algorithm is then applied to

the entire data set. The output from the algorithm shows the

velocity anomalies, interpreted in the form of the time delays

produced, at a series of depth levels. The common shot statics for

each line are also obtained. The linear time delay models are

interpreted to map the magnitude and location of the near surface

lens anomalies in the prospect. These models are also used to

reconstruct in a LMSE sense the traveltime deviations produced by

the lens anomalies and the shot statics. These LMSE predictions of

the higher spatial frequency components are then subtracted from

the original first arrival times to isolate the more slowly

varying background components. The resulting anomaly-free first

arrival times are particularly suitable for a series of localized

1-D inversions to develop the laterally variant near surface

velocity field in Chapter 4.

3.2: First arrival time data set

Over 300,000 first arrival times were automatically picked

for the Offshore Area One data set. First arrival times were

obtained for every shot record in the prospect, covering the

entire offset range of 300-2650 meters. The data were

automatically picked to an accuracy of + 0.125 ms using software

developed by Stark (1986). In this study the first trough is

considered to be the first arrival. The picking of the large
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amplitude first troughs was not a problem since they possess an

extremely high signal-to-noise ratio. Obvious mispicks were

corrected manually.

The distinction between the selection of the first trough as

the first arrival rather than the true first break of the waveform

should be recognized. The automatic picking algorithm is much more

robust when searching for a large amplitude, such as the first

trough, rather than the weak initial deflection of the waveform.

The recording system has a major effect on the first arrival

times. Figure 3.1 shows the geometry of a receiver array for the

OA-1 data. The source-receiver offsets are measured with respect

to the center of each receiver array. Wavefronts of the first

arrivals impinging on the receiver array will first be detected at

the front of the receiver array, which is 25 meters from the

measured offset. The impulse response of the combined source and

receiver ghost and the impulse response of the receiving array are

functions of ray parameter as seen in Figure 3.1. The resulting

time advance of the wavefront is dependent on the ray parameter of

the impinging wavefront.

Figure 3.2 is taken from Chang (1983) and shows the combined

impulse response of the ghosting and array responses as a function

of ray parameter, along with the corresponding amplitude spectrum.

The magnitude of the time advance of the first arrivals increases

with increasing ray parameter. The OA-1 first arrivals encompass a

ray parameter range of approximately 0.500-0.667 sec/km. Figure
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Figure 3.1: Diagram of a wavefront travelling at an angle of

incidence impinging on a receiver array of length L. The

wavefront is first detected at an offset that is a distance

L/2 less than the measured offset. The amount of the

resulting time advance is dependent on the angle of incidence, or

the ray parameter p. The impulse responses of the combined

source and receiver ghost and the array response depend on

the angle of incidence, since t and x vary with angle.
A g
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Figure 3.2: a) The combined impulse response of the ghost and

array response as a function of ray parameter, b) Amplitude
spectrum of the combined ghost and array response as a function of

p. Both figures taken from Chang (1983).
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3.2 indicates that the measured first arrival times are on the

order of 10-15 ms too early. The frequency content of the first

arrivals also varies since the array null varies from 30 to 40 Hz

over the implied ray parameter range. This ray parameter

dependence of the first arrivals varies as the near surface

velocity structure varies, and is also influenced by the depth of

the source and receiver arrays which affects the ghost response.

The ambiguity regarding the true t=o time for the prospect

and the influence of the recording system on the first arrivals

makes any determination of absolute first arrival times tenuous at

best. The time advance of the first arrivals produced by the

recording system appears to roughly cancel the time delays

introduced by considering the first trough as the first arrival.

These two effects are similar in magnitude but the actual

relationship can vary. Recognizing these factors, the first trough

is considered to be the first arrival of the waveform throughout

this study.

Figure 3.3 shows an example of the first arrival time data

for line 28 displayed with increasing shotpoint number along the

x-axis and arrival time along the y-axis. Each horizontal line

represents the first arrival time for a particular offset for

every shotpoint along the line. The near trace is at the top of

the display with offset increasing towards the bottom. There are

48 horizontal lines which correspond to each of the 48 recorded

source-receiver offsets. For a fixed shotpoint number, the
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corresponding points of the horizontal lines represent the arrival

times for each of the 48 offsets in that shot record.

A decrease in the local ray parameter with increasing offset

(velocity increasing with depth) is evident as a decrease in the

horizontal line spacing at the larger arrival times. A time delay

anomaly is evident on shotpoints 60-80, and again on the far trace

on shotpoints 115-130 and sloping upwards to the left. Variations

in the first arrival time for a particular offset depend upon the

presence of velocity anomalies somewhere along the raypath. Shown

below the first arrival time display is a portion of the

conventional CDP stacked section. The velocity anomaly producing

the traveltime delays in the first arrival times is apparent as a

shallow bright spot on the stacked section.

Figure 3.4 is the same type of display for the first arrival

time data from line 27. The time delay effects produced by the

shallow velocity anomaly located at shotpoints 140-150 can be

seen. The inverted V is reversed since the shooting direction of

the line is opposite that of line 28.

A schematic diagram illustrating the appearance of the

velocity anomaly induced time delays seen in the first arrival

time display is shown in Figure 3.5. The assumed shooting

direction for the illustrations is from right to left. A near

surface velocity anomaly will alter the traveltimes of first

arrivals which penetrate the anomaly. The velocity anomaly will

alter the raypaths when the source is over the anomaly, and again



Figure
3.4:

Identical
display
as

that
of

Figure
3.3

but
for

the

first

arrival
times
of

line
27.

The

inverted
V

appears

reversed
since
these
data

were
shot
with
the

ship

moving
in

the

opposite
direction.

65



66

Figure 3.5: Schematic diagram illustrating the appearance of the

traveltime delays produced by the near surface lens anomalies,

a) When the source is over the anomaly the vertical limb of the

inverted V is produced, b) As the source moves off of the

anomaly, the receivers begin to move over the anomaly and the

diagonal limb is produced.
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when the receiver is over the anomaly. Traveltime variations

resulting from the downgoing energy penetrating the anomaly are

evident in the straight limb portion of the inverted V-like

feature seen in Figure 3.5a. The straight limb, which is the

common source limb, locates the anomaly as a function of spatial

position along the line. The width of the arrival time deviations

on the common source limb is related to the lateral extent of the

anomaly.

On their return paths the rays travel upward through the

anomaly and again suffer variations in arrival time. Each receiver

detects the traveltime variations as it passes over the anomaly.

The corresponding receiver diagonal of the inverted V slopes

diagonally downward towards increasing shotpoint numbers (Figure

3.5b). As the source moves off of the anomaly to higher shotpoint

numbers, the receivers at larger offsets move over the anomaly and

record the traveltime variations.

The offset at which the two limbs of the inverted V intersect

is related to the depth of the anomaly. For an anomaly located at

shallower depths, the inverted V would be translated upward in the

first arrival time display since the arrivals at nearer offsets

would penetrate the anomaly. The inverted V would be translated

downward for a deeper anomaly.
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3.3: Variable density displays

The first arrival time displays in line drawing form are

informative with regard to the general behavior of the background

velocity structure. In general, the effects of velocity anomalies

present in the data are obscured because the dynamic range of the

displays is controlled by the average arrival time for each

offset. The measured first arrival time data can be expressed as

T (x,y,A x) = T(ax) + At(x,y,Ax) (3.1)

where

T(x,y,Ax) = measured first arrival times as a function of

spatial location (x,y) and offset (Ax),

T(ax) = average first arrival time for offset Ax,

At(x,y,Ax) = deviation from the average first arrival time.

The first arrival time data are displayed as a function of spatial

position (common shotpoint or CDP) along the line and offset, x

and A x, so the y-dependence can be dropped. Details in the line

drawing displays, which show T(x,ax), are obscured since Tfcx) »

At (x, ax) .

To enhance the first arrival time deviations At(x,Ax), a set

of global average first arrival times T(ax) is determined for the

data. The global average set of times is obtained by determining

an average first arrival time for each offset, using the entire

OA-1 first arrival time data set as input. The global average
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times are then subtracted from the original first arrival times as

At (x, Ax) = T (x,Ax) - T(Ax) (3.2)

The resulting first arrival time deviations, At(x,Ax), are then

displayed in variable density format on the Gould-DeAnza color

monitor. The variable density display seen in Figure 3.6 shows the

arrival time deviations relative to the global set of times for

line 28. The data are now arranged as a function of CDP and offset

so that both limbs of the inverted V are sloping. The variable

density amplitude scale is set so that a range of + 12 ms relative

to the overall average value for the panel is displayed in a

continuous gray scale. White corresponds to times that are delayed

relative to the global value for that offset, At(x,Ax) > 0, and

black indicates arrival times that are advanced relative to the

global averages, At(x,Ax) <O. For quantization purposes, zero

traveltime deviation, At(x,Ax) =O, is equivalent to the gray

seen in the background along the edges of the panel where the fold

is increasing (left) and decreasing (right).

A much greater amount of detail is apparent in the variable

density display. An increase in the traveltime residuals towards

the basin (change from black to white towards the left) is due

primarily to the laterally changing near surface velocity

structure, although a slight portion is due to an increase in the

water depth. Two strong anomaly hyperbolae are seen originating

near the intersection with line 5. Weaker anomalies are also



Figure 3.6: First arrival times for line 28 displayed in variable

density format.
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evident. The term hyperbola is used loosely to describe the

geometric pattern of the traveltime delays produced by the near

surface anomalies. Numerous shot static anomalies are visible

sloping downward toward the lower left of the display. A shot

static anomaly introduces a uniform traveltime deviation to all

offsets of that ensemble. The geometric pattern of the shot

statics produced in the variable density display is that of

sloping lines since the data are displayed as a function of CDP.

In Figure 3.6 the common shot statics slope downward to the left

since the shooting direction of the line is from left to right.

Common shot statics parallel the diagonal showing the buildup in

fold. A channel timing problem is indicated by the dark horizontal

line visible at an offset of 1750 meters.

Figure 3.7 displays the variable density data for line 11.

The effects of a near surface anomaly can be seen at the

intersection with line 6, and a large shot static is seen

originating just to the right of the intersection with line 5. The

background variation shows a large (15-20 ms) change in the first

arrival times from the updip (black) to the downdip (white) ends

of the line. A sub-horizontal discontinuity is also evident and

indicated by arrows. This discontinuity is presumably related to

the change in water depth, and may be produced when the first

arrival changes from the wide-angle water bottom reflection to an

arrival from the subseafloor sediments.

The variable density data for line 15 (Figure 3.8) show the



Figure 3.7: First arrival times for line 11 displayed in variable
density format.
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presence of a number of shot static anomalies as well as two

strong lens anomalies. The hyperbolae from each of the anomalies

are obscured by the overall change in the background arrival time

structure.

Figures 3.9 and 3.10 display the variable density data for

lines 26 and 3. These two lines intersect the same shallow

velocity anomaly. This particular anomaly introduces traveltime

delays as large as 10 ms for one-way transmission. The variable

density data for line 26 (Figure 3.9) are particularly

interesting. The strong anomaly hyperbola, located near the

intersection with line 2, shows a pattern of arrival time delays

that is asymmetric. This example is the only clear cut evidence of

asymmetry in the anomaly hyperbolae present in the data set.

The OA-1 first arrival time data set contains traveltime

deviations produced by an abundance of near surface velocity

anomalies. These anomalies are likely near surface gas charged

sands and produce traveltime delays as large as 10-15 ms for one-

way transmission. These traveltime delays resemble hyperbolae when

the data are displayed as a function of CDP and offset. Numerous

shot static anomalies are also present in the data and appear as

sloping lines in the variable density displays. The variable

density displays, which show the traveltime deviations with

respect to a set of global average times, are much more

informative than the line drawing displays.
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Figure 3.8: First arrival times for line 15 displayed in variable

density format.



Figure 3.9: First arrival times for line 26 displayed in variable

density format.
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Figure 3.10: First arrival times for line 3 displayed in variable

density format.
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3.4: Estimation of near surface anomalies

The variable density displays of the first arrival time data

reveal the abundance of near surface anomalies and shot statics

present in the data set. A multichannel filtering algorithm is

developed to predict the lens anomaly and shot static produced

traveltime deviations in a LMSE sense.

A brief review of the more recent methods developed to

correct for the effects of near surface velocity variations is

given, as is a review of previous work utilizing multichannel

filter theory. A multichannel filtering technique is formulated to

predict the higher spatial frequency components of the first

arrival time deviations in a least-squares sense. The method is

examined on some synthetic data and then applied to the entire

OA-1 first arrival time data set. Linear models, which represent

the traveltime deviations as a series of "thin lens" anomalies at

16 depth levels along with the predicted shot statics, are

obtained as output from the multichannel filter algorithm. The

LMSE predictions of the lens anomaly and shot static effects are

then subtracted from the original first arrival time data to

isolate the slowly varying background components.
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3.4.1: Previous work emphasizing the near surface

In the past decade much work has been done in the effort to

correct for the effects of lateral velocity variations in the near

surface. Residual statics techniques (Taner et al., 1974; Wiggins

et al., 1976) are very powerful for correcting traveltime

deviations that have spatial wavelengths less than a cable length.

These methods are based on the concept of surface consistency. A

given location on the earth's surface is associated with constant

time delays for the source and receiver components of the statics,

and a given subsurface location is associated with the CDP and

residual normal moveout components. The near surface statics do

not vary with reflection time and are independent of the offset

between source and receiver.

Booker et al. (1976) attempted to extend the range of spatial

wavelengths over which the residual statics techniques are valid

using a multichannel filter method in the spatial domain. Kirkham

and Poggiagliolmi (1976) attempted to provide long-period statics

corrections by an inverse filtering method. A few authors have

tried to separate the source, receiver, and structural statics

components in the spatial frequency domain (Marcoux, 1981;

Kirchheimer, 1983; Chun et al., 1984).

Refraction based static correction methods, which utilize the

Generalized Linear Inversion method (Hampson and Russell, 1984;

Schneider and Kuo, 1985), are used to provide a more accurate
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starting model for subsequent residual statics methods. These

model based methods attempt to reproduce the observed first

arrival times in a LMSE sense. The resulting model is then used as

the starting model for the application of residual statics.

All of the methods mentioned above are typically applied to

land data where the primary annihilator of data quality is the

near surface weathered layer. These methods, with the exception of

the GLI methods, provide static corrections but do not provide a

parameterized near surface model. Geotomographic methods (Newmann,

1981; Cutler et al., 1985; Bishop et al., 1985) based on ray

tracing are being used to estimate and provide a model for

isolated velocity anomalies. Fawcett and Clayton (1984) have

experimented with a tomographic back projection algorithm to

reconstruct velocity anomalies within a known depth varying

background velocity field.

Loinger (1983) and Lynn and Claerbout (1982) have discussed

the effects that shallow velocity anomalies have on stacking

velocity estimates and given methods to invert for them.

3.4.2: Previous work utilizing multichannel filter theory

Multichannel Wiener filtering is a very powerful tool which

is used to exploit the trace-to-trace redundancies that occur on

seismic records. Seismic events are identified as such if their

presence is observed on neighboring traces. Multichannel filter
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theory is based on the method of least-squares and attempts to

minimize the error between the actual data and the output

predicted by the filter.

Burg (1964) provided a rigorous derivation of multichannel

filter theory for three-dimensional filtering with a spatial array

of seismometers. Backus et al. (1964) then made use of these

concepts for the purpose of extracting short-period mantle P-wave

signals from ambient noise. Laster and Linville (1966) used a

frequency domain formulation of the multichannel filter to

separate dispersive modes of propagation. Schneider et al. (1964,

1965) utilize optimum multichannel filtering methods for ghost

suppression, and for the attenuation of multiple reflections based

on their differential normal moveout. Multichannel filter theory

is also applied to the deconvolution of seismic reflection data by

Davies and Mercado (1968).

Treitel (1970, 1974) gives an excellent tutorial review of

discrete multichannel linear least-squares theory and the

complex Wiener filter.

3.5: Multichannel filtering for the estimation of near surface

anomalies

A specialized multichannel filter (MCF) is developed to

predict the higher spatial frequency components of the first

arrival time deviations produced by the lens anomalies and shot

statics. The multichannel filter is specialized by presetting the
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input to the filtering process. The input is specified to be the

predicted geometric shapes (templates) of the first arrival time

deviations produced by the lens anomalies, which are located at a

number of different depths. A template for the common shot statics

is-also included in the input to the filtering process. The MCF

algorithm is designed to reproduce the higher spatial frequency

components of the first arrival time deviation data in the

horizontal wavenumber-offset (kx-AX) domain. The output from the

algorithm is a series of filters, or impulse responses, which

represent the arrival time deviations as thin lens time delays.

3.5.1: Template estimation

A multichannel filter is designed to produce the set of

filters that transforms the input into the desired output while

minimizing the least-mean-squared-error. The output is reproduced

by a linear combination of the input and the filter coefficients.

Conceptually, we want to search the data space of first arrival

time deviations for geometric patterns that resemble the lens

anomaly produced hyperbolae and the sloping linear patterns

produced by the common shot statics. In terms of the MCF theory,

the input to the filter consists of the predicted geometric

patterns (templates) for lens anomalies located at different

depths within an assumed background velocity model. The template

for the common shot statics is also included in the input, and is
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known exactly from the shooting geometry.

The method for estimating the lens anomaly templates requires

that a background velocity function be assumed that is dependent

only on depth. The first arrivals are taken to be diving waves

from within the medium in which the anomalies occur. The

traveltime deviations are expressed as a function of CDP and

offset as At(x,A x) and are produced by velocity (or slowness)

anomalies s(x,z) located somewhere along the raypath. The velocity

anomalies are treated as thin lens anomalies. Figure 3.11

illustrates the treatment of the local lens anomalies as thin lens

anomalies. The velocity anomalies are of finite dimensions in the

x-z plane. The thin lens assumption neglects raypath bending by

assuming the velocity anomalies to be of zero thickness. These

"zero thickness time delay layers" are embedded within the

background velocity field. The first arrival time deviations

represent the diving waves that are delayed due to their

intersection with the thin lens anomalies. The first arrival time

deviations are measured with respect to some frame of reference.

The data seen in the variable density displays are measured with

respect to the global average set of first arrival times. The

multichannel filter will attempt to predict the magnitude and

location of the thin lens anomalies present in the field of first

arrival time deviations.

The treatment of the velocity anomalies as thin lenses makes

the problem linear. A very thin layer with a very anomalous
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Figure 3.11: The thin lens assumption treats the local lens

anomalies, which have a finite lateral extent and a finite

thickness, as zero thickness time delay layers. The effects of

raypath bending are neglected.
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velocity does not alter the hyperbolae for deeper anomalies since

the effects of raypath bending are neglected. The thin lens

approximation can also be viewed as analogous to traveltime

tomography in which the tomographic anomalies are assumed to have

no effect on the raypaths.

Figure 3.12 a shows a sketch of a common shot record with

diving waves emanating from the source. The velocity is assumed to

increase with depth. It is also assumed that triplications in the

traveltime curve do not exist. Let the depth of the turning point

for a particular diving wave be represented as z
T.

The rays for

each successive offset have their turning points at successively

greater depths. Consider a thin lens anomaly located at some depth

z A /
which is denoted by the dashed line. The dashed line

represents the zero thickness time delay layer of anomalous

velocity. Rays which have their turning points at depths <

are not affected by the anomaly and do not suffer delays in

traveltime. Rays which have their turning points at depths zT
> zA

intersect the depth level of the anomaly twice; once on their

downgoing path and again on their upgoing path. In Figure 3.12a,

the diving waves arriving at offsets x
1...x5 intersect the

anomaly. The template (predicted shape of the hyperbola which

appears in the x-ax plane) for an anomaly located at depth z
A is

obtained by computing the local subsurface offset between the

downgoing and upgoing segments of each raypath that intersects the

anomaly level. The local subsurface offset for the ray arriving at



Figure 3.12: a) Diagram of a common shot record with diving waves

emanating from the source. The first arrivals at offsets X. ..JC

are affected by the thin lens anomaly located at depth z .
Tne

local subsurface offset for each first arrival is obtained by
measuring the lateral separation between the upgoing and

downgoing segments of each raypath that intersects depth Z
A.

The

local subsurface offset for the ray arriving at offset X is
shown as AX'

. b) The local subsurface offset estimates, when

displayed is a function of CDP and offset, resemble the

hyperbolae seen in the variable density displays. The upper and
lower illustrations are not drawn to scale.
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offset measured at depth zA is indicated as AXS. The local

subsurface offset estimates for an anomaly at depth, when

displayed as a function of CDP and offset, resemble the anomaly

hyperbolae seen in the variable density displays. This is shown in

Figure 3.12 b for an anomaly located at depth z
A. The apex of the

hyperbola appears in the x-ax plane at offset Xp, which is the

first ray that intersects depth z
A. The shape of the limbs of the

hyperbola is determined by the local subsurface offset estimates

at depth z
A for first arrivals at offsets greater than xp. The

hyperbola appears continuous to illustrate the concept. In

actuality, the templates are discretely sampled in the x-Ax plane

only at recorded offsets.

The local subsurface offset estimates which determine the

shape of the lens anomaly templates can also be expressed

mathematically. A known background velocity function is assumed.

The local subsurface offset estimates are simply the lateral

separation between the downgoing and upgoing segments of each

raypath that penetrates the depth of the anomaly, measured at the

depth of the anomaly. Figure 3.13 shows the raypath of a diving

wave emanating from a source located at spatial position x
s

,
and

arriving at receiver location x
r .

The ray has its turning point at

depth z-p located halfway between the source and the receiver. Let

h represent the half-offset, h=(x
r

_ x
s)/2. The spatial position of

the turning point for the ray is x
T

= x
s
+ h. For a known background

velocity field V(z), analytic expressions can be written for the
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Figure 3.13: Geometry of a single diving wave raypath originating
at source location xs and arriving at receiver location x .

The

half-offset is represented by h, and the depth of the lens anomaly
is denoted by Z A .

The coordinates of the turning point for the

raypath are (xp, z-p). The downgoing and upgoing segments of the

raypath are denoted as Rd and Ru, respectively.
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horizontal position at any point along the raypath between xs
an<3

x
r.

The downgoing and upgoing segments of the raypath are denoted

as and R
u , respectively. The horizontal position at any point

along the downgoing ray segment can be written as

Xd = Xrp ”

, (3.3)

and along R u
aa

X
U

= xT + q(z,h), (3.4)

where

r ZrT
p(ax) v (z)

q(z,h) = I dz ,
0< z < zT. (3.5)

J (1 - p
2 (Ax)V2 (z) ) l/z

z

The ray parameter p(Zx) of the ray arriving at offset ax, where

Ax= x
r

- x
S f

can be determined since the background velocity

function is known. Equation (3.5) is the general raypath equation

for the horizontal projection of a ray expressed as a function of

depth (Slotnick, 1959; Grant and West, 1965).

The local subsurface offset for an anomaly located at depth

z
A is obtained by changing the lower limit of integration in

equation (3.5) from zto zA.
The lateral separation between the

descending and ascending ray segments at depth is the

difference between equations (3.4) and (3.3);

Ax' =x
u

-xd = (xT + q(z,h)) - (xT - q(z,h)) = 2q(z,h). (3.6)
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Consider the limiting cases of an anomaly located at the

surface, an anomaly located exactly at the turning point of a

raypath, and an anomaly located at a depth greater than the

turning point of a raypath. An anomaly located at the surface,

z
A=O, would have a local subsurface offset equal to the source-

receiver separation. An anomaly located exactly at the turning

point of a raypath would provide a local subsurface offset equal

to zero. The local subsurface offset corresponding to the case

where the anomaly is deeper than the turning point of the raypath

is undefined.

The templates for the thin lens anomalies are computed as a

function of apparent depth within the assumed background velocity

model using equations (3.3)-(3.6). The term apparent depth is used

to describe the depth dimension since it refers to the depth

within the assumed velocity model, which may be in error. The

templates are the predicted geometric patterns of the traveltime

deviations produced by lens anomalies located at various depths. A

thin lens anomaly at a given depth appears as a predicted pattern

of time delays in the CDP-offset displays. The geometric patterns

of the time delays, when observed in the x-Ax plane, resemble

hyperbolae. The shapes of the hyperbolae are influenced by the

background velocity function. The templates can be directly mapped

from the x-z plane to the x-Ax plane since the maximum depth of

penetration zt(a*) is known at each offset. The apices of the

hyperbolae appear in the traveltime deviations at offsets which
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correspond to raypaths that have their turning points at the

depths of the anomalies.

Figure 3.14 displays a sketch of traveltime deviations

analogous to the first arrival time displays. Within the field of

traveltime deviations are the time delays produced by a thin lens

anomaly (left) and a shot static (right). Consider the thin lens

anomaly first. Assume x=o to be at the center of the hyperbola

seen in Figure 3.14. In this case, x=o is equivalent to the CDP at

which the apex of the hyperbola occurs in the x-Ax plane. The x=o

location is equivalent to x<p in Figures 3.12 and 3.13. For each

offset that has a first arrival which penetrates the depth of the

anomaly, the template can be considered to be a series of two

delta functions of the form

Ax
nm AXh^

6(x ——) + 6(x + )
2 2

centered around x=o. The horizontal spacing between the delta

functions Ax^ m is the local subsurface offset for an anomaly

occurring at depth level m and detected at offset n.

In the horizontal wavenumber-offset (k
x_Ax) domain the

anomaly template can be expressed as

Ax 1

AX
nm

2 cos 2n kx ( )
2

after Fourier transformation in the x-dimension. The templates for
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Figure 3-14: Relationship between the lens anomaly and shot

static templates in the CDP-offset (x-Ax) and horizontal

wavenumber-offset (k x-Ax) domains.
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the lens anomalies are simply cosine series in the k
x
- Ax domain

that are functions of the local subsurface offset and the

horizontal wavenumber.

A sketch of a common shot static is shown to the right in the

traveltime deviations of Figure 3.14, and is seen to be a sloping

line. Assume x=o to be as indicated in the figure. The template

for the common shot static can be expressed in the x-Ax and k
x

~AX

domains as

6(x - Ax**) > exp(-i2n k
xAx^)

The amount of spatial shift for offset n from x=o is denoted as

The shot static template is a translated delta function in

the spatial dimension that Fourier transforms to a linearly phase

shifted complex function of wavenumber.

The relationships between the templates for the lens

anomalies and shot statics in the x—Ax and k
x—domains are also

summarized in Figure 3.14.

3.5.2: Multichannel filter formulation

The multichannel filter algorithm is designed to estimate the

thin lens velocity anomalies present in the field of first arrival

time deviations. The velocity anomalies are estimated in terms of

the delay time they produce. It is impossible to infer the actual

velocity perturbations produced by the anomalies from the time
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delay data since there is no information regarding the thickness

of the anomalies. The least-squares filter problem will be

formulated in both the CDP-offset and horizontal wavenumber-offset

domains. The actual implementation of the algorithm will occur

only in k
x
-Ax space.

The multichannel filtering problem can be expressed in the

CDP-offset domain as

s
Q
(x) (3.7)

where

At (x, Ax) = traveltime deviations as a function of CDP and

offset,

= local subsurface offset for offset n corresponding

to a lens anomaly located at depth level i,

Axpj = spatial shift for a common shot static at offset n,

= impulse response as a function of CDP revealing

the magnitude of the time delays produced by a lens

anomaly located at depth level i,

s
Q (x) = impulse response showing the magnitude of the shot

static as a function of x,

m-1 = the number of depth levels for the lens anomaly

templates,

and * denotes convolution. Given the At(x, Ax), and estimating the

we would like to solve for the filter coefficients and
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s
Q (x) through a LMSE fit. Note that the depth dependence for the

impulse responses of the lens anomalies s-j_(x) has been dropped

since the lens anomaly templates are estimated for predetermined

constant levels of apparent depth within the background velocity

model. The apparent depth spacing of the templates is not required

to be constant, although there is a restriction on how finely

spaced in depth the templates can be located; this restriction

will be discussed later.

The delta functions in equation (3.7) correspond to the lens

anomaly and shot static templates in the plane. Equation

(3.7) states that a linear combination of lens anomaly templates

and common shot statics attempt to reproduce the traveltime

deviations. The resulting filter coefficients are interpreted in

terms of delay time at each spatial position for the template

located at the appropriate depth level.

In the horizontal wavenumber-offset domain the convolution of

the templates with the filter coefficients is replaced by a

multiplication. The delta functions for the lens anomaly templates

and the shot static template are replaced by the cosine and

exponential terms that are a function of wavenumber. The least-

squares problem can be formulated as

Gm= d
, (3.8)

where the data vector d contains the traveltime deviations as a

function of horizontal wavenumber and offset /\t(kx , The G
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matrix is the input to the MCF process and contains the templates

for lens anomalies originating at a series of apparent depths

within the background velocity model and the template for the shot

static. The G matrix is of dimension n x m, where n is the number

of offsets and m is the number of templates included (number of

anomaly templates plus the shot static template). Each column of

the G matrix contains the coefficients for a single template.

Columns of the G matrix corresponding to the lens anomaly

templates contain coefficients of the form

Gji = 0 if Ax-Ji does not exist, and

AX^i
G -ji = 2 cos 2 nk x ( ) if Ax-ni exists

2
J

for j=l...n, and i = 1...m-l. The template for the common shot

statics is contained in column m and has coefficients of the form

G
jm = exp(-i2nkxAx^)

The G matrix is complex since the coefficients corresponding

to the shot static template contain both real and imaginary parts.

The coefficients corresponding to the thin lens anomaly templates

are real since cosine series are even functions. The data vector d

is also complex. The G matrix is n x m in size, the data vector d

is n x 1, and the model parameter vector m (filter coefficients)

is m x 1. As long as the number of model parameters is less than

the number of data channels, the problem is overdetermined (more
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equations than unknowns) and the solution is given by the Gauss-

Newton least-squares solution

m = (G*G) -IG*d
,

(3.9)

where * denotes conjugate transpose. The linear least-squares

problem is solved independently for each wavenumber and requires

the inversion of a m x m symmetric complex matrix. The equation

can be solved for any wavenumbers of interest since the solution

at any spatial frequency is independent of the solution at all

other frequencies. Each element of the model parameter vector m

corresponds to a different template in the G matrix. The least-

squares problem is solved for all desired wavenumbers and the

inverse Fourier transform of the solution vectors yields the

corresponding filter coefficients (impulse responses) for

each anomaly template, and the shot static s
Q (x).

Figure 3.15 shows the least-squares problem formulation for a

case where there are five offsets of data. A sketch of the first

arrival time deviations is shown at the left. The time delays

produced by two lens anomalies and a common shot static are

included. The G matrix is 5 x 3, corresponding to the number of

offsets (rows) by the number of templates (columns). The template

for the shot static is in column 1, although it could be placed in

any column. The lens anomaly templates are in columns 2 (shallow)

and 3 (deep). Notice that the coefficient for element is zero

since the effect of the deeper lens anomaly is not detected on the



Figure 3.15: Least-squares multichannel filter formulation for a

case where there are five offsets of data and three templates.
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first offset, therefore the local subsurface offset estimate does

not exist. The data vector d contains the first arrival time data

after Fourier transformation to spatial frequency. The

overdetermined, linear least-squares problem is solved for each

wavenumber. For each wavenumber the solution vector is 3 x 1,

since there are three templates in the G matrix. The model

parameter vectors are then inverse Fourier transformed to the

spatial domain to obtain the impulse response for each template in

the G matrix.

3.6: Synthetic data examples

The horizontal wavenumber-offset (k -/\X) inversion algorithm

is evaluated on some synthetic data to illustrate the method.

Synthetic traveltime deviation data analogous to the first arrival

time displays are generated and the least-squares inversion is

examined. Examples with a correct and incorrect parameterization

of the G matrix are included. An incorrect parameterization of the

G matrix occurs when the lens anomaly templates are in error due

to an error in the assumed background velocity function and/or

errors in the apparent depth location of the templates. The

effects of noise present in the data are also investigated. A

brief, qualitative examination of the sensitivity of the lens

anomaly templates to errors in the background velocity function is

also included.
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Figure 3.16 shows the form of the velocity versus depth model

used to produce the synthetic traveltime deviation data. The

velocity model contains a water layer having a velocity of 1500

m/sec and thickness of 60 meters, and a bottom half-space that

contains a velocity function of the form

V(z) = V
o (i + kz)

1/", (3.10)

where

V(z) = velocity at depth z relative to the seafloor,

V 0 = velocity at the seafloor (1536 m/sec),

k = velocity gradient (2.427 and

n = exponent (2.640)

The general form of equation (3.10) is referred to as the

Evjen function and is discussed in detail by Evjen (1967),

Hollister (1967), and Greenhalgh and King (1981). Analytical

expressions for the traveltime and offset integrals are available

when the exponent n is an integer. When n is not an integer, the

integral expressions for the traveltime curve must be evaluated

numerically. This particular velocity model is also the global

background velocity model used for the OA-1 data. The basis for

this particular model parameterization and a detailed discussion

of the forward modeling algorithm are given in Chapter 4.

Figure 3.17 a shows the synthetic data containing the

traveltime delays produced by two thin lens anomalies and a shot



Figure 3.16: Model for the synthetic traveltime deviation data. A

shot static introducing a 1 ms time delay is included, as are

two lens anomalies which produce time delays of 2 and 3 ms. The

velocity in the subseafloor layer varies with depth in the form of

the Evjen function.
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static. The traveltime deviations At(x,Ax) are measured relative

to the background velocity model. The ray parameter of the first

arrival at each offset is determined, and then equations (3.3)-

(3.6) are used to produce the traveltime delays for the lens

anomalies. The shallower anomaly is located at CDP 64, at an

apparent depth of 120 meters. The corresponding traveltime delay

is 2 ms. The deeper anomaly is located at CDP 180, at an apparent

depth of 260 meters, and introduces a time delay of 3 ms. A common

shot static of 1 ms is also included.

The results of the k x
-Ax inversion are shown in Figure 3.17b.

The G matrix contains the exact templates for the two lens

anomalies and the shot static. The background velocity function is

known exactly, as are the apparent depths of the two lens

anomalies. The solution vectors (model parameters) are obtained

for each wavenumber up to Nyquist, made Hermitian, and then

inverse Fourier transformed to the spatial domain. The resulting

spatial time series show the amount of static time delay as a

function of spatial position for each of the templates in the G

matrix.

The inversion predicts the traveltime deviations exactly.

This can be seen in the predicted output (Figure 3.17c) and

residual error (Figure 3.17d) panels. The predicted output Gm is

obtained by multiplying the model parameter vectors with the G

matrix in the wavenumber domain and then inverse Fourier

transforming from k
x

to x. The result is the LMSE prediction of
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Figure 3.17: Results of a synthetic example where the correct

templates are included in the G matrix, a) Synthetic traveltime
deviation data displayed as a function of CDP and offset, b)
Output from the inversion showing the amount of static time

delay as a function of spatial position for each template
included in the G matrix. The vertical spacing between traces is

equivalent to 3 ms of one-way delay time, c) The LMSE predicted
output obtained by multiplying the G matrix and the model

parameters m in the horizontal wavenumber-offset domain and then

inverse Fourier transforming the result to the spatial domain,
d) The difference between the input and the predicted output.
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the input data. The residual error d-Gm is simply the difference

between the input data and the predicted output.

Figure 3.18 shows an example where there are five templates

included in the G matrix, although there are only two lens

anomalies present in the data. Two of the templates contained in

the G matrix are the exact ones for the lens anomalies (at

apparent depths of 120 and 260 meters). The two "extra" templates

correspond to anomalies located at apparent depths of 190 and 330

meters. Once again the data are reproduced exactly. The model

parameter traces indicate the correct amount of static time delay

for each of the lens anomalies and the shot static on the proper

template levels. The model parameter traces corresponding to the

extra templates (at 190 and 330 meters depth) show no contribution

to the predicted traveltime deviations.

In the previous two examples the parameterization of the G

matrix is precise. The exact templates for the lens anomalies are

included in the G matrix. In both cases the data are reproduced

exactly. Figure 3.19 shows an example where the exact templates

are not included in the G matrix. The correct velocity model is

used to compute the templates, but the apparent depths at which

the templates are located are in error. The data contain lens

anomalies located at 120 and 260 meters apparent depth. Templates

are included which correspond to anomalies located at 100-300

meters depth, at 50 meter increments. Six templates are included,

five for the lens anomalies and one for the shot statics.
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Figure 3.18: Synthetic example where there are two "extra"

templates included in the G matrix. The templates at 120 and 260

meters apparent depth are the correct templates for the two lens

anomalies, a) The data input to the inversion, b) The model

parameter traces for each template included in the G matrix. The

extra templates at 190 and 330 meters depth do not predict any
time delays. The vertical spacing between the traces is

equivalent to 3 ms of one-way delay time, c) The predicted

output Gm. d) The difference between the input and the predicted
output.
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Figure 3.19: Synthetic example where the correct templates are not

included in the G matrix. Five lens anomaly templates are

included which are spaced 50 meters apart in the apparent depth
dimension, a) Input data, b) Model parameter traces. The
vertical trace spacing is equivalent to 3 ms of one-way vertical

delay time, c) Predicted output, d) Residual error.
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The model parameter traces and the predicted output show that

the shot static is predicted exactly (since the template is

exact), but that the reproduction of the lens anomaly effects is

not exact. The LMSE algorithm attempts to reproduce the data with

an incorrect G matrix. This is evident by the cross-feed present

in the model parameter traces, and by the significant amount of

residual error. The individual model parameter traces located at

apparent depths near the apparent depths of the anomalies predict

the presence of the anomalies in x, but are in error with regard

to the magnitude of the time delays. The time delays are

distributed among the impulse responses of the other depth levels.

The previous synthetic examples show that templates located

at the correct apparent depth of an anomaly (assuming the

background velocity function is known and therefore the shape of

the templates is exact) absorb the entire thin lens time delay

into their impulse response. The time delays are distributed among

the impulse responses of templates which bracket the depths of the

anomalies when the apparent depths (or shapes) of the templates

are in error. These errors become evident in the model parameter

traces as spurious high spatial frequency deviations which are

particularly prominent on the traces below the apparent depth of

the anomaly. Errors in the G matrix are identified most easily in

the residual error displays.
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3.7: Effects of noise in the data

The previous synthetic examples operated on traveltime

deviation data that are noise-free. Now consider the performance

of the k
x _Ax inversion when noise is present in the data. Figure

3.20 shows an example where high frequency random noise is added

to the traveltime deviation data. Two thin lens anomalies and a

shot static are embedded within the field of random noise. The

model used is identical to that of the previous synthetic

examples. Figure 3.20 a displays the input data. The common shot

static of 1 ms is completely obscured by the noise. The two lens

anomalies which introduce time delays of 2 ms and 3 ms are barely

discernible. The inversion is performed using the correct

templates. The resulting impulse responses are shown in Figure

3.20b. The inversion is successful in predicting the time delays

introduced by the lens anomalies and shot static, but a portion of

the noise also appears in the model parameter traces. The apparent

signal-to-noise ratio is much improved in the impulse responses

(14-15 dB) as compared with the original data. The predicted

output and residual error are shown in panels c and d. The

predicted output shows the presence of false signal components

produced by the random noise components present in the model

parameter traces. The signal-to-noise ratio appears to vary over

three distinct ranges of offsets in the predicted output Gm. From

the near trace to an offset of 1050 meters only the common shot
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Figure 3.20: Inversion results where random noise is present in
the data to be inverted. The correct templates are included

in the G matrix, a) Input data, b) Model parameter estimates.
Notice that a portion of the noise present in the input data

is predicted in the inversion, c) Predicted output, d) Residual

error.
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static template is acting to reproduce the data. In the middle

range of offsets the data are reproduced by a linear combination

of the common shot and the shallow lens anomaly template, and on

the farther offsets all three templates are contributing to

reproduce the data. In a sense the problem is more overdetermined

for certain ranges of offsets than for others, and the more

overdetermined the problem, the greater the noise reduction.

Figure 3.21 shows an example where low spatial frequency

noise has been added to the input data. The spatial wavelength of

the noise components is equal to one line length, and the

magnitude of the noise increases with offset to a maximum

traveltime deviation of + 2 ms on the far offset. The inversion

predicts the high spatial frequency components in the data (which

it is designed to do), but a portion of the low frequency noise is

also predicted and absorbed into the model parameter traces since

the inversion is performed for all k
x. it is quite evident from

the predicted output and residual error displays at which offsets

the various templates begin to contribute towards reproducing the

data.

Noise present in the input data is predicted to some extent

in the inversion and does appear in the model parameter traces.

Noise components that are predicted are markedly reduced in

magnitude compared with the noise present in the input data. The

k
x-AX inversion is simply an overdetermined, linear least-squares

problem. In general, the more overdetermined the problem, the
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Figure 3.21: Inversion results where low spatial frequency noise

is added to the data to be inverted, a) Input data, b) Model

parameter estimates, c) Predicted output, d) Residual error.



111

greater the amount of noise reduction. This generalization needs

to be modified for this application in that too few model

parameters may not allow the signal components (lens anomaly and

shot static effects) to be predicted accurately. In effect a

tradeoff occurs; too few model parameters and the signal cannot be

predicted, too many and the noise components are predicted and

amplified.

3.8: Sensitivity of the templates to the background velocity
function

The degree to which the lens anomaly produced traveltime

deviations are reproduced by the inversion is dependent on the

accuracy of the templates included in the G matrix. Ideally, the

shapes of the templates would match the shapes of the lens anomaly

hyperbolae seen in the traveltime deviations. Possible sources of

error in the estimation of the templates are the location of the

templates in apparent depth, errors in the assumed background

velocity function, and/or a breakdown of the thin lens assumption.

Figure 3.22 a compares the shapes of the templates located at

two depths within a reference model against those obtained

assuming the depths are 10 meters in error. The form of the

reference model is the same as that used for the synthetic data

examples with parameters of V
W

=ISOO m/sec, Z
w =loo m, V

o =l6oo

m/sec, k=l.o and n=2.o. The templates are computed at two

reference depths within the model (solid curves). These depths are
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then perturbed by 10 meters and the templates are computed (dashed

curves). The same background velocity model is used to compute the

two sets of templates, only the apparent depth locations are

changed.

The templates are not smoothly curving near the apices

because of the finite sampling in the offset dimension. Errors in

the apparent depth location of the templates produce differences

near the apices of the hyperbolae. The limbs of the hyperbolae

have the same asymptotes, and the difference between the reference

and perturbed templates decreases with increasing offset. The

asymptotes of the hyperbolae are determined by the source-receiver

offsets which are the upper limit of the local subsurface offset

estimates. As the location of the templates increases in depth,

the difference between the templates exists over a larger range of

offsets since the apices of deeper templates are broader and more

gently curved.

Figures 3.22b, 3.22c, and 3.22 d attempt to illustrate in a

qualitative sense the sensitivity of the shapes of the lens

anomaly templates to perturbations, or errors in the assumed

background velocity function. The reference background velocity

model is the same as that used in Figure 3.22a. The effects that

errors in the water layer thickness, initial subseafloor

velocity, and velocity gradient have on the shapes of the

templates are examined. Each of the above mentioned model

parameters are perturbed independently, and the templates at two
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Figure 3.22: Sensitivity of the shapes of the templates to errors

in the depth location or errors in the assumed background velocity
function. The model consists of a water layer overlying a half-

space in which the velocity increases in the form of the Evjen
function, a) Error in the depth location of the templates, b)
Error in the assumed water layer thickness, c) Error in the

assumed initial subseafloor velocity, d) Error in the assumed

velocity gradient.
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apparent depths are compared with the templates from the reference

i

model. A change in the background velocity model causes the

apparent depths of the lens anomalies to change as well. In order

to compare the shapes of the reference and perturbed templates,

the apparent depth locations of the perturbed templates are

adjusted so that the apices of the two sets of hyperbolae occur at

similar offsets.

The perturbations in the model parameters are not intended to

produce the same order of magnitude change in the overall velocity

function, but to illustrate qualitatively the changes in the

shapes of the templates. These figures show that any error in the

background velocity function that causes the velocity to be

greater at depth than the reference velocity produces broader

templates. The ray parameters of the first arrivals become

smaller, producing larger local subsurface offsets at the depths

of the anomalies. The sensitivity (amount of change) of the

templates decreases with depth. Errors in the assumed background

velocity function produce discrepancies along the limbs of the

hyperbolae that increase with offset, assuming that the apparent

depth placement has been adjusted appropriately. The resulting

differences in the shapes of the templates for the velocity model

perturbations shown are minor.

This brief sensitivity study assumes a background velocity

model which consists of a water layer overlying a half-space in

which the velocity increases with depth in the form of the Evjen
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function. In general, the shapes of the templates are relatively

insensitive to changes in the background velocity function. The

sensitivity that is apparent decreases with increasing depth. The

sensitivity of the templates to errors in the exponent n in the

Evjen function is not included here but produces similar effects

to those seen for the other parameters. Some experimentation with

templates computed assuming a background velocity function that

increases linearly with depth also supports the notion that the

shapes of the templates are not very sensitive to the background

velocity function. The most important factor in obtaining accurate

inversion results appears to be the accurate apparent depth

location of the templates within the background velocity model.

The extent to which these general conclusions can be applied to

other forms of velocity models is not clear.

3.9: Application to real data: Introduction

The multichannel filter algorithm is applied to the entire

OA-1 first arrival time data set. Only a subset of the 31 lines

will be discussed here. A laterally invariant global background

velocity model is developed and used to compute the lens anomaly

templates. Templates are computed at 16 depth levels within the

background model covering an apparent depth range of 20-320 meters

below the seafloor in 20 meter increments. The k
x inversion is

designed to extract the higher spatial frequency components of the
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first arrival time deviations. A method is given to remove a large

portion of the lower spatial frequency components (the mean and

trend) from the first arrival times prior to the inversion. The

times predicted by a set of LMSE planes fit to the data are

subtracted to approximately remove the mean and the trend. A

spatial cosine taper that is 750 meters in length is applied to

the ends of the line for each offset to reduce the anticipated

truncation problems in the Fourier transform formulation. The

deplaned, tapered data are used as input to the inversion.

A total of 17 templates are included in the G matrix; 16 lens

anomaly templates and one for the common shot statics. The

inversion is performed for all spatial frequencies up to 3/4

Nyquist. The resulting model parameter estimates are high-pass

filtered to remove any low spatial frequency components predicted

in the inversion. The filtered model parameters are interpreted in

terms of the delay time produced at each depth level as a function

of CDP, along with the common shot statics for each line. Plan

view maps of the linear models at each depth reveal the spatial

location and magnitude of the high spatial frequency lateral

velocity variations in the near surface. The filtered model

parameter estimates are used to compute the LMSE predictions of

the lens anomaly and shot static induced traveltime deviations.

Variable density displays of the predicted output and the residual

error (difference between the original data and the predicted

output) are quite informative. This lens anomaly analysis provides
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only the high-pass filtered components of the required velocity

model and traveltime corrections. The LMSE predictions of the high

spatial frequency traveltime deviations are subtracted from the

original data to isolate the more slowly varying background

components. These anomaly-free data are used to invert for the

laterally varying background velocity field in Chapter 4.

3.9.1: Global background velocity function

A laterally invariant global background velocity function is

used to compute the templates for the thin lens anomalies at 16

different depth levels. The global velocity function is obtained

using the GLI algorithm to predict the global average set of first

arrival times T(Ax). Recall that the global average times are

those subtracted from the original first arrival times to produce

the variable density displays.

The global velocity model is parameterized to consist of a

constant velocity (1500 m/sec) water layer overlying a half-space,

where the velocity increase with depth is in the form of the Evjen

function (equation 3.10). The water layer thickness is determined

from the average water bottom arrival time as implied by the

autocorrelogram data. The water layer velocity and thickness are

held fixed in the inversion. The GLI algorithm is then applied to

invert for the parameters VQ '
k

/
and nin the Evjen function. The

basis for this particular model parameterization, the raytracing
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algorithm, and the GLI algorithm are discussed in detail in

Chapter 4.

Figure 3.23 displays the residual error between the global

average times and the predicted times from the GLI inversion. No

attempt is made to reproduce the global average times at offsets

less than 800 meters. These data are simply not included in the

GLI procedure. Interference effects between the direct wave and
\

the wide-angle water bottom reflection on the nearer traces, along

with the severe ray parameter dependence of the recording system

at the large ray parameters, makes reproduction of the nearer

offset arrival times impossible with the simple raytracing

algorithm used. At all offsets greater than 800 meters the GLI

algorithm produces a velocity model that predicts the global

average times to within + 1 ms.

Figure 3.24 displays the resulting background velocity

function in several different domains. The velocity versus depth

function is shown in panel a. The velocity is seen to increase

slightly faster than parabolically with depth since n=2.64, as

opposed to n=2 for a parabolic increase in velocity with depth.

Given the velocity profile, the predicted first arrival times can

be displayed as a function of offset, ray parameter, maximum depth

of penetration, and two-way vertical traveltime. The maximum depth

of penetration and the two-way vertical traveltime of the first

arrival at each offset are computed using the equations shown in

Figure 3.25. Figure 3.24 b shows the maximum depth of penetration
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Figure 3.23: Residual error between the global average set of

first arrival times and those predicted by the GLI method.
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Figure 3.24: Crossplots of relevant parameters for the global
background velocity model using the equations shown in Figure
3.25. a) Velocity versus depth, b) Offset versus depth, c) Offset

versus two-way vertical traveltime, d) Two-way vertical

traveltime versus depth.
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Figure 3.25: Equations used to compute the parameters shown in

Figure 3.24 for that portion of the travelpath in the subseafloor

layer where the velocity is described by the Evjen function.



122

as a function of offset. Diving waves are the first arrivals

beyond an offset of 700 meters. The offset versus two-way vertical

delay time function is shown in panel c, and panel d shows the

two-way vertical traveltime versus the maximum depth of

penetration.

3.9.2: Removal of the mean and trend

The k
x_Ax inversion is designed to operate on the higher

spatial frequency components of the first arrival time residuals.

The multichannel filter searches the input data for time residual

patterns in the shape of the lens anomaly and shot static

templates. Traveltime residuals that do not have the 2-D shape of

a template are considered to be noise. The synthetic examples show

that noise present in the data to be inverted does appear in the

model parameter estimates. As a result, the predicted output

contains noise components that are treated as signal.

The OA-1 first arrival time data contain slowly varying

components that, in terms of the multichannel filter, are

considered to be noise. Ideally, we would like to have as input

to the MCF only the higher spatial frequency components. The

higher spatial frequency components are approximately separated

from the more slowly varying components by removing the mean and

trend from each offset of the original data. The trends are

obtained by fitting a LMSE plane to the first arrival times of
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each offset of the entire first arrival time data set. The general

equation for the times predicted by the LMSE planes is

Tp(x,y,Ax) = a x (Ax) + a2 (AX)x + a3 (Ax)y , (3.11)

where

T
p (x,y, ax) = first arrival times predicted by the LMSE planes as

a function of spatial location (x,y) and offset ax,

a l, a2, a 3 = coefficients of the planes obtained by a LMSE fit

to the first arrival times of each offset.

A total of 48 planes is fit to the data, one plane for each

offset. The planes fit to each offset are permitted to tilt in the

x and y dimensions. For comparison, the removal of the global

average set of times from the original first arrival time data is

equivalent to removing a flat plane (or the average mean) from

each offset. A large portion of the low spatial frequency

components is removed from the first arrival times by subtracting

the times predicted by the LMSE planes from the original data as

At'(x,y,Ax) = T(x,y,Ax) - T
p (x,y,Ax), where (3.12)

T(x,y,Ax) = first arrival time at spatial location (x,y) and

offset a x,

Tp(x,y,Ax) = time predicted by the LMSE plane, and

At(x,y,Ax) = modified first arrival time residuals containing

primarily the higher spatial frequency components.
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Figure 3.26 b shows the first arrival time residuals for line

15 after the data have been "deplaned" At(x,Ax), where the y-

dependence is dropped since the data are displayed along a

particular line. Figure 3.26 a shows the first arrival time

residuals which have had only the global averages removed,

At(x,Ax). Comparison of these figures shows that the slowly

varying background components are reduced, and that the lens

anomaly and shot static effects are enhanced in the deplaned data.

The two major lens anomalies appear much clearer and are no longer

obscured by the background components.

The first arrival time data for each of the 31 lines in the

prospect are prepared for input to the k
x

_ AX inversion algorithm

by removing the times predicted by the LMSE planes for each

offset. The approximate separation of the higher spatial frequency

components from the trend of the background components is most

pronounced for the dip lines.

3.9.3: Template overlays

The global background velocity model is used to compute the

lens anomaly templates. Figures 3.27 a and 3.27 b show the deplaned

first arrival time data for lines 11 and 15. Superimposed on these

data are the computed lens anomaly templates. The offsets at which

the apices of the templates occur are determined from the first

arrival time variable density displays. These offsets are then
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Figure 3.26: a) First arrival time residuals produced by
subtracting the global average times, b) First arrival time

residuals which have had the times predicted by the LMSE planes
removed.



Figure 3.27: Residual first arrival time data for lines 11 and 15

which have had the times predicted by the LMSE planes removed. The
lens anomaly templates are superimposed on the data and are shown
in black.
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mapped to apparent depths within the global model and the

templates are computed.

The templates agree well with the actual shapes of the lens

anomaly produced traveltime delays. The templates appear jagged

because of the finite sampling required for the display. The

shapes of the two anomalies on line 15, which occur at opposite

ends of the line, are predicted nicely. The assumption of a

laterally invariant global velocity model to produce the lens

anomaly templates appears to hold up quite well.

3.9.4: Depth resolution

The first arrival time data set is processed using 16

templates for the lens anomalies. The templates cover an apparent

depth range of 80-380 meters within the global velocity model. The

range of depths is designed to encompass the offsets at which the

apices of the lens anomaly hyperbolae appear in the variable

density displays. The apparent depth spacing of the templates is

20 meters. The depth resolution is controlled by the spacing of

the templates in depth and is dependent on the background velocity

profile and the receiver spacing.

The parameter that influences the depth resolution is the

maximum depth of penetration of the first arrivals as a function

of offset. For the k
x inversion to be stable, the apices of

each template must map to a unique offset in the x-Ax plane. The
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templates are computed in the x-z plane. The mapping between the

x-z and x-ax planes is controlled by the maximum depth of

penetration as a function of offset. If the apices of the

templates corresponding to adjacent depth levels map to the same

offset in the x-ax plane the inversion becomes unstable.

Instability occurs if the sample rate of the templates in depth is

less than the difference between the maximum depths of penetration

for adjacent offsets.

Figure 3.28 shows two lens anomaly templates originating at

slightly different depths in the x-z and x-ax planes. Although the

templates correspond to anomalies located at different depths

and z2>
finite sampling in the x-ax plane causes the templates

to first be sampled at the same offset. The lateral separation

(local subsurface offset) between the delta functions at this

offset is slightly different. The inversion of the G*G matrix

becomes unstable because the apparent apices (the first offset at

which the template occurs in the x-ax plane) of the two templates

map to the same offset. The degree to which the templates are

sampled in the x-ax plane is determined by the receiver spacing. A

smaller trace spacing would allow for a finer sampling of the

templates in depth as long as the sample rate of the templates is

greater than the difference between the maximum depths of

penetration for adjacent offsets. This would ensure that the

apparent depth of each template would map to a unique offset.

The depth sampling of the templates used to invert the OA-1
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Figure 3-28: a) Templates originating at two different depths Z 1

and in the CDP-depth (x,z) plane, b) In the CDP-offset plane
the templates initially appear at the same offset because of the

finite sampling which is controlled by the receiver spacing.
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data is 20 meters. Attempts at using a finer sample rate resulted

in stability problems. Theoretically, a template could be included

for each offset in the x-Ax plane, but the less overdetermined the

problem becomes the greater the noise amplification in the model

parameters. The 20 meter depth sampling will likely cause the time

delays for certain anomalies to be distributed into the model

parameter traces of several depth levels since the apparent depth

location of the templates may not correspond to the actual depths

of the anomalies. It should be noted that a finer depth sampling

inversion could be stabilized with a damped least-squares solution

similar to that used in dealing with the autocorrelogram data.

3.9.5: Processing parameters

The k
x-Ax inversion is applied independently to the modified

traveltime residual data At(x,Ax) for each line of the prospect.

The spatial Fourier transforms include 256 points for each offset.

Typically, the strike lines consist of 287 CDPs, and the dip lines

consist of at most 251 CDPs. Artifacts appear in the model

parameters output from the inversion because of the data

truncation.

Figure 3.29 attempts to illustrate the data truncation.

Figure 3.29 a is a sketch of the traveltime residual data for a

strike line with the shooting direction being from left to right.

The dashed diagonal line on the left indicates increasing fold.
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Figure 3.29: Illustration of the geometry of the data truncation

effects for the inversion of the OA-1 first arrival time

residuals. A total of 256 CDPs are included in the spatial Fourier

transforms, a) The strike line data are truncated along the

diagonal where the fold is increasing (left) and vertically where

the data window ends, b) The dip line data are truncated along
the diagonals where the fold is increasing (left) and decreasing
(right).
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The vertical line on the right indicates the maximum number of

points included in the Fourier transforms. A fairly large

traveltime residual remains in the data to be inverted (+_ 6 ms).

Non-zero values occur along the edges of the data window, where

the fold is increasing, and where the data are limited by the 256

points used in the FFT. A portion of the strike line data is lost

because of the power of two requirement for the FFT algorithm

used. Figure 3.29 b shows the case for a dip line which is also

shot from left to right. Data truncation occurs along both of the

diagonals where the fold is increasing and decreasing. The delay

time residual remaining in the dip line data to be inverted is on

the order of +_ 10 ms. Similar situations occur for lines shot in

the opposite directions but the diagrams would appear reversed.

The current treatment of the data truncation at the ends of

the lines leaves much to be desired. The removal of the times

predicted by the LMSE planes helps to accentuate the thin lens

anomaly and shot static effects, and to reduce the anticipated

truncation problems. The slight amount of spatial tapering along

the edges of the data window also helps to reduce the truncation

effects. Data truncation related model anomalies are quite evident

on the model parameter traces to be examined. The model anomalies

that correlate with the direction in which the lines were shot and

with the position of the data edges, are believed to be

symptomatic of this data truncation problem and the ray parameter

dependent system response. The problems associated with the mean
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and the trend in the Fourier treatment of a truncated data segment

are also introduced.

Figure 3.30 shows the maximum depth of penetration of each

offset for the global background velocity model. The dashed

horizontal lines represent the depth levels for which lens anomaly

templates are included in the G matrix. The depth range considered

is 80-380 meters. This range of depths maps to offsets from 850 to

2200 meters. No lens anomalies originate (have their apices) at

offsets greater than 2200 meters in the data. Attempts to use a

finer depth sampling for the templates yielded results that were

unstable.

The k
x-Ax inversion is performed for all wavenumbers up to

3/4 Nyquist. Low spatial frequency components which are present in

the deplaned data are predicted in the inversion and appear in the

model parameter estimates. To provide a model that is restricted

to the high spatial frequency velocity variations, the model

parameter estimates are high-pass filtered. The amplitude spectrum

of the zero-phase filter is shown in Figure 3.31. The high-pass

filtered model parameter estimates are denoted as m, and are used

to'infer the high spatial frequency velocity variations and to

reconstruct the predicted output Gm.
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Figure 3.30: The asterisks indicate the maximum depth of

penetration for each of the first arrivals for the global
background velocity model. The horizontal dashed lines show

the apparent depth locations of the templates included in the G

matrix.
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Figure 3.31: Amplitude response of the zero-phase high-pass filter
which is applied to the model parameter estimates to remove the
low spatial frequency components that are predicted in the
inversion.
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3.9.6: Results

Figure 3.32 shows the variable density displays of the first

arrival time residuals for line 11 at various stages of the

processing sequence. The original first arrival time residuals

which have had the global averages removed are shown in panel a.

Panel b shows the data after the times predicted by the LMSE

planes are removed. These data are used as input to the k
x -AX

inversion after the spatial taper is applied. The LMSE predicted

output of the input data is shown in panel c. The predicted output

is obtained by multiplying the high-pass filtered model parameter

traces with the G matrix in the spatial frequency domain, and then

inverse Fourier transforming to the spatial domain. Panel d

displays the difference between the original data and the

predicted output (panel a minus panel c). The extent to which the

multichannel filter predicts the traveltime deviations produced by

the lens anomalies becomes apparent in the residual error display.

The individual model parameter traces for each template in

the G matrix are shown in Figure 3.33. The solid lines are the

high-pass filtered model parameter estimates and the dashed lines

are the broadband model parameter estimates. The common shot

static trace is shown at the top with the traces corresponding to

the lens anomaly templates below. The model parameter traces

indicate the amount of time delay for each 20 meter thick layer.

The vertical spacing between the traces is equivalent to 5 ms of
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one-way delay time. If the estimated time delays are distributed

over 20 meters, a one-trace deflection in this display implies a

20 meter slowness anomaly of 0.25 secAnt The arrow at the top of

the figure indicates the shooting direction of the line. To the

left of the model parameter traces are the apparent depth

locations of the corresponding templates within the global

velocity model. On the right are the apparent two-way vertical

traveltimes to each of the depth levels. Beneath the model

parameter traces is a portion of the conventional CDP stacked

section. Apparent velocity anomalies seen in the model parameter

traces can be correlated with the shallow bright spots seen on the

stacked section in terms of spatial location, lateral extent, and

normal incidence arrival time.

The common shot static trace contains large amounts of rapid

high spatial frequency fluctuations. A large shot static is

evident to the right of the intersection with line 5. This

particular shot static is seen very clearly on the variable

density displays and appears as a doublet. The static time

difference between the trough and peak of the doublet implies a

change in the source depth on the order of 2 meters. The shot

static absorbs a large portion of the low spatial frequency

components which are present in the data as indicated by the

dashed line. The extent to which these low spatial frequencies can

actually be attributed to common shot statics is not clear.

In general, the model parameter traces corresponding to the



Figure 3.32: Variable density results of the multichannel filter
inversion for line 11.
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Figure 3.33: Model parameter traces and the stacked section for

line 11. The solid line shows the high-pass filtered model

parameter estimates and the dashed line shows the broadband

estimates. The apparent depth location of the templates is

shown on the left. Along the right are the two-way vertical

traveltimes corresponding to each template.
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thin lens anomaly templates at each of the depth levels contain

more slowly varying features than does the shot static. Data

truncation effects are apparent. The deep lens anomaly located

near the intersection with line 6 appears strongest on the depth

level at 260 m, with a magnitude of about 1.5 ms and a lateral

extent of approximately 500 meters. The variable density displays

show that the apex of the anomaly is indeed smeared over a small

range of offsets. As a result, the inversion distributes the

total time delay into several adjacent depth levels (260 m-320 m).

The residual error panel (Figure 3.32d) shows that the effects of

the deep lens anomaly and the common shot statics have been

removed from the data, isolating the slowly varying background

components.

The upper and lower depth levels absorb much of the very low

spatial frequency fluctuations (dashed lines). It is likely that

these low spatial frequency components are present in the data

which lie outside of the depth range covered by the templates. A

DC bias is seen in the broadband model parameters at depth levels

260 m and 280 m. This bias is produced by the channel timing

problem at 1750 meters offset. This timing error is present on a

subset of the lines and affects the LMSE plane fit to this offset.

Consequently, the timing error remains in the data to be inverted

and appears in the broadband model parameter estimates as

apparent low (time delay) and high (time advance) velocity layers.

Figure 3.34 shows the variable density data for line 15. Two
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major lens anomalies are present and are predicted quite well by

the least-squares filter. The deeper anomaly located near the

intersection with line 2 appears on depth levels 180 m and 200 m

with time delay magnitudes of about 2 ms and 3 ms, as seen from

the model parameter traces in Figure 3.35. The shallower anomaly,

located at approximately CDP 223, appears on depth levels 140 m

and 160 m. The actual amount of static time delay introduced by

the two anomalies is the sum of these two delays. The time delay

introduced by a thin lens anomaly will be distributed over several

depth levels if the anomaly is thick enough so that the apex of

the hyperbola actually covers several offsets in the x-ax plane,

or if two adjacent depth levels bracket the actual depth level of

the anomaly. Truncation effects are again apparent along the edges

of the model parameter traces.

The shot static trace for line 15 is very interesting. It

contains the very rapid, high spatial frequency fluctuations

common to shot statics. These high frequency variations are

superimposed on a large DC bias which is seen in the broadband

estimate (dashed line). This 4-5 ms DC shift is likely due to an

error in the t=o time for the line which causes the first arrival

times to be 4-5 ms later than those of the other lines in the

prospect. This apparent t=o problem is present on lines 15-17 and

26. The 4-5 ms shift remains in these data after the LMSE planes

are removed and is subsequently absorbed by the shot static term

in the inversion. The 4-5 ms shift is removed from the model



Figure 3.34: Variable density results of the multichannel filter
inversion for line 15.

142



143

Figure 3.35: Model parameter traces and the stacked section for

line 15.
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parameter estimates by the high-pass filter so that it is not

present in the predicted output, but is present in the residual

error.

The line 17 variable density and model parameter data are

seen in Figures 3.36 and 3.37. The lens anomalies and shot statics

are predicted nicely, as seen in the predicted output and residual

error panels. The shot static trace shows the high frequency

variations along with the large (about 5 ms) DC shift in the

broadband estimate. A number of major lens anomalies are apparent,

with the strongest appearing near the intersection with line 2.

This anomaly produces a maximum time delay of roughly 5 ms on

depth level 200 m, and about 3 ms on the 220 m level. The lateral

extent of the anomaly is approximately 20 CDPs, or 1000 meters.

The normal incidence arrival time correlates well with the shallow

bright spot seen on the stacked section. There appears to be some

cross-feed on the model parameter traces above and below this

anomaly, which is likely due to imprecise locations of the

templates in apparent depth.

A very large lens anomaly can be seen in the variable density

data for lines 20 and 21 (Figures 3.38 and 3.40). The anomaly is

located near the intersection with line 8 on both lines. The model

parameter traces for line 20 (Figure 3.39) indicate that the

maximum time delay introduced is 8 ms, the lateral extent of the

anomaly is approximately 1000 meters, and the anomaly appears on

the 280 m depth level. On line 21 (Figure 3.41), the lateral
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extent of the anomaly is slightly less, and the time delay is

spread over depth levels of 260 m-300 m with a total time delay of

10 ms. Some high spatial frequency residual error associated with

this anomaly is apparent in the variable density displays for both

lines.

A smaller anomaly is visible on the line 21 data near the

intersection with line 1. This anomaly appears very thin on the

variable density displays, while the model parameter traces

indicate that the anomaly is much thicker. This discrepancy is

attributed to errors in the apparent depth location of the

templates. A relatively large amount of residual error is apparent

in panel d of Figure 3.40.

The data for line 26 are shown in Figures 3.42 and 3.43. An

interesting feature is the asymmetry of the shallow lens anomaly

at the intersection with line 2, seen in the variable density

displays of the original and deplaned data (Figures 3.42 a and b).

This asymmetry is not accounted for in the G matrix as the least-

squares inversion process predicts a symmetric anomaly instead.

The residual error panel reveals a large amount of error due to

this asymmetry. There is much confusion in the model parameter

traces as well (Figure 3.43). The lens anomaly, which is actually

very thin as inferred from the variable density displays, appears

to be spread out over practically all depth levels in the model

parameter traces. An apparent error in the t=o time is again

apparent as a large DC shift in the broadband shot static trace.



Figure 3.36: Variable density results of the multichannel filter
inversion for line 17.
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Figure 3.37: Model parameter traces and the stacked section for

line 17.



Figure 3.38: Variable density results of the multichannel filter
inversion for line 20.
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Figure 3.39: Model parameter traces and the stacked section for

line 20.



Figure 3.40: Variable density results of the multichannel filter

inversion for line 21.
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Figure 3.41: Model parameter traces and the stacked section for

line 21.



Figure 3.42: Variable density results of the multichannel filter
inversion for line 26.
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Figure 3.43: Model parameter traces and the stacked section for
line 26.



Figure 3.44: Variable density results of the multichannel filter
inversion for line 28.
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Figure 3-45: Model parameter traces and the stacked section for

line 28.



Figure 3.46: Variable density results of the multichannel filter

inversion for line 2.
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Figure 3.47: Model parameter traces and the stacked section for
line 2.
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The data for line 28 (Figures 3.44 and 3.45) show two closely

spaced anomalies at the intersections with lines 4 and 5. The

least-squares inversion has some trouble predicting these

anomalies since they occur at such shallow depths. Residual error

(Figure 3.44d) is seen to occur over all offsets, which may imply

a depth location error for the lens anomaly templates. This error

translates into apparent static time delays over all depth levels

in the model parameter traces (Figure 3.45). The apparent time

delays are very high frequency, and the horizontal range over

which they occur increases with depth. Residual errors at the

nearer offsets are also evident in the residual error panel. An

anomaly which occurs on the seafloor will not be predicted since

the first lens anomaly template is located 20 meters below the

seafloor of the global model. The shot static and deeper lens

anomaly templates will attempt to account for these traveltime

deviations. These types of anomalies are visible near the

intersections with lines 9 and 10 on the variable density

displays.

Figures 3.46 and 3.47 show the variable density and model

parameter data for line 2. Large anomalies are seen at the

intersection with line 17 and also with line 26. The shallow

anomaly near the intersection with line 26 has a large amount of

residual error associated with it as seen in the residual error

(Figure 3.46d) panel. The high frequency fluctuations associated

with the residual error can be seen in the model parameter traces
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beneath the anomaly (Figure 3.47). The truncation problems are not

as severe since this is a strike line and the traveltime residuals

remaining in the data to be inverted are smaller.

3.9.7: Summary

Only a subset of the results of the k
x _Ax inversion in the

form of variable density displays and model parameter traces has

been included. The analysis of these and the remaining lines leads

to several conclusions. The assumption of a single laterally

invariant global background velocity model for computing the lens

anomaly templates appears to be quite robust. Overall the lens

anomaly and shot static effects are predicted very nicely by the

inversion. Static time delays produced by a lens anomaly are

often distributed into the model parameter traces of surrounding

depth levels because the templates bracket the depth of the

anomaly. Residual errors between the original and predicted data

are seen clearly in the variable density displays and manifest

themselves as very rapid high spatial frequency fluctuations in

the model parameter traces. Residual error is most commonly

associated with the very shallow lens anomalies. The cause of the

error can be attributed to an incorrect G matrix. The shapes of

the shallow lens anomaly templates are more sensitive to errors in

the background velocity function than are the deeper ones, but

this is thought to be a second order effect. The likely source of
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error is due to an incorrect location of the templates in depth.

Anomalies found deeper in the section are bracketed by several

templates above and below. If the placement of the templates is

not exact the total time delay is distributed among the

surrounding templates. The very shallow anomalies are not

bracketed by templates, so an error in the location of the

templates manifests itself as a large amount of residual error.

The inversion algorithm cannot accurately predict anomalies which

occur outside of the range of the templates (on the water bottom),

or any anomalies which produce an asymmetric pattern of time

delays. The upper and lower model parameter traces of the

broadband data tend to absorb the lower spatial frequency

variations remaining in the data. The broadband shot static trace

appears to absorb most of the DC bias which may be present in the

data input to the inversion. Truncation effects are a serious

problem and limit the integrity of the data analysis near the ends

of the lines.

The apparent anomalies seen in the model parameter traces

correlate very well with the shallow bright spots seen on the

stacked sections. The apparent two-way vertical traveltime

estimates for the model parameter traces also appear to agree

nicely with the conventional data. The vertical traveltime

estimates should not be expected to agree exactly because of the

ray parameter dependence of the recording system on the first

arrivals, the fact that the inversion is performed assuming a
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laterally invariant velocity model which may be in error, and the

normal moveout velocities for the stacked data may be in error.

3.10: The analogy and comparison with reflection migration

The multichannel filter algorithm for the inversion of the

thin lens anomaly produced traveltime deviations is very similar

to the process of seismic reflection migration. The MCF algorithm

attempts to focus the time delay effects present in the x-ax plane

onto a single offset, or in other words, to collapse the hyperbola

to a point. This step is analogous to the time migration of

seismic reflection profiles and is fairly insensitive to errors in

the background velocity function. The lens anomaly templates are

similar to the migration hyperbolae used in conventional Kirchhoff

migration (Schneider, 1978). Carter and Frazier (1984) give a

method for incorporating lateral velocity variations, in the form

of isolated velocity lenses, into the computation of the Kirchhoff

migration hyperbolae. This procedure would be analogous to the

relaxation of the thin lens assumption, which would allow the

templates computed for a particular (x-z) point to be perturbed,

or altered, by velocity anomalies located elsewhere. The k
x
-Ax

inversion assumes a velocity model that varies only with depth, as

do conventional Kirchhoff and frequency-wavenumber migration

methods (Schneider, 1978; Gazdag, 1978; Stolt, 1978). A laterally
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variant velocity model could be employed in the inversion, but the

advantages of the spatial Fourier transform would be lost and the

inversion of much larger matrices would be required.

Seismic reflection migration can be viewed as the application

of a depth variant 2-D matched filter. In time migration, the

mapping between the input and output data is usually even

determined. The input and output data have the same sampling in

apparent depth (vertical traveltime). The k
x-AX inversion uses an

overdetermined mapping in that the output data are more sparsely

sampled in apparent depth than the input data. An even determined

inversion of the time delay data would map the delay times into a

set of thin lens anomalies at 48 depths. To be analogous with time

migration, the 48 depths would correspond to the 48 apparent

depths associated with the 48 recorded offsets. All of the noise,

and all of the breakdown of approximations, would then be

converted into the model image.

Figure 3.48 illustrates the depth variant 2-D matched filter

approach applied to the time delay data. Templates are computed

for each offset in the range indicated. A simple summation of the

data is performed with the appropriate template for each x,ax

point within the window. The results are then divided by the

number of offsets included in each summation. The quality of the

resulting image is clearly inferior to that of the multichannel

filter approach. The time delay data do not decay in amplitude

along the limbs of the hyperbolae as is the case in seismic
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Figure 3.48: Results of applying a matched filter algorithm to a

set of traveltime deviation data. A template is computed for each

offset and the data are simply summed over each template for each

spatial position.
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reflection migration. Subsequently, there is a very large amount

of cross-feed produced by the summation along the templates at

other offsets. The imaged results do give the correct time delay

estimates at the center of the x-like patterns but the signal-to-

noise ratio is very much degraded. This approach does not allow

the prediction of the original input data in the manner of the

k
x
-A* inversion.

The second part of the inversion can be viewed as the mapping

of the focused time delay data from offset to depth. This is

analogous to the conversion from time to depth of a time migrated

seismic section. If the background velocity function is found to

be in error, the migrated data may be fairly well focused, but

they will be at the wrong depth, and the amplitude of the imaged

impedance contrast will be moderately biased. The thin lens delay

times are analogous to the impedance contrast values in migration.

The k
x

_ inversion is performed assuming a laterally invariant

velocity model. If this velocity model were found to be in error,

the imaged data (model parameter traces) could easily be cast into

a more realistic laterally varying background velocity model. A

conversion from apparent depth to real depth should be done for

these data on the basis of the laterally variant low spatial

frequency model obtained for each line. The low and high spatial

frequency models along a line can then be added together to

provide the velocity model for that line.
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3.11: Plan view maps of linear models

The high-pass filtered model parameter traces for each of the

16 depth levels can be resorted to produce plan view maps of the

delay times at constant depth levels. The individual model

parameter traces are sorted into common depth levels and aligned

according to the basemap geometry. Individual anomalies can be

correlated and mapped with regard to their spatial extent and

apparent thickness.

Figures 3.49 to 3.64 display the plan view maps of the linear

delay times for each of the 16 constant depth levels used in the

inversion. The maps for the dip lines and the strike lines are

displayed separately with the line intersections marked. Both the

dip line and strike line maps are somewhat distorted from the true

basemap. The distance between each dip line is roughly 500 meters,

and the spacing is equivalent to 5 ms of one-way delay time. The

spacing between the strike lines is variable (500 meters or 1000

meters) and these data are displayed at the same gain as the dip

line data. Positive delay time variations are filled in.

Major lens anomalies which appear in the model parameter

traces and are readily mappable are indicated by letters A-I on

the constant depth level maps. Only the plan view maps of the

linear time delays are used to correlate and map these anomalies.

In general, the high spatial frequency model of the lateral

velocity variations appears to tie quite well at the line
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intersections. The major lens anomalies are located along faults

which are easily seen in the deeper seismic data. The current

hypothesis is that the lens anomalies are formed by free gas

accumulations which migrate upward along the fault planes.

Anomaly A is the largest and strongest lens anomaly in the

prospect. This anomaly occurs at depth levels of 100 m, 120 m, and

140 m, although artifacts appear over practically all depth

levels. This anomaly has a relatively large amount of residual

error associated with it as seen in the variable density displays.

Anomaly A occurs on strike lines 2-5 and dip lines 26-29. It

covers an areal extent of approximately 2000 by 500 meters. One-

way time delays as large as 10 ms are produced by transmission

through this anomaly (seen by taking a local sum of depth levels

100 m-140 m). The anomaly at 100 meters depth appears as a doublet

on lines 5 and 28, which may imply the presence of two individual

closely spaced anomalies rather than a single anomaly.

Anomaly B is mappable on dip lines 18-22 and occurs on depth

levels 100 m, 120 m, and 140 m. It is oriented primarily along

strike and is seen only on strike line 1. It is much thinner and

weaker than anomaly A, which occurs at the same stratigraphic

levels.

Anomaly C is located on depth levels 120 m-180 m. On level

120 m the time delay is significantly stronger on dip line 23 than

it is on strike line 8. This discrepancy is not as severe on depth

level 140 m. On levels 160 m and 180 m, the anomaly appears on dip
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lines 20 and 21 as well as on strike line 10. Most likely there

are actually two individual anomalies located at slightly

different depths but having a similar spatial orientation.

Anomaly D is smaller in magnitude than anomaly C, is located

at the same stratigraphic level as the deeper portion of C, and

has a similar spatial orientation.

The trend of anomalies E and F is almost perfectly parallel

to strike, although anomaly E occurs at shallower depths. Anomaly

E appears on depth levels 180 m-220 m, and is mappable on dip

lines 14-18. The largest time delays occur at depth level 200 m on

lines 17 and 2. At depth level 200 m, the largest magnitude time

delays occur on dip lines 15 and 17 which were shot in the same

direction; this distribution is corroborated on strike line 2. At

the deepest level of 220 m, the anomaly appears distinctly only on

line 17.

Anomaly F occurs landward of strike line 10 on dip lines 16-

20 and is oriented along strike. This anomaly is mappable on depth

levels 220 m-280 m. The magnitude of the time delay weakens at

260 m depth then reaches its maximum value on dip lines 19 and 20

at depth level 280 m, which may imply the presence of two

individual anomalies at slightly different stratigraphic levels.

The largest time delay magnitudes appearing in the model

parameter traces occur for anomaly G. A one-way time delay of 7-8

ms is indicated on dip line 20 at the 280 m depth level. On strike

line 8 at 260 m depth a time delay of about 8 ms is indicated.
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This anomaly also appears on line 20 at 260 m depth. Anomaly G is

located in the same area as shallower anomalies C and D with a

similar spatial orientation.

Anomaly H is the deepest of the lens anomalies which are

readily mappable occurring at depths of 280 and 300 meters. It

trends parallel to strike on lines 16 and 17 near the intersection

with line 6.

Anomaly I is a local anomaly appearing on depth levels 200 m

240 m on lines 1 and 24.

In general, the major mappable lens anomalies are oriented in

the strike direction and are located near faults. The lens

anomalies are probably created by free gas that migrates upward

along the fault planes. The thickness of the anomalies implied by

the model parameter traces should be taken as the upper limit of

the true thicknesses. Templates which bracket the true depth of

the anomaly cause the time delay to be distributed among the

different levels which in turn implies a much greater thickness

for the anomaly.

3.12: Line intersection analysis

The k
x_Ax inversion technique is a very robust method of

predicting in a LMSE sense the higher spatial frequency components

(lens anomaly and shot static effects) present in the first

arrival time data. These estimates, the predicted output Gm, are
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then subtracted from the original first arrival time data to

isolate the more slowly varying background components. The

residual error variable density displays reveal the extent to

which the inversion is successful. Analysis of the first arrival

time differences at the line intersections before and after

removal of the higher spatial frequency components also provides a

useful measure for determining the success, and effects, of the

inversion.

Figure 3.65 a displays the first arrival time differences

(strike minus dip) of the original data at the line intersections

along strike line 1. The vertical axis is offset, and the

horizontal axis is distance along the strike line. The first

arrival time differences at each line intersection are plotted

vertically. The zero lines for each line intersection are

indicated by the dashed lines and are spaced 10 ms apart. A

deflection to the right of the zero line means that the arrival

time for the strike line is greater than that of the dip line. A

deflection to the left means that the dip line arrival time is

greater. The lower panel displays the first arrival time

differences after the higher spatial frequency components have

been predicted and removed from the data. The method of display is

identical to that of the upper panel.

The degree to which the earth departs from a local one-

dimensional medium is implied in the line intersection analysis.

The main contributors to any misties present are the lens anomaly
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Figure 3.65: a) First arrival time differences (strike-dip) at

the line intersections along line 1. The horizontal spacing
between the dashed lines is equal to 10 ms. b) Differences at the

line intersections after the predicted lens anomaly and shot

static effects are subtracted from the first arrival times.
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effects, although shot statics, location errors, and streamer

feathering effects may also contribute. The agreement at the

intersections with lines 27-30 is quite good, while the presence

of shallow lens anomalies corrupts the line ties for lines 19-25.

The effects of the apparent t=o problem are evident at lines 15-17

and 26. The channel timing error is apparent at most of the line

intersections at an offset of 1750 meters.

The first arrival time differences for line 1 after the

removal of the predicted lens anomaly and shot static effects are

shown in Figure 3.65b. Comparison with the upper panel shows that

the degree of mistie caused by the lens anomalies is drastically

reduced. The low spatial frequency misties, such as the apparent

t=o problem on lines 15-17 and 26, are still present after the

removal of the high spatial frequency anomalies.

Analysis of the line intersection difference data for the

remaining strike lines shows that the presence of the lens

anomalies is the major factor in disrupting the integrity of the

line ties. Anomaly A, which was discussed earlier, produces mistie

as large as 10 ms at the intersection of line 4 and 29. The

effects of anomaly A (lines 2-5 at 26-29) appear in a variety of

patterns at the line intersections. The shallow subsurface is

relatively one-dimensional in several areas, such as line 1 at 28-

30, line 5 at 23-25, and line 9 at 22-24. Varying degrees of

agreement, or disagreement, at the line intersections can be seen

throughout the remainder of the data. The features of the misties
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are not readily interpretable in terms of the parameters (velocity

or thickness) of the lens anomalies or the local background

velocity field.

The line ties are vastly improved after the removal of the

lens anomalies from the data. The remaining mistie features are

primarily of low spatial frequency although there is a slight

amount of high spatial frequency mistie because of the imperfect

estimation of some of the shallow lens anomalies. The low spatial

frequency first arrival time data set now appears suitable for a

series of localized 1-D inversions to estimate the laterally

varying background velocity field.

3.13: Cumulative sum statics

The model parameter traces, which show the amount of static

time delay as a function of CDP for each of the 16 depth levels,

can be used to compute the total sum static to each depth level. A

cumulative sum of the model parameter traces is computed for each

particular depth level by summing the model parameter traces for

that level and all shallower depth levels. The resulting

cumulative sum static trace is the normal incidence static

correction that would be applied to the seismic reflection data to

correct for traveltime variations through the overburden to a

particular depth datum.

Dynamic traveltime corrections can also be computed using the
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model parameter estimates. Dynamic corrections vary with

traveltime and offset. Rays can be traced through a velocity model

to any deep depth datum for any offset. The thin lens delay times

given by the model parameter estimates can be accumulated along

the raypath to correct for traveltime distortions produced by the

near surface.

The method of display for the cumulative sum static data is

identical to that of the model parameter traces for the individual

lines except that the vertical trace spacing is now equivalent to

7 ms of one-way delay time. The solid lines are the cumulative

sums of the high-pass filtered model parameter estimates, while

the dashed lines are produced from the broadband model parameter

estimates. The first trace is that of the 80 meter depth level.

The second trace is the sum of the 80 and 100 meter depth level

traces, and so on. Again, the apparent depths and two-way vertical

traveltimes are included on the sides of the displays. The common

shot static traces are not included in the cumulative sums. The

static correction for the common shot statics would be applied

independently to the reflection data.

The cumulative sum static traces may provide a more readily

apparent estimate of the total static time delays introduced by

the near surface lens anomalies. The time delays are often

distributed among the model parameter traces of several depth

levels as seen earlier. The cumulative sums help to make the total

time delay more apparent. Truncation effects are prevalent and
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hinder the integrity of the analysis near the ends of the lines.

The truncation effects increase in magnitude with increasing

depth. The high spatial frequency noise components introduced into

the model parameter traces when the templates are in error can add

up to nontrivial amounts in the cumulative sum statics.

The cumulative sum static data for line 15 are shown in

Figure 3.66. The two prominent lens anomalies located near the

intersection with line 2, and at approximately CDP 215, both

introduce traveltime delays on the order of 4 ms. Truncation

effects are apparent on both ends of the line, and are

particularly prominent on the updip (right) side.

Figures 3.67 and 3.68 show the cumulative sum static data for

lines 28 and 2. Both of these lines intersect anomaly A. The total

amount of time delay introduced by anomaly A on line 28 is on the

order of 6 ms. This can be seen on the 140 m trace between the

intersections with lines 4 and 5. On line 2 the total time delay

is on the order of 5 ms at the intersection with line 26. Again

the data are plagued by truncation effects and noise components

which are summing up in-phase.

The cumulative sum static data can give a more readily

apparent indication of the total static time delay produced by the

lens anomalies than do the model parameter traces. Truncation

effects are very apparent in these data and prohibit any immediate

application of these corrections to the seismic reflection data to

correct for traveltime distortions to a buried datum. The high
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spatial frequency residual eŕor that is associated with the
shaĺow lens anomalies that are not perfectly predicted by the
multichannel filter also prevents an immediate application of the
cummulative sum statics to the reflection data.
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Figure 3.66: Sum static traces for line 15. A cumulative sum of
the model parameter traces is performed and the result is the
total sum static trace for each depth. The solid line shows the

cumulative sum of the high-pass filtered estimates while the

dashed line shows the broad-band cumulative sums. The apparent
depth is indicated on the left and the two-way vertical travel time

is at the right. The vertical trace spacing is equivalent to 7 ms

of one-way delay time.
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Figure 3.67: High-pass filtered and broad-band cumulative sum

static traces for line 28. The vertical trace spacing is

equivalent to 7 ms of one-way delay time.
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Figure 3.68: High-pass filtered and broad-band cumulative sum

static trace for line 2. The vertical trace spacing is equivalent
to 7 ms of one-way delay time.



Chapter 4 - The Background Velocity Model

4.1: Introduction

The thin lens anomaly model is obtained on the assumption of

a laterally invariant background velocity model. The actual near

surface velocity structure varies laterally across the prospect.

The anomaly-free first arrival time data (original data minus

predicted anomalies) are particularly suited for the construction

of the low spatial frequency laterally varying background velocity

field. A Generalized Linear Inversion (GLI) algorithm and the Tau-

sum algorithm are used to invert the anomaly-free data. One-

dimensional near surface velocity models are obtained at various

spatial locations around the prospect. The results of the two

inversion methods are examined, and maps of the local interval

velocity and two-way vertical traveltime to a series of depths are

obtained.

This chapter begins with a review of previous methods which

have been used to develop velocity models using the wide-angle

mute zone data. A brief overview of the theory behind the

Generalized Linear Inversion algorithm is given. The particular

model parameterization and forward modeling algorithm used for the

GLI method are discussed, and then the GLI theory is adapted to

the inversion of the first arrival time data set. Several examples

of the GLI algorithm applied to synthetic data are given and

195
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relevant issues are discussed. The method is then applied to the

Oa-1 data. The Tau-sum inversion method is discussed and applied

to the data. The resulting velocity versus depth model is examined

and compared with the results obtained from the GLI method.

4.2: Previous work

Conventional refraction based methods have been used for many

years to produce near surface velocity models where the velocity

is assumed constant in each layer. The time-delay, slope-

intercept, and wavefront methods are just three of the more common

methods which have been used. Other methods which are

modifications of the above three methods have also been developed.

Refraction profiles where the velocity is not constant within

each layer have conventionally been analyzed by extracting ray

parameter information from the data and performing a Wiechert-

Herglotz-Bateman (WHB) integration to produce a velocity profile.

The WHB integral (Slichter, 1932; Grant and West, 1965) consists

of a weighted average over distance of a continuous curve in the

p-AX (ray parameter-of fset) plane, and provides a direct means for

calculating a velocity-depth curve. McMechan and Wiggins (1972)

construct an envelope around the data in the p-Ax plane to

determine the resulting velocity-depth envelope. Wiggins et al.

(1973) use an extremal inversion approach to find the uncertainty

bounds for the velocity structure in the mantle. Dorman and
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Jacobson (1981), Domenico (1979), Berge and Beskow (1982), and

Gelius et al. (1984) also make use of the WHB integral method to

construct near surface velocity profiles.

A particular problem with the WHB method lies in the fact

that ray parameter information must be extracted directly from the

first arrival times in order to perform the inversion. The

extraction of ray parameter information from the first arrivals

can be most troublesome (Dorman and Jacobson, 1981). Methods which

utilize some sort of mathematical function fit to the first

arrival time data have been tried. Domenico (1979) and Berge and

Beskow (1982) have used regression methods to fit a second order

polynomial to the traveltime curve to estimate the desired ray

parameter information. Least-squares Chebychev polynomials (Gelius

et al., 1984) have also been applied. Algorithms where a LMSE line

(Ervin et al., 1983) or parabola (Houtz and Hayes, 1984) is fit to

the data within a series of local windows which slide along the

traveltime curve have been used.

Stoffa et al. (1981) have used the Tau-sum inversion method

to invert the wide-angle (large ray parameter) data in the

intercept time-ray parameter (T-p) domain. Gelchinsky and

Shtivelman (1983) make use of a similar siope-intercept method in

the x-t plane.

Methods which operate on the full waveform data present in

the mute zone have been developed. Clayton and McMechan (1981)

combine the slant stack and downward continuation processes to
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transform data from the x-p domain to the slowness-depth domain.

Schulz (1982) determines interval velocities from the wide-angle

data in the T-p domain through a layer stripping operation.

There has also been a resurgence in the use of methods based

on the wavefront method of Rockwell (1967). Hill (1985) and Taner

(1986) have developed techniques which utilize the downward

continuation of forward and reversed refraction profiles to image

the near surface structure.

4.3: Generalized Linear Inversion: Background

The Generalized Linear Inversion technique has become very

popular in the field of geophysics. Generalized Linear Inversion

is an iterative technique that refines an initial model until the

model response matches the data being inverted. A set of

simultaneous linear equations is solved for the correction vector

which is used to update the model parameters. These model

refinements are the least-squares error solutions to the set of

linear equations. The theory and formulation of the method was

first discussed by Backus and Gilbert (1967). Aki and Richards

(1980) and Lines and Treitel (1984) discuss the theory in a less

rigorous but excellent manner.

Early applications of the GLI method to geophysics were in

the inversion of gravity and magnetic data (Pederson, 1976; Glenn

et al., 1973), earthquake data (Aki and Lee, 1976), and the study
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of free oscillations (Wiggins, 1972). The first application in the

field of reflection seismology was the classic paper by Wiggins et

al. (1976) on residual statics estimation. Since then, the GLI

method has been used to invert reflection traveltime data (Gibson

et al., 1979; Kanasewich and Chiu, 1985) and post-stack seismic

data (Cooke and Schneider, 1983). The increase in computational

power has made possible the attempted inversion of entire pre-

stack seismograms (McAulay, 1985; Kolb et al., 1985). The renewed

interest in near surface velocity control has led to the

resurgence of refraction statics methods where GLI is applied to

produce a near surface model which predicts the observed first

arrival time data (Hampson and Russell, 1984; Schneider and Kuo,

1985). The predicted first arrival times are then used as a first

pass statics solution which can then be followed by residual

statics.

4.3.1: Inverse problem formulation

The GLI algorithm used in this study attempts to solve the

nonlinear least-squares problem. The solution of a nonlinear

problem using linear techniques requires that the solution be

iterated upon. The solution to the nonlinear problem can then be

considered as a series of linear problems. A brief review of the

linear least-squares problem will be given. The simple least-

squares, or Gauss-Newton, solution will be given as the solution
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to each iteration of the inversion process.

The basic strategy behind the least-squares inversion process

is to minimize the error between the observations and the

predicted data (model response). The inherent assumption here is

that the observations can be adequately represented by a forward

modeling algorithm f that is a function of the desired model

parameters m. This implies a mapping from model space to data

space of

f(m) = o. (4.1)

The observations to be reproduced are denoted by the vector o,

where n is the number of observations

o 02,.. .on ) T
.

The model response f is represented as

• *fn) T
'

and is a nonlinear function of the p model parameters which are

elements of the vector

m =

m2,.. .nip)
T
.

The model parameters m are related to the observations o by the

model response (forward modeling algorithm) f. The goal of the

inversion is to determine the model parameters m from the

observations o.

Assume a set of initial model parameters m° which the inverse

method initially uses to seek a fit between the observed and

predicted data in the region of the initial guess. The initial

model response is then given as
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f°=f(mP). (4.2)

If the initial estimate of the model parameters m° is sufficiently

close to the true model parameters, the problem can be linearized

by using a Taylor series expansion around the initial model

parameters m° and truncating after the first term (the linearity

assumption). By requiring that the initial model be sufficiently

close to the true model, the model response f can then be

represented as

arf
f = f° + (m-mP), (4.3)

8 m m=m°

or in matrix notation as

f = f° + G ahi. (4.4)

The matrix G is the n x p Jacobian matrix of partial derivatives

with elements

3 f
i

Gj__j =
, where i=l...n and j=l...p

3mj

Each column of the sensitivity matrix G is the change in the model

response with respect to a change in a single model parameter

mj. The column vector am = m-m° is the model parameter change

vector representing the changes in the current model parameter

estimates.

Let the vector e represent the error, or difference, between

the observations o and the model response f(m) so that

e = o - f (m). (4.5)

Substituting equation (4.4) for f(m) we get
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o - (f° + GA m) = e
, or

o - f° = Gahi + e. (4.6)

The vector o-f° consists of the differences between the

observations and the initial model response. If we let

<3 = o - f° (4.7)

equation (4.6) becomes

e = d - G a m, (4.8)

which reveals how well the error between the observations and the

starting model d can be reproduced by a linear combination of the

sensitivity matrix G and the model parameter changes auk The

magnitude of the error vector e is related to the nonlinearity

present (higher order terms in the Taylor series expansion which

were truncated).

Many of the geophysical inverse problems in which inverse

least-squares theory is used are overdetermined. An overdetermined

system is one where the number of observations is greater than the

number of unknown model parameters. The sensitivity matrix G has

dimensions n x p, where n is the number of observations and p is

the number of model parameters. To solve the overdetermined

problem we use the simple least-squares solution to solve for the

parameter change vector a®*

In the Gauss-Newton approach we seek to minimize the

cumulative squared error s = e
T

e with respect to the parameter

change vector Am. In order to minimize s with respect to the model

parameter changes, we set the partial derivatives of s with



203

respect to each of the model parameter changes equal to zero and

obtain the normal equations

GtG Am = GTd,

where the solution for the parameter change vector is

Am = (GtG) _1G
Td

. (4.9)

The GtG matrix is of dimension px p, where pis the number of

model parameters being inverted for. The rank of G must equal the

number of model parameters, otherwise the inverse matrix (GTG)

cannot be computed.

4.3.2: Numerical evaluation of partial derivatives

When the model response f (m) is a nonlinear function of the

model parameters it becomes necessary to evaluate the partial

derivatives for the sensitivity matrix analytically. Numerical

approximations to the derivatives must be used to develop the

sensitivity matrix G.

The finite difference approximation to the partial

derivatives is given as

f(m + am) - f(m) 3_f
6m 3m

(4.10)

where 5m is the vector of incremental model parameter changes.

Substituting the finite difference approximation for the

derivatives into the expression for the Taylor series expansion

(4.3) we get
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f(m + 6m) - f(m)
f = f° + (W sm)

6m m=m°
(4.11)

The incremental changes in the model parameters 6m can be

cancelled out and we are left with

f = f 0 + f(m +6 m) - f (m) W.

m
_

m
o

m=m

(4.12)

Equation (4.12) states that the sensitivity matrix G is

simply the difference between a suite of perturbed models f(m+6m),

obtained by independently perturbing each of the unknown model

parameters by their unit perturbation sm, and the current model

response f(m). Following the same arguments used to obtain

equation (4.9), we now get for the solution to the least-squares

problem

W = _1 GTd
, (4.13)

where we are now solving for the parameter weights W rather than

the model parameter changes Am. The parameter change vector a m

becomes

Am = W 6m
. (4.14)

The incremental model parameter changes are multiplied by

the parameter weights obtained from the least-squares solution to

the normal equations. In most forward problem formulations it is

typical that the model parameters will have different units

associated with them. The above formulation is insensitive to this

issue as long as the incremental model parameter changes are
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sufficiently small to be within the linear approximation, and

sufficiently large to avoid computer round-off error. One possible

objective is to select the sizes of the unit perturbations so that

the diagonal of the G G matrix is approximately constant.

To review, for the case where the partial derivatives can be

evaluated analytically the least-squares problem is solved

directly for the model parameter changes. When finite difference

approximations to the derivatives are used, the least-squares

problem is solved for a set of model parameter weights which when

multiplied by the incremental model parameter perturbations yield

the desired model parameter changes.

4.3.3: Iterative least-squares

The nonlinear inversion approach makes use of the linear

least-squares method to iteratively update the model parameter

estimates for a given set of observations. The solution to the

nonlinear problem can be considered as a series of linear

problems. Given an initial model, the changes to be made to the

initial model parameter estimates are determined from equations

(4.13) and (4.14). A new model response is computed using these

updated model parameter estimates. A new G matrix of partial

derivatives must be computed for the updated model parameters

since the old model is no longer valid. The least-squares problem

is again solved for the changes to be made to the current set of
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model parameter estimates. After each iteration the sum of the

squares of the error between the observations and the current

model response is computed. The process is repeated until the

error falls below a specified level, the model parameters are no

longer changing, or a preset maximum number of iterations is

reached.

The development of a new sensitivity matrix for each

iteration requires many calculations of the forward problem (one

for each model parameter to be inverted for) when the derivatives

are evaluated numerically. This can be costly in terms of computer

time depending on the complexity of the forward problem.

The flowchart for the iterative least-squares method is shown

in Figure 4.1, and is outlined below:

1) Compute initial model response f(m) and the perturbation

seismograms; f (m+ 6m)

2) Generate the sensitivity matrix by taking forward

differences; f(m+ 6m) - f(m)

3) Compute the difference between the observations and the

current model response; d

4) Solve the least-squares problem for the parameter weights;

W =

5) Obtain the model parameter changes; p = W gm

6) Update the model parameters;

““ “bid + Am

7) Compute new model response; fCnbew^



Figure 4.1: Flowchart of the GLI algorithm used to invert for the

laterally varying background velocity field.
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8) Check convergence criteria

9) Iterate through steps 2-8 ,
if necessary.

4.4: Model parameterization

The most important aspect of any attempt at inversion is the

parameterization of the model. The seafloor model developed in

Chapter 2 requires the assumption of a constant velocity water

layer so that the seafloor depth can be estimated from the

autocorrelogram times. The lens anomaly model (Chapter 3) assumes

that the near surface anomalies are thin lens anomalies of zero

thickness, and that the background velocity is laterally

invariant. These assumptions appear to hold up quite well. The

assumption inherent in the development of the background velocity

field obtained from the GLI algorithm is that the predicted model

should be the simplest possible model which will reproduce the

data. The simplest possible model is the one that requires the

fewest number of model parameters to predict the first arrival

time data, and is geologically plausible.

It is clearly recognized that the resulting velocity model

will be an incorrect model of the near surface in Offshore Area

One. Seldom, if ever, do first arrival time data lead to a

complete knowledge of the velocity distribution in the near

surface. The first arrival time data do not reveal the presence of

velocity discontinuities which clearly exist. The data only
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exhibit a curvilinear relationship with offset. Uncertainties

common to conventional refraction interpretation methods remain.

Low velocity layers which may be present will not yield first

arrivals. Intermediate velocity layers will produce first arrivals

only if they are thick enough (hidden layer problem). As long as

the velocity model derived from the OA-1 first arrival time data

will clearly be an "incorrect" model of the subsurface, it should

be confined to being the simplest incorrect model. The extent to

which a set of observations can be reproduced by a simple model is

important. If the data are not reproduced adequately, complexities

can then be introduced to the simple initial model.

Conventional inversion methods utilizing first arrival time

data (WHB Integral, Tau-sum) yield very general velocity versus

depth functions as output. These data are not readily amenable to

examining the degree to which the data are reproduced by a simple

model. The results obtained from the Tau-sum and WHB methods are

a series of velocity-depth points corresponding to the estimated

ray parameters at each offset. Typically these data are treated as

a sequence of thin constant velocity layers in order to examine

the extent to which the original data are reproduced. The

resulting models, which may reproduce the data, are certainly not

simple models in that they require a large number of model

parameters to describe them.

The Generalized Linear Inversion algorithm requires that some

type of velocity model be assumed prior to the inversion, yet
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readily provides a convenient means to examine the extent to which

the data are reproduced. The number of free model parameters in

the inversion is limited by the form of the model assumed.

Approximations and assumptions are made to restrict the number of

free model parameters.

The forward modeling algorithm built into the GLI method to

predict the first arrival time data is a 1-D raytracing algorithm.

The model parameters necessary to reproduce these data determine

the compressional (P-wave) velocity as a function of depth. There

is much motivation and precedent for representing the background

velocity model as a particular type of mathematical formula. The

function should lead to equations for the traveltime and offset

that can be integrated. Specifying the model as an analytical

function provides a convenient means of interpolating and

extrapolating the data.

The incorporation of velocity gradients, both vertical and

lateral, is expected to be quite crucial in the near surface of

Offshore Area One. The first arrival time data exhibit curvature

as a function offset, indicating that the compressional wave

velocity varies continuously with depth. Where velocity gradients

are significant, the mathematical description of curved raypaths

is quite feasible. Comprehensive accounts of curved raypath theory

are given by Goguel (1951), Kaufman (1953), and Greenhalgh and

King (1981).

A number of analytical velocity functions have received
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attention for various applications. Linear velocity gradients have

probably received the most attention in the literature (Nafe and

Drake, 1957; Slotnick, 1959). A velocity profile that increases

linearly with depth is conceptually simple, and possesses the

advantage that the raypaths are arcs of circles. A parabolic

increase in velocity with depth has been shown to be a good

approximation in relatively young geologic sections where velocity

is unquestionably a function of overburden (Mott-Smith, 1939).

Hamilton (1979) has shown that a parabolic increase in velocity

with depth is more appropriate in many instances than a linear

velocity increase. A parabolic increase in velocity with depth

translates into a linear increase in velocity with two-way

vertical traveltime.

The Evjen function is perhaps the most general and flexible

velocity function which has a simple analytical form. The Evjen

function is discussed in detail by Banta (1941), Kaufman (1953),

Evjen (1967), Hollister (1967), and Greenhalgh and King (1981),

and is given as

V(z) =V
0 (l + kz) 1/n

, (4.15)

where

V
Q

= velocity at top of layer,

k = velocity gradient,

z = depth within layer,

n = exponent.
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The Evjen function is attractive because of the integrability

of the time-distance integrals and ease of construction of the

raypath trajectories. The Evjen formula with n > 1 is most general

and adequate for many cases. It reduces to a linear velocity

increase with depth when n=l, and to a parabolic increase with

depth when n=2. For n > 1, the rate of increase in velocity

decreases rapidly with increasing depth; thus the velocities are

well behaved in a physical sense.

The background velocity model is considered to consist of a

water layer with a single layer below. The water velocity is held

fixed at 1500 m/sec, and the water depth is a known function of

spatial position from the autocorrelogram data. The subseafloor

layer contains a vertical velocity gradient in the form of the

Evjen function at an arbitrary number of spatial locations.

Lateral velocity variations are incorporated by computing a

velocity profile V(z) at a number of selected spatial locations so

that the velocity field takes the form V(x,y,z).

The treatment of multiple layers, which are undoubtedly

present, as a single layer has been widely used in refraction

interpretation. Swan and Booker (1984), and Hollingshead and

Slater (1979) have found that multiple layers can usually be

considered as a single layer for purposes of near surface vertical

traveltime calculations.

Some initial experimentation using a multilayer model

containing linear velocity gradients led to GLI results that were
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less than inspiring. The observed data were reproduced reasonably

well, but the results were heavily dependent on the starting model

used in the inversion. Subsequently, the use of a single

subseafloor layer with the velocity varying in the form of the

Evjen function provided initial results that were accurate and

robust. This particular parameterization also contains fewer free

model parameters and is used as the form for the laterally

invariant background velocity model used to compute the lens

anomaly templates, and for the laterally varying background

velocity field obtained from the GLI algorithm.

4.5: Forward modeling algorithm

A simple raytracing algorithm is used as the forward problem

to predict the first arrival time data. The velocity model

contains a constant velocity water layer and a single subseafloor

layer where the velocity variation is described by the Evjen

function. Water bottom reflections are included in the forward

calculation, as are diving waves from the subseafloor layer.

Figure 4.2 shows the raypath relations for a medium

containing a continuous increase in velocity with depth. Consider

a ray of ray parameter p in a medium of variable vertical

velocity, V(z). From Snell's Law we know that the ray parameter p

is constant along a given raypath as
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Figure 4.2: Raypath relations for a medium in which the velocity
increases continuously with depth.
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sin i
Q

sin i sin 1 dt

P = = = = = = constant.

V 0 V (z) Vh Vh
dx

Note that the apparent velocity of propagation, given by the

reciprocal slope of the time-distance curve (dt/dx), is the

velocity within the medium at the raypaths maximum depth of

penetration.

The general raypath equations for the horizontal path

projection x and the traveltime t for a variable velocity medium

are given as (Grant and West, 1965)

r 2 ■ C 2 pv(z)
x = 2 // tan 1 dz = 2 dz

,

J J (1 - p2v2( Z))l/2
Z
l z

1 (4.16)
r> z2 dz rz

2 dz

J V(z) cos i J) V(z) (1 - (z))

Z 1 Zx

If the type of velocity function is known, or its form assumed for

the depth interval Z]_< Z <Z 2 '
then the raypath equations may be

integrated to obtain the offset and traveltime.

For the Evjen function V(z) = V0
(l + kz) 1/11

,
the offset and

traveltime are given by the equations (Greenhalgh and King, 1981)

2n 2

x2 (i o> -

u

I sin" idi

k sin J
2n

1

(4.17)

t2 Ui> =

—:
— / sinll_2 Idi '

sin
n_l x> J

. I

1
o
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where is the initial angle of incidence in the layer described

by the Evjen function. This is a parametric relationship between x

and t in terms of the parameters and n. The subscript 2 denotes

that these quantities contribute to the total offset and

traveltime from propagation in layer 2 of the assumed model.

The contributions to the total travel path in the water layer

are given as

x 1(iG) =2 Z
w

tan i
Q ,

and

2 Z
w

t]_ (i0
) =

'

v
w

cos

where Z w and V
w

are the water layer thickness and velocity,

respectively. The total offset and traveltime for a ray leaving

the source at an incident angle of i 0 is simply

x(i
0 ) = X]_(i o ) + x 2 (io) , and

t(i 0) = (i0 ) + t2 do'> •

Analytic expressions are easily obtained for the solution of

the integrals in equation (4.17) when n=l (linear velocity

gradient) or n=2 (parabolic velocity gradient). Since n is a free

parameter in the GLI process it is not restricted to be an

integer. As a result, the raypath integrals are evaluated

numerically using a Gauss-Legendre quadrature method. For details

on the numerical integration algorithm refer to Carnahan et al.

(1969) .
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The incident angle i
Q

is used as the independent variable in

the raytracing calculations. Offset and arrival time pairs are

computed for a range of incident angles. These data are then

interpolated to obtain the first arrival times at offsets

corresponding to the OA-1 streamer geometry.

4.6: Application of GLI to first arrival times

The iterative least-squares inversion algorithm will now be

formulated for the inversion of the first arrival time data set.

Continuing with the notation used earlier in this chapter, the

least-squares problem under consideration is of the form

G W = d.

The vector d contains the traveltime residuals, or the

differences between the observed and predicted first arrival

times, as a function of offset

d(Ax) = T°(Ax) - TP(Ax),

where

T°(Ax) = observed first arrival time at offset ax,

tP(Ax) = predicted first arrival time at offset ax.

The predicted times are obtained by raytracing through the current

velocity model.

There are five model parameters needed to reproduce the data

at each selected spatial location. The water velocity is assumed

constant at 1500 m/sec, and the water depth is known from the
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autocorrelogram data. The three unknown model parameters to be

inverted for are V
Q , k, and nof the Evjen function. The

subseafloor layer is assumed to be a half-space so that the depth

variable z in equation (4.15) is held very large.

For the three parameter inversion, the parameter weights

vector W becomes

w = (Wy, wk ,
W

n )
T where

= weight for velocity at top of layer,

= weight for velocity gradient,

Wn
= weight for exponent

Each column of the G matrix is simply the change in the first

arrival times introduced by a change in a particular model

parameter. These vectors are obtained by independently perturbing

a particular model parameter by an incremental amount and then

subtracting the current model response from the perturbed model

response. The resulting vectors will be referred to as the

derivative traces.

An important issue is the selection of the incremental

parameter change vector. Theoretically, since we are approximating

the derivative using finite differences, the smaller the

incremental change (unit perturbation) the better the

approximation to the derivative. The unit perturbations for the

various model parameters should be selected so that the columns of

the G matrix are of similar orders of magnitude in size.
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The least-squares equation becomes

ov
0

6k dn v
o

1

: : : w
k

= :

9T(Ax
n) dT(Ax N ) dT(AxN)

w d(AxM )
av

0
ak an JnJ n;

where N is the number of offsets (channels).

Once the traveltime residual error vector d and the G matrix

are formed, the least-squares solution for the unknown parameter

weights W is obtained as

W = _1GTd
.

The G
tG matrix, which is 3x 3, has the form

N N N

EaT(Axi )aT(Axi )Y> 3T(Axi )aT(Axi)V' dT(Ax i)aT(Axi )

av„ dv
n

I—*
ak av

n
an av

fl
i=l ° ° i=l 0 i=l °

N N N

EaT(Axt ) 3T(Axt ) yaT(Axt )3T(AxI )y3T(Axi )dTjbxJ
av ak ak an ak

i=l ° i=l i=l

N N N

EaT(Axi )3T(Axi )yaT(Ax
t
)aT(Axt) yaT(Axi )3T(Axi )

3V 3n t—i ak an udn dn
i=l ° i=l i=l

and the GTd matrix is
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Pr d(iXi)

T?3p> d(Axl )
J—Jl 3k
i=l

3 = 1

The diagonal terms in the GT
G matrix can be thought of as the

zero-lag autocorrelation values of the derivative traces for the

unknown model parameters. They indicate the magnitude of the

effect that changes in the model parameters have on the data. The

off-diagonal terms are the zero-lag values of the crosscorrela-

tions between combinations of the unknown parameters. The off-

diagonal terms reveal the amount of similarity between the

derivative traces of two model parameters. If a perturbation in

one model parameter has nearly the same effect on the model

response as does a perturbation in another model parameter, the

off-diagonal term for that particular combination of model

parameters will be large. Large off-diagonal terms imply ambiguity

in resolving the individual model parameters, although that

particular combination of model parameters may be well resolved.

The change in the GTG matrix from one iteration to the next

is a measure of the nonlinearity present in the problem. Once the

solution gets to within the range of linearity the GTG matrix

should remain relatively constant from one iteration to the next.
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The GTd matrix determines the size of the resulting model

parameter weights W. The G
Td matrix contains the zero-lag values

of the crosscorrelations between the derivative traces and the

error vector. If features found in the derivative traces are

present in the error vector then the corresponding value in the

G?d matrix will be large. As the predicted solution approaches the

true solution, the elements in the GTd matrix get smaller while

the elements in the G T G matrix remain relatively constant. As a

result the model parameter weights, which determine the changes in

,the model parameters, also get smaller.

4.7: Synthetic data examples

The GLI algorithm is applied to the synthetic first arrival

time data from two velocity models in the attempt to recover the

model parameters. The first example shows the results of inverting

the data from a two layer constant velocity model. The first

arrivals are true refractions. The second velocity model has the

form of the OA-1 background velocity model. The model contains a

constant velocity water layer overlying a half-space in which the

velocity increase is in the form of the Evjen function. The first

arrival times consist of the wide-angle water bottom reflection at

the near offsets and the diving waves from the subseafloor layer.

The recording geometry used for the synthetic data is identical to

that of the Offshore Area One data.
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The emphasis is on the convergence and interrelationships of

the free model parameters present in the inversion. These

relationships will be inferred from the behavior of the model

parameters and G
TG matrices at each iteration. Each inversion is

performed for five iterations, regardless of whether or not the

model parameters actually converged faster.

Figure 4.3 displays the results obtained from performing a

three parameter inversion on the first arrival time data from the

two layer constant velocity model. The free model parameters are

the velocity and thickness of the first layer, V]_ and Zp and the

velocity of the second layer, V
2. The thickness of the second

layer is held fixed at its correct value. The incremental model

parameter changes (unit perturbations) are Vj_= 1 m/sec, Z]_= 1

meter, and V2 = 1 m/sec. The behavior of each of the free model

parameters as a function of iteration is shown in Figures 4.3a, b,

and c. The dashed lines indicate the correct values of the

parameters. The initial values are shown at iteration 0. Figure

4.3 d displays the residual error (observations minus predictions)

at each offset for the initial (solid) and final (dashed) models.

The vertical scale for the initial error is at the left and the

scale for the final error is at the right.

The initial model parameters are in error by approximately

14% for V-j_, 33% for Z]_, and 8% for V
2.

These parameters produce an

initial error that is a maximum of 220 ms at the far offset. The

inversion recovers the true model parameters in three iterations.
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Figure 4.3: GLI results for the two-layer constant velocity model,

a) Velocity of the first layer versus iteration, b) Thickness of

the first layer versus iteration, b) Velocity of the second

layer versus iteration, d) Initial error and final error versus

offset.
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The velocity in the first layer is the fastest to converge while

Z 1 and V 2 require an additional iteration. On the surface the

problem is clearly overdetermined with 48 observations and only

three unknowns. Closer examination reveals that particular model

parameters are effectively more constrained than other model

parameters. A perturbation or error in the velocity of the first

layer affects the first arrival times recorded at all offsets.

Perturbations in the other parameters and V 2 affect a smaller

range of offsets and consequently are less constrained.

The relationships between the model parameters can be seen

most clearly in the G
TG matrix. Figure 4.4 displays the raw and

normalized matrices at each iteration of the inversion. For

simplicity let A represent the G
T G matrix. The matrices are

normalized by dividing each element by the square root of the

product of the diagonal terms in that particular row and column,

A
ij = A i j/( A ii A j j) where i refers to the row and j refers to

the column. Normalizing the G
TG matrix removes the influence of

the units associated with the different model parameters so that

the cross-coupling between the parameters can be examined. The

rows and columns are marked to show the parameters that are

correlated to produce that particular element in the matrix.

Notice that the term relating Vx and Zl, Al 2,
is negative. This

means that a change in the velocity of a layer can be offset by a

corresponding negative change in the layer thickness, and vice

versa. The same is true for the relationship between Zj_ and V 2 as
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Figure 4.4: G
T

G matrices versus iteration for the two-layer
constant velocity model.
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seen by element A23. The fact that the off-diagonal terms

A-j_3 are relatively small in the normalized matrices implies that

the derivative trace corresponding to the perturbation in V]_ is

not very similar to that of Z]_ and V2. This means that V]_ is

fairly well resolved and should converge quickly. The fact that

element A23 is very close to -1 means that the derivative trace of

Z
x is almost identical to that of V 2 but opposite in sign. The

result is that there is a large amount of ambiguity in resolving

these two parameters. Consequently, these model parameters require

more iterations to converge to their true values.

Figure 4.5 displays the results for the inversion of the

diving wave data set. The true values of the model parameters are

indicated by the dashed lines. The initial values are shown at

iteration 0. The water layer parameters are held fixed at their

correct values for the inversion. The free model parameters are

V
Q / k, and n. The unit perturbations for these parameters are 1

m/sec for V
Q, 0.001 sec for k, and 0.01 for n. The GTG matrices

for each iteration are shown in Figure 4.6. On the first iteration

V
Q begins to converge while k and n move towards their correct

values but drastically overcompensate. The initial velocity

converges the fastest. The off-diagonal terms in row 1 indicate

that VQ
should be the better resolved parameter (since they are

smaller) and that the derivative with respect to V
Q

has a positive

correlation with that of k, and a negative correlation with that

of n. Element A23 of the normalized matrices is approximately -1,



Figure 4.5: GLI results for the inversion of the diving wave data

set. a) Initial velocity versus iteration, b) Gradient versus

iteration, c) Exponent versus iteration, d) Initial error and

final error versus offset.
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Figure 4.6: GTG matrices versus iteration for the synthetic
diving wave data set.
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which indicates the ambiguity between resolving k and n. The fact

that the correlation is negative means that an increase (decrease)

in the gradient will affect the velocity profile in the same way

as a decrease (increase) in the exponent value n. As a result

these parameters require two additional iterations to converge.

Finally, after five iterations the observations are reproduced

exactly.

4.8: Global velocity model

The GLI method is applied to the global average set of first

arrival times T(Ax) to obtain the global background velocity

model. Figures 4.7 and 4.8 display the model parameters, residual

error, and GT G data from the inversion. The water layer is held

fixed at a velocity of 1500 m/sec, and the water layer thickness

is known from the average water bottom arrival time for the

prospect. The inversion is performed for the parameters of the

Evjen function vO /
k

,
and n. The unit perturbations for the free

parameters are identical to those used for the synthetic diving

wave data set. The inversion is performed for a total of five

iterations. The initial model parameters are shown at iteration 0

in Figure 4.7. The model parameters are seen to converge smoothly

and stabilize quickly. The first arrivals at offsets less than 800

meters are not included in the inversion. The residual error shows

that the times are predicted to within + 1 ms over all offsets
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Figure 4.7: GLI results for the inversion of the global average
set of first arrival times, a) Initial velocity versus iteration,

b) Gradient versus iteration, c) Exponent versus iteration,

d) Final error versus offset.
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beyond 800 meters. The remaining residual error is coherent rather

than random, but cannot simply be explained in terms of the

velocity perturbations relative to the predicted model.

The GtG matrices at each iteration are shown in Figure 4.8.

The unit perturbations selected are appropriate since the diagonal

elements of the raw matrices are close to being constant. The

starting model is relatively close to the final solution so that

the GtG matrix remains approximately constant from one iteration

to the next.

The large off-diagonal terms in the GTG matrices appear to be

inherent in the application of GLI to first arrival times.

Typically, the models are parameterized to consist of a small

number of layers. A perturbation in a particular model parameter

usually produces a derivative trace that is monotonically

increasing in absolute value with increasing offset. In other

words, the difference between the perturbed model response and the

current model response does not change sign with increasing

offset. As a result, polarity (or phase) differences between the

derivative traces of various parameters are not present, therefore

the zero-lag values of the crosscorrelations are large. In the

inversion of full waveform data the phase changes between the

various derivative traces (or seismograms) act to produce smaller

off-diagonal terms.



Figure 4.8: GT
G matrices versus iteration for the inversion of

the global average set of first arrival times.
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4.9: Real data

The anomaly-free first arrival time data are particularly

suited for the construction of the laterally varying background

velocity field. The higher spatial frequency components, which

comprise the high spatial frequency lateral velocity variations,

have been removed. The GLI algorithm is used to produce a 1-D

velocity versus depth model at a selected number of spatial

locations to obtain the laterally varying background velocity

field. The resulting velocity model should be smoothly varying

since the inversion will mainly be attempting to account for the

variations in the LMSE planes fit to the data and the very low

spatial frequency components that are filtered out of the high

spatial frequency model.

In an attempt to reduce the size of the data set, some

averaging of the anomaly-free data set is performed. The data are

averaged for each offset around each individual grid cell created

by intersecting lines in the prospect. Common depth point

coordinates are used. The local average sets of times are assumed

to be located at the center of their corresponding cells. The

basemap is shown in Figure 4.9. Along the edges of the basemap

where the cells are three-sided, 15 CDPs are included in the

averaging for each of the lines in the cell that are parallel. In

the corners of the prospect 15 CDPs are included for each of the

lines in the two-sided cells. A total of 242 local average sets of



Figure 4.9: Offshore Area One basemap. The letters at the bottom

identify the columns of the basemap.
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first arrival times is determined. The local averaging of the data

ensures that the resulting velocity models will be smoothly

varying from one grid cell to the next.

The GLI algorithm is applied to each of the 242 sets of local

average first arrival times to obtain a 1-D velocity model for

each grid cell in the prospect. The water velocity is held fixed

at 1500 m/sec. The water depth is determined from the average

water bottom arrival time for each cell as implied by the

autocorrelogram data. The inversion is performed to obtain

estimates of V
Q , k, and nof the Evjen function for each cell. The

letters at the bottom of the basemap in Figure 4.9 identify a

particular column of grid cells. A sequence of inversions is

performed on a column by column basis starting from the bottom of

the basemap and working upward along a particular column. The

final model estimate for one cell is used as the starting model

estimate for the next cell. The convergence rate of the model

parameters is improved since the starting model is close to the

final model. Each inversion is performed for five iterations

although convergence is typically achieved in 2-3 iterations. The

unit perturbations used are identical to those used for the

inversion of the global set of first arrival times.

Figures 4.10 to 4.13 display the residual error between the

observations (local average times) and the times predicted by the

GLI method for columns A, D, G, and J. The residual error is

displayed vertically as a function of offset for each column. The
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Figure 4.10: Residual error for each grid cell along column A. The
horizontal spacing between the vertical dashed lines is equal to 5

ms. The horizontal dashed line indicates the offset corresponding
to the deepest template included in the G matrix in the
multichannel filter inversion.



Figure 4.11: Residual error for each grid cell along column D.
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Figure 4.12: Residual error for each grid cell along column G.



Figure 4.13: Residual error for each grid cell along column J.
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vertical dashed lines are the zero residual error lines for each

cell. A deflection to the right indicates positive error, and a

deflection to the left indicates negative error. The horizontal

spacing between the zero lines is equivalent to 5 ms of residual

error. The crossline locations of several of the dip lines are

indicated at the bottom of the figures. The horizontal dashed line

marks the offset corresponding to the apparent depth of the

deepest template included in the k x
- Ax inversion.

The arrival times for offsets less than 800 meters are not

included in the inversion because of their failure to fit the

assumed form of the velocity model and the simplified forward

modeling algorithm employed. The effects of the direct wave can be

seen at the nearer offsets where the error changes rapidly from a

large negative value to a large positive value. This effect is

most pronounced in the data along column A, which is the most

basinward, and moves into nearer offsets and diminishes in

magnitude updip. In general, the arrival times at offsets greater

than 800 meters are predicted to within +_ 2 ms. The timing error

at 1750 meters offset is apparent.

Figure 4.14 is a crossplot of the estimated values of the

gradient and the exponent for all of the grid cell inversions. The

fact that all of the values lie on the smooth curve as shown

indicates that it is not the individual model parameters that are

resolved in the inversion but the combination of the parameters.

The coupling and tradeoffs occurring between k and n are most



Figure 4.14: Crossplot of the gradient and exponent for all of

the individual grid cell inversions.
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obvious, but it is likely that there is a large amount of cross-

feed between all three of the parameters. These relationships

between the parameters are implied by the large off-diagonal terms

in the GTG matrix.

It is unlikely that the individual model parameters

themselves can be used to infer any geophysical and/or geological

properties of the near surface because of the coupling between

parameters. The combination of the model parameters, which is the

resulting velocity versus depth profile, is robustly resolved in

the inversion. Figure 4.15 a displays the predicted velocity versus

depth profiles for each of the 242 grid cells. The velocity

profiles are displayed relative to sea level so the influence of

the laterally variable water depth is included. The vertical line

at the upper left indicates the range of water depths present.

This figure reveals the amount of lateral variability in the near

surface velocity structure as a function of depth. The near

surface is essentially one-dimensional, with the greatest amount

of lateral variablity (40 m/sec) occurring within the depth range

of 150-350 meters. The maximum velocity encountered is

approximately 2100 m/sec at roughly 520 meters depth.

Figure 4.15 b displays the velocity profiles obtained from the

GLI algorithm relative to the seafloor so that the effects of the

overlying water layer are no longer present. The range of

velocities found at each depth decreases slightly which implies

that the dependence of the subsurface velocity structure on the
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Figure 4.15: Velocity versus depth profiles for all of the

individual grid cell inversions, a) The data are displayed
relative to sea level, b) The data are displayed relative to the

seafloor.
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water layer is minor. Most of the lateral velocity variations

present in the background velocity structure are due to actual

variations in interval velocity with depth.

4.10: Tau-sum inversion method

The velocity function incorporated into the GLI algorithm

predicts the slowly varying first arrival time data fairly well

with residual error on the order of _+ 2 ms. The remaining error is

coherent rather than random which implies that the relatively

smooth Evjen function cannot account for all of the changes in the

background velocity field. In an attempt to account for the

variations not predicted by the Evjen function, the Tau-sum

inversion method (S toffa et al., 1981) is also used to invert the

data. The Tau-sum method is identical to conventional slope-

intercept methods but operates on the data in the x-p (intercept

time-ray parameter) domain. The method is valid for all critical

and post-critical arrivals without distinction between reflections

and refractions. The process also assumes a monotonic increase in

velocity with depth.

The relationship between intercept time t, layer thickness z,

and vertical slowness q is given as

T(p) = 2 z q = 2 z (U2
- p

2 )V2# (4.18)

The Tau-sum method assumes that each sampled ray parameter is

actually equivalent to the slowness of the layer, = The
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algorithm consists of the recursive solution of (4.18) to

determine the layer thicknesses as

k-l

z =
T(Pk+i)/ 2 _ X! Z/U? - pLi)l/2

(4
( 4 -19)

where k refers to a particular layer, or equivalently a T -p pair.

The output from the inversion is an estimate of the layer

thickness corresponding to each constant velocity layer. As seen

in equation (4.19) estimates of the intercept time and ray

parameter are required for the inversion. Typically, the algorithm

is applied to conventional seismic data that have been slant

stacked into the -r-p domain. These data are sampled at constant

increments of p, and the intercept time estimates are obtained by

automatically picking the appropriate portions of the ellipses. In

order to apply the algorithm to the first arrival time data, t -p

estimates must be obtained for the first arrivals at each offset.

A sth order LMSE polynomial is fit to the averaged first

arrival times from each grid cell to obtain the necessary

intercept time and ray parameter estimates. The two near traces

are not included in the least-squares problem, nor is the first

arrival at 1750 meters offset. The direct wave is the first

arrival on the two near traces and the first arrival at 1750

meters offset is biased because of the channel timing error. The

least-squares problem is solved to obtain the coefficients of the

polynomial that best fits the data. The ray parameter estimates

are obtained by evaluating the derivative of the polynomial at
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each offset to provide where k = 1...48. The intercept time

estimates are obtained from the equation

T k = Tg- , ,

where is the time predicted by the polynomial at offset

The extent to which the x-p estimates are accurate is dependent on

how well the data are predicted by the polynomial. Figures 4.16

and 4.17 show the error between the actual first arrival times and

those predicted by the polynomial for columns A and J. The sth

order polynomial adequately represents the first arrival time

estimates for each grid cell. The data are sufficiently smooth

since the high spatial frequency variations (lens anomaly and shot

static effects) have been removed, and the data have been averaged

around each grid cell. The resulting velocity functions will be

more flexible than the Evjen function, and should provide a more

detailed picture of the near surface velocity structure.

4.11: Tau-sum: Results

Knowledge of the initial velocity is required to initiate the

inversion. In this case the water layer velocity is fixed at 1500

m/sec. The water layer thickness is also known from the

autocorrelogram data. The water layer effects are then removed off

by determining the first offset at which the ray parameter

estimate decreases relative to the previous value (where Pk<Pk_i)«
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Figure 4.16: Error between the data and the times predicted by the

sth order LMSE polynomial along Column A. A sth order polynomial
is used to estimate t-P values which are needed for the Tau-sum

inversion. The horizontal spacing between traces is equal to 5 ms.
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Figure 4.17: Error between the data and the times predicted by the
sth order LMSE polynomial along Column K.
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This indicates the offset at which the first arrival is a diving

wave rather than the wide-angle water bottom reflection. Equation

(4.19) is then applied to estimate the layer thicknesses for the

remaining offsets.

Figure 4.18 a displays the velocity versus depth profiles

obtained from the Tau-sum inversion of the averaged grid cell

data. The velocity profiles are displayed relative to sea level.

The velocity at the seafloor ranges from 1540 to 1575 m/sec around

the prospect. The maximum interval velocity obtained is roughly

2100 m/sec at a depth of approximately 550 meters. The most

striking feature is the apparent change in the velocity gradient

at approximately 325 meters depth. The largest amount of lateral

variability in velocity is on the order of 60 m/sec and occurs in

the depth interval from 200-320 meters. Below 325 meters depth,

the velocity increases more slowly with increasing depth and the

lateral variability decreases.

Figure 4.18 b displays the Tau-sum velocity profiles relative

to the seafloor. The lateral variability in interval velocity at a

particular depth decreases slightly since the effects of the

variable water layer thickness are removed. The distinct change in

the velocity gradient is still present, and occurs at

approximately 260 meters depth.

Figures 4.19 a and 4.19 b display the velocity versus two-way

vertical traveltime relative to sea level and the seafloor,

respectively. The change in the velocity gradient occurs between
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Figure 4.18: Velocity versus depth profiles obtained from the Tau

sum inversion, a) The data are displayed relative to sea level,

b) The data are displayed relative to the seafloor.
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Figure 4-19: Velocity versus two-way vertical traveltime profiles
from the Tau-sum inversion, a) The data are displayed relative to

sea level, b) The data are displayed relative to the seafloor.
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330 ms (updip) and 400 ms (downdip) in Figure 4.19a. The removal

of the water layer effects (Figure 4.19b) causes the lateral

variability in velocity at a particular vertical traveltime to

decrease slightly. The distinct change in the velocity gradient

may be due to an erosional unconformity, or a change in deposition

from a predominantly shaly sequence to one with a higher sand

content.

Figure 4.20 shows the vertical two-way traveltime versus

depth profiles for the data from the Tau-sum inversion. The

background velocity field is essentially one-dimensional with

regard to the vertical traveltime to a particular depth datum. The

amount of lateral variability increases with depth, but the

maximum range of vertical traveltime variations in the upper 500

meters is on the order of 10 ms. At shallow depths the traveltime

variations produced by the local lens anomalies are as much as a

factor of four larger than the variations produced by the change

in the background velocity field, and at deeper depths they are of

similar orders of magnitude.

4.12: Interval velocity and two-way vertical traveltime maps

A one-dimensional velocity versus depth model is available

for each individual grid cell in the prospect from the Tau-sum and

GLI methods. These velocity profiles are used to obtain the

laterally varying background velocity structure. A two-dimensional



Figure 4.20: Two-way vertical traveltime versus depth for the

results obtained from the Tau-sum inversion.
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bicubic spline (Inoue, 1986) is fit to the velocity profiles of

each grid cell at selected depth datums. Plan view maps of the

interval velocity and two-way vertical traveltime to these depths

are then available. The interval velocity and two-way vertical

traveltime maps for only a few depths have been included here. It

is possible to obtain a set of maps at any depth within the depth

range of the velocity profiles. Velocity maps can be obtained at

the same depths as the linear time delay models for the thin lens

anomalies discussed in Chapter 3. The two sets of models can

simply be summed to provide the complete near surface velocity

model for the prospect. Given an independent determination of the

thickness of the lens anomalies it would be possible to convert

the thin lens time delay estimates into velocity perturbations

since the local interval velocity at every depth down to 500

meters is known throughout the prospect.

Figures 4.21 to 4.24 display the maps of the local interval

velocity at depths of 100, 200, 300, and 400 meters below sea

level from the Tau-sum velocity profiles. The locations of the

strike and dip lines are indicated around the edges of the maps.

The contour interval is 5 m/sec. A slight amount of smoothing is

used in fitting the bicubic spline to the control points.

In general, the local interval velocity at a particular depth

decreases towards the basin (left). The region of higher interval

velocities is located along the east (right) side of the prospect

at 100 meters depth. The trend of the contours is predominantly
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north-south. The middle portion of the prospect shows a relatively

small amount of velocity variation at this depth. At 200 meters

depth, the region of higher velocities shifts to the southeast and

the trend of the contours rotates towards the northeast. The

largest amount of lateral variation in velocity occurs at this

depth (60 m/sec). Notice the zone of low velocity near strike

lines 3-5, and dip lines 27-30. This zone is apparent at all four

depths and is likely due to the high spatial frequency residual

error remaining in the data because of the inexact estimation of

lens anomaly A by the multichannel filter algorithm. Some low

spatial frequency residual error is also produced by the high-pass

filter applied to the model parameter estimates prior to the

reconstruction of the lens anomaly and shot static effects. This

residual error remains in the data after the grid cell averaging,

and the polynomial fit to these data is sensitive enough to detect

these variations.

The contours at 300 meters depth follow the same trend as

those at 200 meters depth. The change in velocity gradient occurs

near 300 meters depth. The lateral variability in velocity is

decreased slightly from that at 200 meters depth. The map at 400

meters depth is located below the change in velocity gradient. The

contours show a distinct change in the trend, and the lateral

variability is decreased.

Figures 4.25 to 4.28 display the maps from the results of the

GLI algorithm at depths of 100, 200, 300, and 400 meters below sea



Figure 4.21: Local interval velocity at 100 meters below sea level
as estimated by the Tau-sum inversion algorithm.
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Figure 4.22: Local interval velocity at 200 meters below sea level

as estimated by the Tau-sum inversion algorithm.
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Figure 4.23: Local interval velocity at 300 meters below sea level

as estimated by the Tau-sum inversion algorithm.
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Figure 4.24: Local interval velocity at 400 meters below sea level

as estimated by the Tau-sum inversion algorithm.
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level. These maps contain the same general features as the

corresponding Tau-sum maps and are essentially a smoothed version.

The Evjen function built into the GLI algorithm does not have as

much freedom to fit the data as does the sth order polynomial used

for the Tau-sum inversion. The spatial movement of the higher

velocity regions and the preferred orientation of the contours

correlates with the Tau-sum maps.

Figures 4.29 to 4.31 display the Tau-sum results at depths of

100, 200, and 300 meters below the seafloor so that the effects of

the variable water depth are removed. The variable water layer

thickness appears to have a minimal effect on the subsurface

velocity structure. A definite change in the velocity structure

occurs below the location of the change in the velocity gradient.

Figures 4.32 and 4.33 show maps of the two-way vertical

traveltime at 400 meters depth below sea level for the Tau-sum and

GLI results. The contour interval is 2 ms. The two methods produce

essentially identical estimates of the two-way vertical traveltime

through the overburden. The maximum lateral variability in the

vertical traveltime is on the order of 8-10 ms.

It is possible to obtain vertical traveltime maps at any

particular depth datum within the depth range of the models.

Vertical traveltime maps can be obtained at depths corresponding

to the high spatial frequency vertical delay time estimates shown

in Chapter 3. The two models can simply be summed to obtain the

complete near surface delay time model for a particular line, or
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for the prospect as a whole. However, to obtain these velocity

models two modifications are suggested. The background velocity

model can be computed for each individual line rather than from

the grid cell averages. On the basis of these more detailed

background models, a correction to transform the thin lens anomaly

models from apparent depth to true depth can be applied.



Figure 4.25: Local interval velocity at 100 meters below sea level

as estimated by the GLI algorithm.
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Figure 4.26: Local interval velocity at 200 meters below sea level

as estimated by the GLI algorithm.
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Figure 4.27: Local interval velocity at 300 meters below sea level

as estimated by the GLI algorithm.
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Figure 4.28: Local interval velocity at 400 meters below sea level

as estimated by the GLI algorithm.
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Figure 4.29: Local interval velocity at 100 meters below the
seafloor as estimated by the Tau-sum inversion algorithm.



Figure 4.30: Local interval velocity at 200 meters below the

seafloor as estimated by the Tau-sum inversion algorithm.
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Figure 4.31: Local interval velocity at 300 meters below the
seafloor as estimated by the Tau-sum inversion algorithm.
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Figure 4.32: Two-way vertical traveltime to a depth datum that is

400 meters below sea level as estimated by the Tau-sum algorithm.
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Figure 4.33: Two-way vertical traveltime to a depth datum that is

400 meters below sea level as estimated by the GLI algorithm.
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Chapter 5 - Conclusions and Future Work

A near surface three-dimensional velocity model has been

developed which for the most part predicts the observed first

arrival times to within +_ 2 ms. The current model appears suitable

as a starting point for the first order correction of the deeper

reflection data for lateral variations in arrival time due to

velocity variations in the near surface. The model provided is a

good initial model to use in the attempt to study and explain an

expanded data base of observations. The techniques developed and

used in this work should be directly applicable to most shallow

water marine data sets.

There are three main components to the near surface velocity

model. A seafloor model showing the lateral changes in water depth

is available. Below the seafloor, the velocity model consists of a

slowly varying component similar to velocity models used in

conventional CDP stacking, migration, and time to depth

conversion. Embedded within the smooth background velocity field

is a sixteen layer velocity perturbation model which represents

the time delays produced by the near surface lens anomalies

present in the prospect.

The seafloor model is obtained from the autocorrelog rams of

the deeper reflection data. The ten near traces of each common

shotpoint autocorrelog ram are stacked and the arrival time of the
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first water layer reverberation is used to estimate the water

depth. The method is very robust and the resulting model ties

extremely well at the line intersections. The estimates of the

seafloor depth are independent of any system timing problems, and

the method should be directly applicable to all marine data sets.

The 10-trace stacking introduces a desirable amount of smoothing

to the data. The measured water bottom arrival time estimates can

be considered to be the convolution of the 10-trace stacking

response with the true water bottom arrival times. A least-squares

inverse problem is devised and implemented to deconvolve the

effects of the 10-trace stack and the near trace offset. The

deconvolution improves the accuracy of the ties at the line

intersections and removes the line shooting direction bias.

The emphasis of this work is on the development of a

velocity perturbation model which accurately depicts the

traveltime variations produced by the near surface velocity

anomalies. The measured first arrival times are the observational

data set. From the measured times, a set of residual times is

determined. When displayed in variable density format as a

function of CDP and offset, the residual times reveal the

abundance of lens anomaly and shot static produced traveltime

variations present in the first arrival times. A multichannel

filter algorithm is given which predicts the traveltime variations

produced by the lens anomalies and shot statics in a least-squares

sense. The method assumes a laterally invariant global background
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velocity model to compute the predicted geometric patterns of the

lens anomaly induced traveltime variations in the CDP-offset

plane. The multichannel filter is simply an overdetermined least-

squares problem which operates in the horizontal wavenumber-offset

(k
x-Ax) domain. The residual time delay data are focused in a

manner analogous to conventional seismic reflection migration. The

lens anomalies are treated as thin lenses. The output from the MCF

is high-pass filtered and models the traveltime variations as a

series of thin lens time delays distributed into 16 depth levels

within the global model, and also provides an estimate of the

common shot statics. The 16 layer model covers an apparent depth

range of 80 to 380 meters within the global model. The depth

resolution is 20 meters. The thin lens time delay models represent

the high spatial frequency velocity perturbations present within

the background velocity field.

The MCF method works surprisingly well and should be

applicable to other shallow water marine data sets which are

plagued by similar lateral velocity variations in the near

surface. The shapes of the templates used as input to the

inversion are not very sensitive to the background velocity

function used. The assumption of a laterally invariant background

velocity model, when the near surface velocity field actually

changes laterally, has two possible consequences. The first is

that the template shapes may be in error, producing an imperfect

focusing of the data. This type of error does not appear to be
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severe. The major source of error is the relatively coarse 20

meter depth spacing of the templates. The other consequence of

using a laterally invariant model is that the depths to which the

anomalies are mapped may be in error. If so, the focused data can

be mapped from apparent depth to true depth based on a laterally

varying velocity function in the manner of time to depth

conversion of conventional seismic data.

The treatment of the near surface anomalies as thin lenses

appears to be adequate. The inversion results are robust and

provide a meaningful model which correlates well with the

conventional stacked data. It is a reasonable first iteration

model in the absence of other independent information constraining

the anomaly thickness or the velocity anomaly magnitude.

The multichannel filter algorithm has the most difficulty

predicting the very shallow lens anomalies. These anomalies are

located very near the seafloor at depths which are above the

shallowest template included in the G matrix. The error associated

with the inexact estimation of these anomalies is evident in the

residual error variable density displays and in the model

parameter estimates. The residual error appears as apparent high

spatial frequency delay time fluctuations in the model parameter

estimates. This type of error represents the chief limitation in

using the current high spatial frequency models as a source of

traveltime corrections for the deeper data. A more concerted

effort at predicting these shallow anomalies with the current
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algorithms may prove fruitful. An unequal depth spacing of the

templates at shallow depths may prove successful in reducing the

residual error.

Data truncation effects are also apparent in the model

parameter estimates and limit the integrity of the models near the

ends of the lines. A possible solution to the data truncation

problem is to perform an autoregressive extrapolation of the

residual times beyond the edges of the data in the spatial

dimension prior to the spatial Fourier transform.

The laterally varying background velocity model is obtained

using the GLI and Tau-sum algorithms to invert for one-dimensional

velocity models at various spatial locations. The observations to

be reproduced are the anomaly-free first arrival times obtained by

subtracting the high-pass filtered LMSE predictions of the lens

anomaly and shot static produced traveltime variations from the

measured first arrival times. The velocity model inherent in the

GLI algorithm is parameterized to consist of a known water layer

overlying a half-space in which the velocity increase with depth

is in the form of the Evjen function. This model parameterization

treats the data as diving waves beyond the nearer offsets where

the first arrival is the wide-angle water bottom reflection. This

particular model parameterization is clearly recognized as being a

poor approximation to reality, yet reproduces the data to within

+ 2 ms beyond an offset of 800 meters. The estimated model

parameters cannot be individually interpreted with confidence
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because of the cross-coupling between parameters in the inversion,

although the resulting velocity versus depth functions appear to

be quite robust.

The Tau-sum algorithm is also used to invert the data. A sth

order LMSE polynomial is fit to the first arrival time data from

which the necessary t-p estimates are obtained. The amount of

flexibility present in the resulting velocity versus depth

function is dependent on the order of the polynomial fit to the

data. The Tau-sum velocity profiles show a maximum lateral

variability in interval velocity at a particular depth that is on

the order of 60 m/sec. A change in the velocity gradient occurs

near an average depth of 320 meters, which maps to a two-way

vertical traveltime of 400 ms. The two-way vertical traveltime as

a function of depth is relatively invariant with a maximum

variation on the order of 8-10 ms. The vertical traveltime

estimates from the GLI and Tau-sum algorithms to a 400 meter depth

datum are essentially identical. The treatment of the near surface

environment as a water layer overlying a half-space in which the

velocity increase is in the form of the Evjen function appears

sufficient for vertical traveltime calculations through the

background model.

The velocity model produced by the GLI algorithm is a

vertically smoothed version of the Tau-sum results. The Tau-sum

algorithm has six parameters (sth order polynomial) to describe

the velocity function at each spatial location, while the Evjen
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function has three parameters. Consequently, the Tau-sum algorithm

is more sensitive to changes in the background velocity function

and is able to recognize the change in the velocity gradient.

The final velocity models should provide an excellent initial

model in the attempt to reproduce the full mute zone data. The

results from both the Tau-sum and GLI methods may prove useful for

the initial model parameterization. The results from either method

can be sampled to provide the stack of thin constant velocity

layers used to approximate a velocity gradient for reflectivity

and/or finite difference modeling methods.

The techniques developed here should be directly applicable

to other marine data sets. The applicability of the multichannel

filter algorithm as implemented to land data has not been

established. The algorithm is very flexible and accommodations to

the method may be possible. The methods used to obtain the

background velocity model can be easily adapted to land or marine

data sets.

The final velocity model predicts the observed first arrival

times to within +_ 2 ms, although improvements to the current

approach can be made. True first arrival times would include

diffractions from the edges of the time delay lenses. The first

trough times used as the first arrivals result from the summation

of wide-angle reflections, diving waves, and diffractions. The

forward modeling algorithm can clearly be improved upon, although

it should be noted that the modeling of traveltimes only without
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consideration of the full waveform data will be limited in

accuracy.

The approach of isolating the higher spatial frequency

components of the first arrival times by removing the times

predicted by the LMSE planes can be improved. The autoregressive

extrapolation of the data in the spatial dimension prior to the

Fourier transform may also help to alleviate the problem.

The near surface model provided in this work can also be used

to predict a variety of expected observations, test the

predictions against the data, and then refine the initial model.

Reflections from the top and the base of the lens anomalies should

be observable in the seismic data. The expected arrival times of

these reflections can be calculated. The variations in reflection

strength as a function of CDP for a given offset should be

expected to correlate spatially with the thin lens delay times.

The multichannel filter algorithm as implemented can be

applied to the amplitudes of the first arrivals. Rather than

predicting the thin lens delay times, the algorithm would provide

an estimate of the amplitude attenuation produced by propagation

through the anomalies.

The incorporation of this expanded observational data set

will test the validity of the thin lens anomaly and background

velocity models. The observational data set can also be expanded

to include the full waveform mute zone data. The background

velocity model produced here should provide an excellent starting
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model for the inversion of the entire mute zone data. A full

waveform reflectivity method can be used as the forward problem to

invert the mute zone data at selected locations where the near

surface is one-dimensional. It may be possible to invert for the

thickness of the lens anomalies by reproducing the reflection

events from the top and the base of the anomalies.



References

Aki, K., and Lee, W.H., 1976, Determination of three-dimensional
velocity anomalies under a seismic array using first P arrival

times from local earthquakes, a homogeneous initial model:

Journal of Geophysical Research, 81, 4381-4399.

Aki, K., and Richards, P.G., 1980, Quantitative seismology,
theory and methods: vol. I and 11, Freeman, San Francisco.

Anstey, N.A., 1966, The sectional auto-correlogram and the
sectional retro-correlogram: Geophysical Prospecting, 14, 389-
426.

Anstey, N.A., 1977, Seismic interpretation: the physical aspects:
IHRDC.

Backus, G.E., and Gilbert, J.F., 1967, Numerical application of a

formalism for geophysical inverse problems: Geophysical Journal,

13, 247-276.

Backus, M.M., 1959, Water reverberations - their nature and

elimination: Geophysics, 24, 233-261.

Backus, M.M., 1985, The Leading Edge, November, 28.

Backus, M.M., Burg, J., Baldwin, D., and Bryan, E., 1964, Wide-

band extraction of mantle P waves from ambient noise:

Geophysics, 29, 672-692.

Backus, M.M., and Chen, R.L., 1975, Flat spot exploration
Geophysical Prospecting, 23, 533-577.

Backus, M.M., and Simmons, J.L., 1984, Multiple reflections as an

additive noise limitation in seismic reflection work:

Proceedings of the lEEE, 72, 1370-1384.

Banta, H.E., 1941, A refraction theory adaptable to seismic

weathering problems: Geophysics, 6, 245-253.

Berge, A.M., and Beskow, 8., 1982, A method to determine near-

surface velocities in marine data: Presented at the 52nd Annual

International SEG Meeting, Dallas.

Berryhill, J.R., 1979, Wave equation datuming: Geophysics, 44,
1329-1344.

280



281

Berryhill, J.R., 1984, Wave-equation datuming before stack:

Geophysics, 49, 2064-2066.

Berryhill, J.R., 1986, Submarine canyons: velocity replacement by
wave-equation datuming before stack: Geophysics, 51, 1572-1579.

Bishop, T.N., Bube, K.A., Cutler, R.T., Love, P.L., Resnick, J.R.,
Shuey, R.T., Splinder, D.A., and Wyld, H.W., 1985, Tomographic
determination of velocity and depth in laterally varying media:

Geophysics, 50, 903-923.

Booker, A.H., Linville, A.F., and Wason, C.8., 1976, Long
wavelength static estimation: Geophysics, 41, 939-959.

Burg, J.P., 1964, Three-dimensional filtering with an array of

seismometers: Geophysics, 29, 693-713.

Carnahan, 8., Luther, H.A., and Wilkes, J.0., 1969, Applied
numerical methods: Wiley and Sons, New York.

Carter, J.A., and Frazier, L.N., 1984, Accommodating lateral

velocity changes in Kirchhoff migration by means of Fermat's

principle: Geophysics, 49, 46-53.

Catto, A.J., 1980, Fluid content effect on acoustic impedance and

limits of direct detection capability - illustrated on an

offshore prospect: Masters Thesis, University of Texas at

Austin.

Chang, J.Y., 1983, Emergent angle dependent deconvolution: Masters

Thesis, University of Texas at Austin.

Chun, J.H., Jacewitz, C.A., and Lin, H.L., 1984, Wavenumber domain

decomposition of statics and structure: Presented at the 54th

Annual International SEG Meeting, Atlanta.

Clayton, R.W., and McMechan, G.A., 1981, Inversion of refraction

data by wavefield continuation: Geophysics, 46, 860-868.

Cooke, D.A., and Schneider, W.A., 1983, Generalized linear

inversion of reflection seismic data: Geophysics, 48, 665-676.

Cunningham, A.8., 1974, Refraction data from single-ended
refraction profiles: Geophysics, 39, 292-301.

Cutler, R.T., Bishop, T.N., Wyld, H.W., Shuey, R.T., Kroeger,
R.A., Jones, R.C., and Rathbun, M.L., 1984, Seismic tomography:
formulation and methodology: Presented at the 54th Annual
International SEG Meeting, Atlanta.



282

Davies, E.8., and Mercado, E.J., 1968, Multichannel deconvolution
filtering of field recorded seismic data: Geophysics, 33, 711-
722.

Dent, 8., 1983, Compensation of marine seismic data for the
effects of a highly variable water depth using ray-trace
modeling - A case history: Geophysics, 48, 910-933.

Disher, D.A., and Naquin, P.J., 1970, Statistical automatic
statics analysis: Geophysics, 35, 574-585.

Domenico, S.N., 1979, Multiple reflections and head waves in the
Gulf of Suez: Geophysical Prospecting, 27, 539-563.

Dorman, L.M., and Jacobson, R.S., 1981, Linear inversion of body
wave data - Part 1: Velocity structure from traveltimes and

ranges: Geophysics, 46, 138-151.

Ervin, C.P., McGinnis, L.D., Otis, R.M., and Hall, M.L., 1983,
Automated analysis of marine refraction data: A computer
algorithm: Geophysics, 48, 582-589.

Evjen, H.M., 1967, Outline of a system of refraction

interpretation for monotonic increases of velocity with depth:
in Seismic Refraction Prospecting, (SEG, Tulsa), 290-294.

Fawcett, J.A., and Clayton, R.W., 1984, Tomographic reconstruction

of velocity anomalies: Bulletin of the Seismological Society of

America, 74, 2201-2219.

Finn, C.J., 1986, Estimation of three dimensional dip and

curvature from reflection seismic data: Masters Thesis,
University of Texas at Austin.

Fulton, T.K., and Darr, K.M., 1984, Offset panel: Geophysics, 49,
1140-1152.

Gardner, L.W., 1939, An areal plan of mapping subsurface structure

by refraction shooting: Geophysics, 4, 247-259.

Gassaway, G.S., 1984, Effects of shallow reflectors on amplitude
vs offset (seismic lithology) analysis: Presented at the 54th

Annual International SEG Meeting, Atlanta.

Gazdag, J., 1978, Wave equation migration with the phase shift
method: Geophysics, 43, 1342-1351.



283

Gelchinsky, 8., and Shtivelman, V., 1983, Automatic picking of

first arrivals and parameterization of traveltime curves:

Geophysical Prospecting, 31, 915-928.

Gelius, L.J., Kullerud, A., and Rafto, J.E., 1984, Inversion of

refracted data: An automatic procedure: Presented at the 54th

Annual International SEG Meeting, Atlanta.

Gibson, 8.5., Odegard, M.E., and Sutton, G.H., 1979, Nonlinear

least-squares inversion of traveltime data for a linear

velocity-depth relationship: Geophysics, 44, 185-194.

Glenn, W.E., Ryu, J., Ward, S.H., Peeples, W.J., and Phillips,
R.J., 1973, The inversion of vertical magnetic dipole sounding
data: Geophysics, 38, 1109-1129.

Goguel, F.M., 1951, Seismic refraction with variable velocity:
Geophysics, 16, 81-101.

Grant, F.S., and West, G.F., 1965, Interpretation theory in

applied geophysics: McGraw-Hill, New York.

Greenhalgh, S.A., and King, D.W., 1981, Curved raypath
interpretation of seismic refraction data: Geophysical
Prospecting, 29, 853-882.

Hagedoorn, J.G., 1955, Templates for fitting smooth velocity
functions to seismic refraction and reflection data: Geophysical
Prospecting, 3, 325-338.

Hagedoorn, J.G., 1959, The plus-minus method of interpreting
seismic refraction sections: Geophysical Prospecting, 7, 158-

182.

Hamilton, E.L., 1979, Sound velocity gradients in marine

sediments: Journal of the Acoustical Society of America, 65,
909-922.

Hampson, D., and Russell, 8., 1984, First-break interpretation
using generalized linear inversion: Journal of the Canadian

Society of Exploration Geophysicists, 20, 40-54.

Hileman, J.A., Embree, P., and Pflueger, J.C., 1968, Automated
static corrections: Geophysical Prospecting, 16, 326-358.

Hill, N.R., 1985, Downward continuation of refracted arrivals to

determine shallow complex structure: Presented at the 55th

Annual International SEG Meeting, Washington.



284

Hollingshead, G.W., and Slater, R.R., 1979, A novel method of

deriving weathering statics from first arrival refractions:
Presented at the 49th Annual International SEG Meeting, New

Orleans.

Hollister, J.C., 1967, A curved path refraction method: in Seismic
Refraction Prospecting, (SEG, Tulsa), 217-230.

Houtz, R.E., and Hayes, D.E., 1984, Seismic refraction data from
the Sunda Shelf: Bulletin of the American Association of
Petroleum Geologists, 68, 1870-1878.

Inoue, H., 1986, A least-squares smooth fitting for irregularly
spaced data: Finite-element approach using cubic B-spline basis:

Geophysics, 51, 2051-2066.

Kanasewich, E.R., and Chiu, S.K.L., 1985, Least-squares inversion

of spatial seismic refraction data: Bulletin of the

Seismological Society of America, 75, 865-880.

Kaufman, H., 1953, Velocity functions in seismic prospecting:
Geophysics, 18, 289-297.

Kirchheimer, F., 1983, Long period static analysis by trigonomet-
ric approximation: Presented at the 53rd Annual International

SEG Meeting, Las Vegas.

Kirkham, D.J., and Poggiagliolmi, 1976, Long period statics

determination by inverse filtering: Geophysical Prospecting, 24,
737-755.

Kolb, P., Collino, F., and Lailly, P., 1986, Pre-stack inversion

of a 1-D medium: Proceedings of the lEEE, 74, 498-508.

Kunetz, G., and Fourmann, J.M., 1968, Efficient deconvolution of

marine seismic records: Geophysics, 33, 412-423.

Laster, S.J., and Linville, A.F., 1966, Application of multichannel
filtering to the separation of dispersive modes of propagation:
Journal of Geophysical Research, 71, 1669-1701.

Lines, L.R., and Treitel, S., 1984, A review of least-squares
inversion and its application to geophysical problems:
Geophysical Prospecting, 32, 159-186.

Loinger, E., 1983, A linear model for velocity anomalies:

Geophysical Prospecting, 31, 98-118.



285

Lynn, W.S., and Claerbout, J.F., 1982, Velocity estimation in

laterally varying media: Geophysics, 47, 884-897.

Marcoux, M.0., 1981, On the resolution of statics, structure, and

residual normal moveout: Geophysics, 46, 984-993.

McAulay, A.D., 1985, Prestack inversion with plane layer point
source modeling: Geophysics, 50, 77-89.

McGee, J.E., and Palmer, R.L., 1967, Early refraction practices:
in Seismic Refraction Prospecting, (SEG, Tulsa), 3-11.

McMechan, G.A., and Wiggins, R.A., 1972, Depth limits in body wave

inversions: Geophysical Journal of the Royal Astronomical

Society, 28, 459-473.

Menke, W., 1984, Geophysical data analysis: Discrete inverse

theory: Academic Press.

Middleton, D., and Whittlesey, J., 1968, Seismic models and

deterministic operators for marine reverberation: Geophysics,
33, 557-583.

Morley, L., 1984, Invertibility of elastic layered earth

parameters from pre-critical P-wave reflection amplitudes:
Presented at the 54th Annual SEG Meeting, Atlanta.

Morley, L., and Claerbout, J.F., 1983, Predictive deconvolution in

shot-receiver space: Geophysics, 48, 515-531.

Mott-Smith, M., 1939, On seismic paths and velocity-time
relations: Geophysics, 4, 8-23.

Nafe, J.E., and Drake, C.L., 1957, Variation with depth in shallow

and deep water marine sediments of porosity, density, and

velocities of compressional and shear waves: Geophysics, 22,
523-552.

Newmann, G., 1981, Determination of lateral inhomogeneities in

reflection seismics by inversion of traveltime residuals:

Geophysical Prospecting, 29, 161-177.

Ostrander, W.J., 1984, Plane wave reflection coefficients for gas
sands at non-normal angles of incidence: Geophysics, 49, 1637-

1648.

Palmer, D., 1981, An introduction to the generalized reciprocal
method of seismic refraction interpretation: Geophysics, 46,
1508-1518.



286

Pederson, L.8., 1976, Constrained inversion of potential field
data: Geophysical Prospecting, 27, 726-748.

Rockwell, D.W., 1967, A general wavefront method: in Seismic
Refraction Prospecting, (SEG, Tulsa), 296-303.

Schneider, W.A, 1978, Integral formulation for migration in two

and three dimensions: Geophysics, 43, 49-76.

Schneider, W.A., Larner, K.L., Burg, J.P., and Backus, M.M, 1964,
A new data-processing technique for the elimination of ghost
arrivals on reflection seismograms: Geophysics, 29, 783-805.

Schneider, W.A., Prince, E.R., and Giles, 8.F., 1965, A new data-

processing technique for multiple attenuation exploiting
differential normal moveout: Geophysics, 30, 348-362.

Schneider, W.A., and Kuo, S., 1985, Refraction modeling for static
corrections: Presented at the 55th Annual SEG Meeting,
Washington.

Schultz, P.S., 1982, A method for direct estimation of interval

velocities: Geophysics, 47, 1657-1671.

Slichter, L.8., 1932, Theory of the interpretation of seismic

traveltime curves over horizontal structures: Physics, 3, 273-

295.

Slotnick, M.M., 1959, Lessons in seismic computing, SEG, Tulsa.

Stark, T.J., 1986, Information extraction from deep water seismic
reflection data: LASE line 2: Doctoral Dissertation, The

University of Texas at Austin.

Stoffa, P.L., Diebold, J.8., and Buhl, P., 1981, Inversion of

seismic data in the tau-p plane: Geophysical Research Letters,
8, 869-872.

Stolt, R., 1978, Migration by Fourier Transform: Geophysics, 43,
23-48.

Swan, H.W., and Booker, A.H., 1984, Accuracy of statics obtained

from single layer refraction modeling: Presented at the 54th

Annual International SEG Meeting, Atlanta.

Taner, M.T., 1986, Near surface imaging by refracted seismic

waves: Presented at the 1986 SEG Summer Workshop on Near Surface
Effects.



287

Taner, M.T., Koehler, F., and Alhilali, K.A., 1974, Estimation and

correction of near-surface time anomalies: Geophysics, 39, 441-

463.

Taner, M.T., and Koehler, F., 1981, Surface consistent
corrections: Geophysics, 46, 17-22.

Thornburgh, H.R., 1930, Wavefront diagrams in seismic

interpretation: Bulletin of the American Association of

Petroleum Geologists, 14, 185-200.

Todd, C.P., 1986, Isolation, display and interpretation of offset

dependent phenomena in seismic reflection data using offset to

depth (ODR) range partial stacking: Masters Thesis, The

University of Texas at Austin.

Treitel, S., 1970, Principles of digital multichannel filtering
Geophysics, 35, 785-811.

Treitel, S., 1974, The complex Wiener filter: Geophysics, 39, 169

173.

Wiggins, R.A., 1972, The generalized linear inverse problem:
Implications of surface waves and free oscillations for earth

structure: Reviews of Geophysics and Space Physics, 10, 251-285.

Wiggins, R.A., Larner, K.L., and Wisecup, R.D., 1976, Residual

statics analysis as general linear inverse problem: Geophysics,
41, 922-938.

Yilmaz, 0., and Lucas, D., 1986, Prestack layer replacement:
Geophysics, 51, 1355-1369.



The vita has been removed from the digitized version of this document.


	TRAVELTIME INVERSION FOR A 3-D NEAR SURFACE VELOCITY MODEL
	FRONT
	Dedication
	Title
	Acknowledgments
	Abstract
	Table of Contents
	List of Figures

	MAIN
	Chapter 1 – Introduction
	1.1: Objectives
	1.2: Data set
	1.3: Implications and applications of the near surface model
	1.4: Methods and organization

	Chapter 2: Autocorrelograms and the Seafloor Model
	2.1: Introduction
	2.2: Method and procedure
	2.3: The autocorrelogram process
	2.4: Picked times and amplitudes
	2.5: The seafloor model
	2.6: Spatial deconvolution of the autocorrelogram times
	2.7: Summary

	Chapter 3 – First Arrival Times and Near Surface Anomalies
	3.1: Introduction
	3.2: First arrival time data set
	3.3: Variable density displays
	3.4: Estimation of near surface anomalies
	3.4.1: Previous work emphasizing the near surface
	3.4.2: Previous work utilizing multichannel filter theory

	3.5: Multichannel filtering for the estimation of near surface anomalies
	3.5.1: Template estimation
	3.5.2: Multichannel filter formulation

	3.6: Synthetic data examples
	3.7: Effects of noise in the data
	3.8: Sensitivity of the templates to the background velocity function

	3.9: Application to real data: Introduction
	3.9.1: Global background velocity function
	3.9.2: Removal of the mean and trend
	3.9.3: Template overlays
	3.9.4: Depth resolution
	3.9.5: Processing parameters
	3.9.6: Results
	3.9.7: Summary

	3.10: The analogy and comparison with reflection migration
	3.11: Plan view maps of linear models
	3.12: Line intersection analysis
	3.13: Cumulative sum statics

	Chapter 4 – The Background Velocity Model
	4.1: Introduction
	4.2: Previous work
	4.3: Generalized Linear Inversion: Background
	4.3.1: Inverse problem formulation
	4.3.2: Numerical evaluation of partial derivatives
	4.3.3: Iterative least-squares

	4.4: Model parameterization
	4.5: Forward modeling algorithm
	4.6: Application of GLI to first arrival times
	4.7: Synthetic data examples
	4.8: Global velocity model
	4.9: Real data
	4.10: Tau-sum inversion method
	4.11: Tau-sum: Results
	4.12: Interval velocity and two-way vertical travel time maps

	Chapter 5 – Conclusions and Future Work


	Illustrations
	Figure 1.1: Streamer configuration for the Offshore Area One data, taken from Todd (1986).
	Figure 1.2: Offshore Area One basemap.
	Figure 1.3: Portions of the conventional CDP stacked sections for lines 3 and 28 illustrating the shallow velocity anomalies.
	Figure 1.4: Form of the shallow velocity model to be obtained.
	Figure 2.1: a) Common shot record from line 11, SP 1 (basinward), b) Common shot record from line 31, SP 1 (landward).
	Figure 2.2: Common shot record for line 15, SP 50. The time gate used to compute the individual trace autocorrelations is shown.
	Figure 2.3: a) Unnormalized autocorrelogram of the shot record shown in Figure 2.2. The zero-lag value is aligned at 1.5 sec. b) Normalized autocorrelogram of the shot record seen in Figure 2.2. The data in Figure 2.3 a are normalized by the zero-lag value on a trace-by-trace basis.
	Figure 2.4: a) Stacked autocorrelogram section for line 15. The first water layer reverberation is marked. Notice the frequency variations which occur across the section, b) Conventional CDP stacked section.
	Figure 2.5: a) Stacked autocorrelogram section for line 28. The first water layer reverberation is marked. Notice the effects produced by the shallow bright spot which can be seen in the CDP stacked section below. b) Conventional CDP stacked section.
	Figure 2.6: Autocorrelogram picks for line 15. The amplitude values are normalized by the zero-lag values.
	Figure 2.7: a) Comparison of the autocorrelogram time picks for the 10-trace stack and near trace only data, b) Difference between the 10-trace stack and near trace data.
	Figure 2.8: Autocorrelogram times for strike lines 1,2, and 3. Superimposed on these data are the corresponding values for the dip lines at the line intersections. Crosses correspond to dip lines shot with the ship heading updip (west to east) and squares correspond to dip lines shot with the ship heading downdip. The horizontal axis is shotpoint and the vertical axis is in ms. The apparent water depths assuming a water velocity of 1500 m/sec are shown at the right.
	Figure 2.9: Autocorrelogram times for lines 15, 16, and 17. The display format is identical to that of Figure 2.8 except that the squares correspond to strike lines shot in the north-south direction, and the crosses correspond to strike lines shot from south to north.
	Figure 2.10: Autocorrelogram times for dip lines 26, 27, and 28 with the strike line values at the line intersections superimposed.
	Figure 2.11: The relationship between the ratio of the first water layer reverberation autocorrelation amplitude and the zero-lag amplitude to the apparent seafloor reflectivity. The figure is taken from Anstey (1977).
	Figure 2.12: Autocorrelogram amplitude data for strike lines 1, 2, and 3. The crossline values at the line intersections are shown. The scale at the left is the absolute value of the ratio between the first water reverberation amplitude and the zero-lag amplitude of the autocorrelogram data. The scale at the right is the apparent seafloor reflectivity as determined from Figure 2.11.
	Figure 2.13: Autocorrelogram amplitude data for dip lines 15, 16, and 17. The crossline values at the line intersections are marked. Notice the excellent line ties along line 17.
	Figure 2.14: Autocor relog ram amplitude data for dip lines 26, 27, and 28. The crossline values at the line intersections are marked.
	Figure 2.15: a) Histogram of the time misties at the 210 line intersections in the prospect, b) Histogram of the time misties for dip lines shot in the updip direction, c) Histogram of the time misties for dip lines shot in the downdip direction.
	Figure 2.16: a) Spatial domain impulse response of the 10-trace stacking operator (dashed refers to the operator for lines shot in the opposite direction), b) Amplitude spectrum of the 10-trace stacking operator as a function of spatial frequency, c) Phase spectrum of the 10-trace stack operator as a function of spatial frequency.
	Figure 2.17: Results of deconvolving the measured water bottom arrival times of line 15 for various values of e. The solid line shows the measured times and the dashed line shows the deconvolved times.
	Figure 2.18: Results of deconvolving the measured water bottom arrival times of line 2 for various values of e. The solid line shows the measured times and the dashed line shows the deconvolved times.
	Figure 2.19: Components of the inverse operator applied to the measured water bottom arrival times to remove the effects of the 10-trace stacking operator.
	Figure 2.20: Deconvolved autocorrelogram times for strike lines 1,2, and 3 with the values at the line intersections included. A value of e = 0.075 is used for the deconvolution.
	Figure 2.21: Deconvolved autocorrelogram times for dip lines 15, 16, and 17 with the values at the line intersections included. A value of z = 0.075 is used for the deconvolution.
	Figure 2.22: Deconvolved autocorrelogram times for dip lines 26, 27, and 28 with the values at the line intersections included. A value of £ = 0.075 is used for the deconvolution.
	Figure 2.23: Comparison of the histograms of the line intersection misties before and after the deconvolution. Notice that the misties are substantially reduced by the deconvolution and that the line shooting direction bias is no longer present.
	Figure 2.24: Plan view map of the water bottom arrival time structure around the prospect. The line locations are indicated around the edges of the map. The contour interval is 2 ms.
	Figure 3.1: Diagram of a wavefront travelling at an angle of incidence impinging on a receiver array of length L. The wavefront is first detected at an offset that is a distance L/2 less than the measured offset. The amount of the resulting time advance is dependent on the angle of incidence, or the ray parameter p. The impulse responses of the combined source and receiver ghost and the array response depend on the angle of incidence, since t and x vary with angle. A g
	Figure 3.2: a) The combined impulse response of the ghost and array response as a function of ray parameter, b) Amplitude spectrum of the combined ghost and array response as a function of p. Both figures taken from Chang (1983).
	Figure 3.3: First arrival times for line 28 displayed as a function of shotpoint and arrival time. The inverted V marks the traveltime delays produced by propagation through the near surface velocity anomaly which is apparent on the stacked section as a shallow bright spot. The shooting direction of the line is from left to right.
	Figure 3.4: Identical display as that of Figure 3.3 but for the first arrival times of line 27. The inverted V appears reversed since these data were shot with the ship moving in the opposite direction.
	Figure 3.5: Schematic diagram illustrating the appearance of the traveltime delays produced by the near surface lens anomalies, a) When the source is over the anomaly the vertical limb of the inverted V is produced, b) As the source moves off of the anomaly, the receivers begin to move over the anomaly and the diagonal limb is produced.
	Figure 3.6: First arrival times for line 28 displayed in variable density format.
	Figure 3.7: First arrival times for line 11 displayed in variable density format.
	Figure 3.8: First arrival times for line 15 displayed in variable density format.
	Figure 3.9: First arrival times for line 26 displayed in variable density format.
	Figure 3.10: First arrival times for line 3 displayed in variable density format.
	Figure 3.11: The thin lens assumption treats the local lens anomalies, which have a finite lateral extent and a finite thickness, as zero thickness time delay layers. The effects of raypath bending are neglected.
	Figure 3.12: a) Diagram of a common shot record with diving waves emanating from the source. The first arrivals at offsets X. ..JC are affected by the thin lens anomaly located at depth z . Tne local subsurface offset for each first arrival is obtained by measuring the lateral separation between the upgoing and downgoing segments of each raypath that intersects depth ZA. The local subsurface offset for the ray arriving at offset X is shown as AX' . b) The local subsurface offset estimates, when displayed is a function of CDP and offset, resemble the hyperbolae seen in the variable density displays. The upper and lower illustrations are not drawn to scale.
	Figure 3.13: Geometry of a single diving wave raypath originating at source location xs and arriving at receiver location x . The half-offset is represented by h, and the depth of the lens anomaly is denoted by ZA. The coordinates of the turning point for the raypath are (xp, z-p). The downgoing and upgoing segments of the raypath are denoted as Rd and Ru, respectively.
	Figure 3-14: Relationship between the lens anomaly and shot static templates in the CDP-offset (x-Ax) and horizontal wavenumber-offset (kx-Ax) domains.
	Figure 3.15: Least-squares multichannel filter formulation for a case where there are five offsets of data and three templates.
	Figure 3.16: Model for the synthetic traveltime deviation data. A shot static introducing a 1 ms time delay is included, as are two lens anomalies which produce time delays of 2 and 3 ms. The velocity in the subseafloor layer varies with depth in the form of the Evjen function.
	Figure 3.17: Results of a synthetic example where the correct templates are included in the G matrix, a) Synthetic traveltime deviation data displayed as a function of CDP and offset, b) Output from the inversion showing the amount of static time delay as a function of spatial position for each template included in the G matrix. The vertical spacing between traces is equivalent to 3 ms of one-way delay time, c) The LMSE predicted output obtained by multiplying the G matrix and the model parameters m in the horizontal wavenumber-offset domain and then inverse Fourier transforming the result to the spatial domain, d) The difference between the input and the predicted output.
	Figure 3.18: Synthetic example where there are two "extra" templates included in the G matrix. The templates at 120 and 260 meters apparent depth are the correct templates for the two lens anomalies, a) The data input to the inversion, b) The model parameter traces for each template included in the G matrix. The extra templates at 190 and 330 meters depth do not predict any time delays. The vertical spacing between the traces is equivalent to 3 ms of one-way delay time, c) The predicted output Gm. d) The difference between the input and the predicted output.
	Figure 3.19: Synthetic example where the correct templates are not included in the G matrix. Five lens anomaly templates are included which are spaced 50 meters apart in the apparent depth dimension, a) Input data, b) Model parameter traces. The vertical trace spacing is equivalent to 3 ms of one-way vertical delay time, c) Predicted output, d) Residual error.
	Figure 3.20: Inversion results where random noise is present in the data to be inverted. The correct templates are included in the G matrix, a) Input data, b) Model parameter estimates. Notice that a portion of the noise present in the input data is predicted in the inversion, c) Predicted output, d) Residual error.
	Figure 3.21: Inversion results where low spatial frequency noise is added to the data to be inverted, a) Input data, b) Model parameter estimates, c) Predicted output, d) Residual error.
	Figure 3.22: Sensitivity of the shapes of the templates to errors in the depth location or errors in the assumed background velocity function. The model consists of a water layer overlying a halfspace in which the velocity increases in the form of the Evjen function, a) Error in the depth location of the templates, b) Error in the assumed water layer thickness, c) Error in the assumed initial subseafloor velocity, d) Error in the assumed velocity gradient.
	Figure 3.23: Residual error between the global average set of first arrival times and those predicted by the GLI method.
	Figure 3.24: Crossplots of relevant parameters for the global background velocity model using the equations shown in Figure 3.25. a) Velocity versus depth, b) Offset versus depth, c) Offset versus two-way vertical traveltime, d) Two-way vertical traveltime versus depth.
	Figure 3.25: Equations used to compute the parameters shown in Figure 3.24 for that portion of the travelpath in the subseafloor layer where the velocity is described by the Evjen function.
	Figure 3.26: a) First arrival time residuals produced by subtracting the global average times, b) First arrival time residuals which have had the times predicted by the LMSE planes removed.
	Figure 3.27: Residual first arrival time data for lines 11 and 15 which have had the times predicted by the LMSE planes removed. The lens anomaly templates are superimposed on the data and are shown in black.
	Figure 3-28: a) Templates originating at two different depths Z 1 and in the CDP-depth (x,z) plane, b) In the CDP-offset plane the templates initially appear at the same offset because of the finite sampling which is controlled by the receiver spacing.
	Figure 3.29: Illustration of the geometry of the data truncation effects for the inversion of the OA-1 first arrival time residuals. A total of 256 CDPs are included in the spatial Fourier transforms, a) The strike line data are truncated along the diagonal where the fold is increasing (left) and vertically where the data window ends, b) The dip line data are truncated along the diagonals where the fold is increasing (left) and decreasing (right).
	Figure 3.30: The asterisks indicate the maximum depth of penetration for each of the first arrivals for the global background velocity model. The horizontal dashed lines show the apparent depth locations of the templates included in the G matrix.
	Figure 3.31: Amplitude response of the zero-phase high-pass filter which is applied to the model parameter estimates to remove the low spatial frequency components that are predicted in the inversion.
	Figure 3.32: Variable density results of the multichannel filter inversion for line 11.
	Figure 3.33: Model parameter traces and the stacked section for line 11. The solid line shows the high-pass filtered model parameter estimates and the dashed line shows the broadband estimates. The apparent depth location of the templates is shown on the left. Along the right are the two-way vertical traveltimes corresponding to each template.
	Figure 3.34: Variable density results of the multichannel filter inversion for line 15.
	Figure 3.35: Model parameter traces and the stacked section for line 15.
	Figure 3.36: Variable density results of the multichannel filter inversion for line 17.
	Figure 3.37: Model parameter traces and the stacked section for line 17.
	Figure 3.38: Variable density results of the multichannel filter inversion for line 20.
	Figure 3.39: Model parameter traces and the stacked section for line 20.
	Figure 3.40: Variable density results of the multichannel filter inversion for line 21.
	Figure 3.41: Model parameter traces and the stacked section for line 21.
	Figure 3.42: Variable density results of the multichannel filter inversion for line 26.
	Figure 3.43: Model parameter traces and the stacked section for line 26.
	Figure 3.44: Variable density results of the multichannel filter inversion for line 28.
	Figure 3-45: Model parameter traces and the stacked section for line 28.
	Figure 3.46: Variable density results of the multichannel filter inversion for line 2.
	Figure 3.47: Model parameter traces and the stacked section for line 2.
	Figure 3.48: Results of applying a matched filter algorithm to a set of traveltime deviation data. A template is computed for each offset and the data are simply summed over each template for each spatial position.
	Figure 3.49: Plan view maps of the thin lens delay time data for the template at 80 meters depth. The data are aligned according to the basemap geometry. The vertical spacing between the dip line data is equal to 5 ms of one-way delay time. The strike line data are displayed at the same gain. The peaks correspond to traveltime delays. The two-way vertical traveltime to this depth as implied by the global velocity model is 106 ms.
	Figure 3.50: Plan view maps of the thin lens time delay data for the template at 100 meters depth. The two-way vertical traveltime to this depth is 131 ms.
	Figure 3.51: Plan view maps of the thin lens time delay data for the template at 120 meters depth. The two-way vertical traveltime to this depth is 156 ms.
	Figure 3.52: Plan view maps of the thin lens time delay data for the template at 140 meters depth. The two-way vertical traveltime to this depth is 180 ms.
	Figure 3.53: Plan view maps of the thin lens time delay data for the template at 160 meters depth. The two-way vertical traveltime to this depth is 204 ms.
	Figure 3.54: Plan view maps of the thin lens time delay data for the template at 180 meters depth. The two-way vertical traveltime to this depth is 228 ms.
	Figure 3.55: Plan view maps of the thin lens time delay data for the template at 200 meters depth. The two-way vertical traveltime to this depth is 252 ms.
	Figure 3.56: Plan view maps of the thin lens time delay data for the template at 220 meters depth. The two-way vertical traveltime to this depth is 275 ms.
	Figure 3.57: Plan view maps of the thin lens time delay data for the template at 240 meters depth. The two-way vertical traveltime to this depth is 298 ms.
	Figure 3-58: Plan view maps of the thin lens time delay data for the template at 260 meters depth. The two-way vertical traveltime to this depth is 321 ms.
	Figure 3.59: Plan view maps of the thin lens time delay data for the template at 280 meters depth. The two-way vertical traveltime to this depth is 343 ms.
	Figure 3.60: Plan view maps of the thin lens time delay data for the template at 300 meters depth. The two-way vertical traveltime to this depth is 365 ms.
	Figure 3.61: Plan view maps of the thin lens time delay data for the template at 320 meters depth. The two-way vertical traveltime to this depth is 386 ms.
	Figure 3.62: Plan view maps of the thin lens time delay data for the template at 340 meters depth. The two-way vertical traveltime to this depth is 408 ms.
	Figure 3.63: Plan view maps of the thin lens time delay data for the template at 360 meters depth. The two-way vertical traveltime to this depth is 429 ms.
	Figure 3.64: Plan view maps of the thin lens time delay data for the template at 380 meters depth. The two-way vertical traveltime to this depth is 450 ms.
	Figure 3.65: a) First arrival time differences (strike-dip) at the line intersections along line 1. The horizontal spacing between the dashed lines is equal to 10 ms. b) Differences at the line intersections after the predicted lens anomaly and shot static effects are subtracted from the first arrival times.
	Figure 3.66: Sum static traces for line 15. A cumulative sum of the model parameter traces is performed and the result is the total sum static trace for each depth. The solid line shows the cumulative sum of the high-pass filtered estimates while the dashed line shows the broad-band cumulative sums. The apparent depth is indicated on the left and the two-way vertical travel time is at the right. The vertical trace spacing is equivalent to 7 ms of one-way delay time.
	Figure 3.67: High-pass filtered and broad-band cumulative sum static traces for line 28. The vertical trace spacing is equivalent to 7 ms of one-way delay time.
	Figure 3.68: High-pass filtered and broad-band cumulative sum static trace for line 2. The vertical trace spacing is equivalent to 7 ms of one-way delay time.
	Figure 4.1: Flowchart of the GLI algorithm used to invert for the laterally varying background velocity field.
	Figure 4.2: Raypath relations for a medium in which the velocity increases continuously with depth.
	Figure 4.3: GLI results for the two-layer constant velocity model, a) Velocity of the first layer versus iteration, b) Thickness of the first layer versus iteration, b) Velocity of the second layer versus iteration, d) Initial error and final error versus offset.
	Figure 4.4: GTG matrices versus iteration for the two-layer constant velocity model.
	Figure 4.5: GLI results for the inversion of the diving wave data set. a) Initial velocity versus iteration, b) Gradient versus iteration, c) Exponent versus iteration, d) Initial error and final error versus offset.
	Figure 4.6: GTG matrices versus iteration for the synthetic diving wave data set.
	Figure 4.7: GLI results for the inversion of the global average set of first arrival times, a) Initial velocity versus iteration, b) Gradient versus iteration, c) Exponent versus iteration, d) Final error versus offset.
	Figure 4.8: GTG matrices versus iteration for the inversion of the global average set of first arrival times.
	Figure 4.9: Offshore Area One basemap. The letters at the bottom identify the columns of the basemap.
	Figure 4.10: Residual error for each grid cell along column A. The horizontal spacing between the vertical dashed lines is equal to 5 ms. The horizontal dashed line indicates the offset corresponding to the deepest template included in the G matrix in the multichannel filter inversion.
	Figure 4.11: Residual error for each grid cell along column D.
	Figure 4.12: Residual error for each grid cell along column G.
	Figure 4.13: Residual error for each grid cell along column J.
	Figure 4.14: Crossplot of the gradient and exponent for all of the individual grid cell inversions.
	Figure 4.15: Velocity versus depth profiles for all of the individual grid cell inversions, a) The data are displayed relative to sea level, b) The data are displayed relative to the seafloor.
	Figure 4.16: Error between the data and the times predicted by the sth order LMSE polynomial along Column A. A sth order polynomial is used to estimate t-P values which are needed for the Tau-sum inversion. The horizontal spacing between traces is equal to 5 ms.
	Figure 4.17: Error between the data and the times predicted by the sth order LMSE polynomial along Column K.
	Figure 4.18: Velocity versus depth profiles obtained from the Tau sum inversion, a) The data are displayed relative to sea level, b) The data are displayed relative to the seafloor.
	Figure 4-19: Velocity versus two-way vertical traveltime profiles from the Tau-sum inversion, a) The data are displayed relative to sea level, b) The data are displayed relative to the seafloor.
	Figure 4.20: Two-way vertical traveltime versus depth for the results obtained from the Tau-sum inversion.
	Figure 4.21: Local interval velocity at 100 meters below sea level as estimated by the Tau-sum inversion algorithm.
	Figure 4.22: Local interval velocity at 200 meters below sea level as estimated by the Tau-sum inversion algorithm.
	Figure 4.23: Local interval velocity at 300 meters below sea level as estimated by the Tau-sum inversion algorithm.
	Figure 4.24: Local interval velocity at 400 meters below sea level as estimated by the Tau-sum inversion algorithm.
	Figure 4.25: Local interval velocity at 100 meters below sea level as estimated by the GLI algorithm.
	Figure 4.26: Local interval velocity at 200 meters below sea level as estimated by the GLI algorithm.
	Figure 4.27: Local interval velocity at 300 meters below sea level as estimated by the GLI algorithm.
	Figure 4.28: Local interval velocity at 400 meters below sea level as estimated by the GLI algorithm.
	Figure 4.29: Local interval velocity at 100 meters below the seafloor as estimated by the Tau-sum inversion algorithm.
	Figure 4.30: Local interval velocity at 200 meters below the seafloor as estimated by the Tau-sum inversion algorithm.
	Figure 4.31: Local interval velocity at 300 meters below the seafloor as estimated by the Tau-sum inversion algorithm.
	Figure 4.32: Two-way vertical traveltime to a depth datum that is 400 meters below sea level as estimated by the Tau-sum algorithm.
	Figure 4.33: Two-way vertical traveltime to a depth datum that is 400 meters below sea level as estimated by the GLI algorithm.




