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Thxs invention relates generally to the field of seismic prospecting and
more partlcularly, to a method for denvmg reservoir lithology and fluid content

from pre-stack inversion of seismic data.
BACKGRDLIND_QEIHE.MN]IQN

" In the oil and gas industry, seismic prospecting techniques are commonly
used to aid in the search for and_ evaluation of .subterranean hydrocarbon deposits.
Generaily, a selsmxc energy source is used to generate a seismic signal which
propagates into the earth and is at least partially reflected by subsurface seismic
reflectors (1 e., 1nterfaces between underground formations havmg different elastic
propertres) The reﬂectlons are recorded by seismic detectors located at or near
the surface of the earth, in a body of water, or at known depths in boreholes, and
the rtesulting seismic data .m'ay be processed to yield information relating to the
geologic structure and properties of the subsurface formations.

 The goal of all seismic data processing is to extract from the data as much
irtformatiou as 'possibleE regarding the subsurface formations. Data processing
techmques have been developed which typically permit the geologic structure of
the subsurface formauons to be determined with a great deal of accuracy.
However, to date, efforts to develop techniques for deriving the geologic

properties of 'th.e subsurface formation_s have met with only limited success.
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Obviously, knowledge of these subsurface geologic properties would be highly -
valuable in deciding whéther or not to-drill a well at a particular location. |

It is well known b_y:pe_rsons skilled in the art of seismic prospecting that the
presence of hydrocarbun accumulations in a subsurface formation can have a
significant effect on th_e velocity of propagation of compressional waves (P-waves)
through that formation. This effect is the basis of the so-called "bright spot” —
phenomenon in which an anomalously high reﬂectxon amplitude on a seismic |
section is an mdlcatlon of the presence of hydrocarbon accumulanons, particularly
natural gas, in the formation. Unfortunately, the bnght spot _phenomenon is
susceptible to error because many seismic amplitude anomalies are not caused by ‘
hydrocarbon accumulations, or they are caused by hydrocarbon accumulations e
which are low in total. saturation and often non-commercinl. For this reason, wells
drilled on such bright spots often encounter either no reservoir sands at all (amd,
therefore, no hydrocarbons), or if the sauds are present, no hydrocarbons or only -
low saturations of hydmcarbons. Thus, there is a need for a technique that can be
used to discriminate between reservoir sands and other lithologies (e.g.,coalor —
shale) and between low saturatton and full saturatron of hydrocarbons

One technique which may be useful for -this purpose is amplitude variation
with offset ("AVO") anal_ysts. In AVO analysis, _mea_surem_ents of P-wave
reflection amplitudes with different angles of incidence are used to attempt to
determine compressronal wave (P-wave) veloclty, shear wave (S-wave) velocity,
density, and Poisson's ratio for each subsurface layer suspected of containing
natural gas. Knowledge of these subsurface elastlc propertres can be used to --

'predlct whether or not natural gas accumulauons are_present. See e.g., Ostrander,

W. J., "Plane-wave reflection coefficients for gas'sands at'nonnormal angles of

incidence," Geophysics, v.. 49, pp. 1637-1648, 1984; _.for a discussicn of AVO

analysis. Ostrander proposes a method for using _AVO analysis to distinguish
between gas-related amplitude anomalies and non-gas-related amplitude anomalies.
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However, Ostrander admits that distinguishing between low gas saturation and full
saturation can be very difficult.

AVO techniques have been the subject of a number of prior patents. For
example, U.S. Patent No. 4,858,200 ("Goins") discloses a method for determining
the presence of hydrocarbons in subsurface geological formations by comparative
assessment of P-wave and S-wave reflection data. The S-wave reflection data is
estimated from the P-wave data using variations in the amplitude of the gathered
P-wave data with source-receiver offset. Two related patents, U.S. Patent Nos.
4,858,201 ("Goins et al.") and 4,858,202 ("'Fitch et al.") describe two different
methods which can be used for obtaining S-wave data from common depth point
gathered P-wave traces. ' '

U.S. Patent 4,817,060 ("Smith") discloses a process for directly detecting
the presence of hydrocarbons from seismic data. First, the P-wave and S-wave
reflectivities are extracted from the data on a trace-by-trace basis. The P-wave
reflectivity is then detérmined as a function of the S-wave reflectivity and the
result is subtracted from the extracted P-wave reflectivity to define a fluid factor
which is indicative of the presence of hydrocarbons.

- U.S. -Paﬂent-5;001;677 ("Masters") discloses methods for processing and

displaying seismic data to emphasize potential hydrocarbon bearing strata. These

methods treat measured attributes from the seismic data as components of a vector,
estimate a background vector which represents uninteresting geologic behavior,

and then form at least one new attribute which quantifies departures from this

uninteresting behavior.

The end products of thesé prior art AVO processes usually are predictions
of the P-wave and S-wave reflectivities for the target location. Although some of
these prior processes have recognized the desirability of also determining the
density reflectivity (see e.g., the patents to Smith and Masters cited above), none

has disclosed a method for successfully doing so.
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Another technique which may be useful in discriminating between different
lithologies and fluid saturations is pre-stack inversion based on either a
one-dimensional (1D) or two-dimensional (2D) model of the earth's subsurface.
See e.g., Symes, W. W. and Carazzone, J. J., "Velocity inversion by differential
semblance optimization," Geophysics, v. 56, pp. 654-663, 1991, and Martinez,

R. D. and McMechan, G. A., "1-p seismic data for viscoélastic_ media -- part 1:
modelling," Geophysical Prospecting, v. 39, pp. 141-156, 1991.

As will be well known to persons skilléd in the art, seismic inversion is a
process for deriving a model of the earth's subsurface from seismic reflection
data. First, the process attempts to extract information regarding the elastic
properties of the subsurface ﬁom the data. This information is then used to
construct a mathematical or physigal model 6f the earth's subsurface, and synthetic
seismograms are generated based on the model.  If the synthetic seismograms do
not cdmpare favorably to the data, appropriate adjustments are made to the model,

and new synthetic seismograms are generated for comparison with the data. This

- process repeats until the synthetic seismograms generated.from the model

“approximate the actual data. The model is then accepted as accurate.

Pre-stack inversion processes typically attempt to estimate both the
background P-wave velocity model and the contrast in-various elastic parameters
(P-wave velocity, S-wave velocity, and density) and, therefore, are non-linear.
Thus, these techniques are extremely complex, and, to date, they have been
unsuccessful in deriving subsurface lithologies and fluid contents.

Accordingly, there is a need for a method which can be-used to derive

subsurface lithologies and fluid content from pre-stack seismic data.
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SUMMARY OF THE INVENTION

The present invention is a method for deriving the lithology and fluid -
content at a subsurface target location from pre-stack seismic reflection data
obtained at both the subsurface target location and a subsurface calibration location
having known lithology ahd fluid content. In one embodiment the invention
comprises the steps of (a) creating models of the subsurfacé target and calibration
locations; (b) selecting a set of elastic parameters representative of the lithology
and fluid content at the subsurface calibration location; (c) performing an
inversion of the pre-stack seismic reﬂectioxi data to determine the selected set of
elastic parameters at each of a plurality of points in the models of the subsurface
target and calibration locations; (d) comparing relative magnitudes of the elastic
parameters for the subsurface target and calibration locations; and (e) using the
results of the comparison and the known lithology and fluid content at the
subsurface calibration location to derive the lithology and fluid content at the
subsurface target location. The elastic parameters are preferably selected from the
group conSisting of the elastic reflection factors (as hereinafter defined) for P-wave
velocity, S-wave velocity, dehsity, P-wave impedance, S-wave impedance, and
ration of P-wave velocity to S-wave velocity. The invention 'typically also
includes a pre-processing phase designed to improve the quality and consistency of
the pre-stack seismic data. However, this pre-processing phase may be omitted if

- the seismic data, as acquired, is suitable for pre-stack inversion.

The inversion process used in the present invention is preferably a
viscoelastic inversion so that the effects of frictional attenuation on seismic wave
propagatic’)n can be taken into account. Where applicable, inversion in the p-t
domain is preferred because of its computational advantages. Comparison of the
elastic parameters re.sulting from the inversion preferably is done by means of

ratios of elastic parameters so that the comparison is independent of the original
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seismic data scaling. - These and other features and advantages of the invention
will be apparent to persons skilled in the art based on the teachings set forth

herein.

The present invention will be better understood by referring to the
following detailed description and the attached drawings in which:

Fig. 1 is a flow chart showing an overview of the preferred embodiment of

-the invention;

~ Fig. 2 is a flow chart showing the various steps used in the pfeferred
embodiment of the pre-processing phase of the invention;

Fig. 3 is a flow chart showing the various steps of the p-t transformation
used in the preferred embodiment of the invention;

Figs. 4, 5, and 6 are flow charts showing the various steps used in the
preferred embodiment of the pre-stack inversion phase of the invention;

Fig. 7 shows a color plot of P-wave velocity reflectivity versus P-wave.
two-way normal mcldence traveltime for lme 1 of the exathple scaled so that the
maximum P-wave velocity reﬂectivity value on the target reflection is
approximately 32,760; |

Fig. 8 shows a color plot of P-wave velocity reflectivity versus P-wave
two-way normal incidence _traveltime.for line 2 of the example scaled so that the

maximum P-wave velocity reflectivity value on the target reflection is

' approximately 32,760;

Fig. 9 shows a color plot of the density reflectivity versus P-wave two-way

- normal incidence traveltime for line 1 of the example scaled with the same factor

as Fig. 7;

This Sheet Has Been Reﬂlaced
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Fig. 10 shows a color plot of the density reflectivity versus P-wave
two-way normal incidence traveltime for line 2 of the example scaled with the
same factor as Fig. 8;

Fig. 11 shows the P-wave velocity reflectivity (solid line) and density -
reflectivity (dashed line) values along the target horizon for selected midpoint
locations on line 1; |

~ Fig. 12 shows the P-wave velocity reflectivity (solid line) and density
reflectivity (dashed line) values along the target horizon for selected midpoint
locations on line 2; |

Fig. 13 shows ratio values of density reflectivity to P-wave reflectivity for
the tafget horizons for line 1 (solid ling) and line 2 (dashed line); and

- Fig. 14 shows ratio values of density reflectivity to P-wave reﬂectivity for
the target horizons for line l. (solid line), line 2 (dashed line), and line 3 (dotted
line) of the example using only midpoint locations thought to have consistent fluid

- While the invention will be described in connection with its preferred
embodiments, it will be understood that the invention is not to be unduly limited
thereto. On the contrary, it is intended to cover all alternatives, modifications,
and equivalents which may be included within the spirit and scope of the
invention, as defined by the appended claims.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The following description makes use of a large number of mathematical
symbols, most of which are defined as they occur throughout the text. _
Additionally, for purposes of completeness, a symbols table containing definitions

of symbols used herein is presented following the detailed description-.
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- Qverview

‘The present invention is a method for deriving the lithology and fluid
conteht of subterranean formations. The methbd uses pre-s;ack inversion to
analyze angle-dependent (also referred to as offset-dependent) seismic amplitude
information in pre-stack seismic reflection data. The inversion outputs are used to
generate up to six sections (plots of amplitude values versus horizontal location
and P-wave vertical arrival time) showing band-limited glastic reflection factors
corresponding to P-wave velogity (R,p), S-wave velocity ‘(R,,), density (R;,),
P-wave impedance (R,p), S-wave impedance (R,,), and ratio of P-wave velocity to
S-wave velocity (Rv,,,,,). These elastic reflection factors will be defined below in
analogy to the normal incident elastic reflection coefficients (for the single
interface cése) familiar to those skilled in the art. The results of the inversion for
the location of interest (i.e., the target location) are then compared with the results
of the inversion for one or more calibration locations having known subsurface
lithology and fluid content to produce both predictions of the lithdlbgy- and fluid
content at the target location and estimates of the reliability of these predictions.

Preferably, the calibration location is located in the geheral vicinity of the
target location. However, any location having known subsurface lithology and
fluid content and a geologic structure and lithologic properties similar to the
anticipated geologic structure and lithologic properties of the target location may
be used as a calibration location.

_ The inversion process used in the present invention 1s pfeferably a

viscoelastic inversion. A viscoelastic inversion employs wave equation models

and inversion procedures which (i) account for variations in P-wave velocity,
S-wave velocity,_ and density and (ii) allow for frictional energy losses from
propagating P-waves and S-waves via P-wave and S-wave quality factors. The
inclusion of P-wave and S-wave quality factors in describing wave prop_agation
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- welded contact. For example, the reflection factor for P-wave velocity, R

means that an exponential loss of energy occurs with respect to both increasing
temporal frequency and distance of propagation. The importance of frictional
losses varies from location to ldcation, and at aﬂy given location its importance
increases with target depth. For example, successful application of the .present
invention to deep targets in the Gulf of Mexico i-equires that frictionai losses be
taken into account. _

The six reflection factors, R,,, Ry, Rs, Ry, Ry, and Ry, are defined
conceptually at the interface of two uniform and semi-infinite elastic materials in

v 1S
defined in this situation by

_V,(L)-V,(U)
viwe o

where V(L) is the compressional or P-wave velocity in the lower material and
Vo(U) is the compressional or P-wave velocity in the upper material. Similarly, the
reflection factors for S-wave veldcity, Ry, and density, R,,, are determined using
equations which are analogous to equation (1):

_¥@)-v(v)

BB @
_p(L)-p(U)
Ran = D) +0(0) ®

where V,(L) is the éheér or S-wave velocity in the lower layer, V,(U) is the shear
or S-wave veloéity in the upper layer, p(L) is the density in the lower layer, and
p(U) is the density in the upper layer. |

- The ofherﬂt:l_.lreg reflection factors, R,,, Ry, and R,;, are derived from the

first three. The P-wave impedénce, Z,, is defined as

Zp = pr - : )]
where p is density and V, is compressional or P-wave velocity. The P-wave -
impedance reflection factor, R, is then

9
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-z
Rzp'zg(L) +Z;(U) o | ®

where Z,(L) is the P-wave impedance in the lower layér and Z,(U) is the P-wav_e
impedance in the upper layer. The R,, reflection factor is, in fact, the physical
normal incident reflection coefficient for P-wave reflection. Similarly, the S-wave

impedance, Z,, is defined as

Z,=pV, o ©
and the S-wave impedance reflection factor, R,;, is

where p is density, V; is shear or S-wave velocity, Z(L) is the S-wave impedance
in the lower layer, and Z,(U) is the S-wave impedance in the upper layer. Lastly;
the reflection factor for the ratio of P-wave velocity to S-wave velocity, Rypps, is
simply
W@ ww)- (4@ )
V(L)1 () + (%) 1 %(D))

@®

where V,(L)/ V(L) is the ratio of P-wave velocity in the lower layer to S-wave
velocity in the lower layer and V,,(U)/V,(l}) is the ratio of P-wave velocity in the
upper layer to S-wave velocity in_the upper layer.

The single interface concepf refefred to above, however, is too restrictive
with respect to actual subsurface materials where rock propérties change
continuously. Therefore, it is common préctice to déﬁne a "reﬂectivitj trace" as a
series of reﬂection factors for each interface of a finely 'layered earth model
éonvolved with a zero-phase., band-limited pulse of appropriéte band w1dth Thus,

the output of the inversion is a set of up to six reflectivity traces for each location

of interest. In the case of general earth models which allow for significant

reflector dip in two or three dimensions, the layered model concept is generalized
to models which have non-layered structure.
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Typically, the results of the inversion at both the target and calibration

locations are compared by means of ratios of the reflection factors. For example,

“ the ratio of the density reflection factor to the P-wave velocity reflection factor,

Ry/R,p, can be compared at both the target location and the .,_calibrati.on location,
together with knowledge of the actual lithology and fluid content of the subsurface
at the calibration location, to yield useful information regarding the lithology and
fluid content of the subsurface at the target location. Other ratios which may be
useful include, but are not limited to, R,,4/R,, and R,;/R,,.

The selection of the relevant ratio (or ratios) to be compared in any
particular situation depends upon an understanding of the expected hydrocarbon
signature. In many situations, the hydrocarbon signature of interest does not
involve shear or S-wave velocity contrasts. In this case, the density reflection
factor, Ry, is equivalent to the S-wave impedance reflection factor, R,. This can
be shown by letting Z(L) = p(L)V(L) and Z(U) = p(U)V,(U) in equation (7),

R, = PLYVAL) = p(U)Ve(D)

| LD +pO)V,U)
and then assuming that V(L) = V,(U) (i.e., no S-wave velocity contrast) so that
equation (7b) reduces to '

(7b)

_p(L)-p(U)
R = D) +0(D)

=Ry | (7c)
Thus, where no shear or S-wave velocity contrasts ar_e' involved, the density
reflection factorcan be dene;'x_nincd' f_rom the change in S-wave impedance. Under
some circumétahces, the change in S-wave impedance may be easier to extract
from seismic data than the change in density.

The use of ratios of inversion outputs in the present iﬁvention is both new
and important. This idea is important because it ailows inversion outputs to be
compared in a way which makes them predictive. Part of the predictive value of

these ratios comes from the fact that the use of ratios removes any dependence on

11
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the scaling of the seismic data due to differences in sourcé-strengths or
transmission effects between the calibration and target locations. Furthermoi’e, the
average values and variances of these ratios contribute directly to an accumulating
data base which, after suitable correction for geologic envir_,onment-,.can be
presented asa table_ of calibrations and predictions. This data base can be used for
predictions of lithology and fluid content in situations where a suitable calibration
well 1s not available. |

Historically, pre-stack inversion schemes have had little success in
hydrocarbon exploration because they have not displayed predictive capabilities.
There are a variety of reasons for this. For example, prior inversion schemes
typically have failed to adequately account for all of the significant factors
affecting the amplitude and traveltime of seismic data. Further, these prior
inversion schemes typically have used inversion procedures which are less robusf
than the inversion scheme used in the present invention and have failed to properly
normalize the inversion resuits.

These problems have been overcome by the ﬁresent invention which shows
explicitly how to use pre-stack inversion of seismic data to directly predict natural
gas and perhaps oil saturatioh, at least under favorable conditions. Favorable
conditions include: o

1. Broad range of useful reflection angles or offsets at target locations;

2. Little interference from multiple reflections;

3..  Small lateral variations in the strength of the seismic signal incident |

on the target;

4. Small variations in the source and receiver coupling;. '

5. Low reflector dips between source, réﬂ_ection points of interest, and
detectors;

6. Broad fange of useful frequency content (i.e., high signal-to-noise
| ratio); ' | ' |

12
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7.+ Good spatial sampling in offset and midpoint domains;
8. . 'Consistent lithologic properties at calibration and target locations;
and |
- 9.. . Sufficient target thickness.
- A broad range of useful signal frequencies is necessary because the seismic

data must contain sufficient temporal information to resolve changes in the

- subsurface velocities and densities on a scale useful to hydrocarbon exploration.

Seismic resolution is defined as the ability to discriminate between two features..

The present inventive process can be; broadly considered to have three
phases: a pre-processing phase; a pre-stack inversion phase; and a calibration and -
interpretation phase. The pre-stack in{rersion phase of the invention is preferably
performed in either the offset-time (x-f) domain or the slowness-intercept time
(p-t) domain; however, any other domain may be used if desired. As will be well
known to persons skilled in the art, in cases where it is applicable, processing in
the p-t domain has certain computational advantages. Generally, p-t inversion is
applicable to. the low dip case (i.e., dips less than about 10°) where 1D modeling
(i.e., an earth model of plane parallel layers) can be applied. The following
description will be centered on this case, which will be hereafter referred to.as the
preferred embodiment, and comments on other embodiments (e.g., inversion in
the x- domain and extensions to high dip, structured geologic situations) will be
made as necessary.

- In general, the nature of the geologic structure of the target and its

ovérburden will determine the type of seismic data needed and the choice of

inversion method. A sin_gle dip line (2D) can be used for analyzing a 2D

subsurface. “A 3D seismic survey is needed to work with complex 3D subsurface
structures. The in-line and cross-line spacings used in the survey will limit the

resolution attainable from the inversion process.

13
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It should be noted that, as of the filing date hereof, successful applications
of the present invention have been limited to- the preferred embodiment (low dip
and inversion in the p-t domain) because of the enormous computational demands
of the high dip case. Further, these successful applications of the invention have
generally involved offshore locations because marine seismic data is normally of
higher quality than on-land data. Nevertheless, the present invention is equally
applicable to on-land locations and to more complex embodiments. With the use
of multi-component seismic measurements, the invent_ion--can be extended to
include mode-converted reflections. For example, in on-land applications, the
invention can be used with seismic data collected using S-wave seismic sources, as
well as P-wave sources. As more powerful computers become available, pefsons

skilled in the art will be able to successfully apply the present invention to on-land

- data and to more complex embodiments based on the teachings set forth herein.

Accordingly, to the extent that the following description is specific to a particular
embodiment or a particular use of the invention, this 1s intended to be illustrative
oﬁly, and is not to be construed as limiting the scope of the invention.

Fig. 1 is a flow chart showing an overview of the pfeferted embodiment of
the invention. The pre-processing phase (reference numeral 100) typically
requires two different types of input measurements: -wellbore measurements of V,,,
V,, and p at the calibration location (reference numeral 102) and 2D or 3D -~
pre-stack seismic reﬂ'ectipn data for both the target and calibration locations
(reference numeral 11_0), and results in three outputs: final pre-stack time or depth
migrated seismic.data for both the target and calibration locations (reference
numeral 142); a normal moveout velocity model for both the target and calibration
locations (reference numeral 144); and edited and corrected wellbore
measurements at the ca-libration location (reference numeral 146). The migrated
seismic data and moveout velocity model are used as inputs to the p-t
.transformation (reference numeral 150), and thg traxfsformed daté are input to the

14
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pre-stack inversion phase (referénce numeral 200) of the invention. The edited
and corrected wellbﬁr‘e measurements and the results of the pre-stack inversion are
used in the calibration and interpretation phase (reference numeral 300). The -
results.of this process are predictions of the lithology and fluid content at the
target location (reference numeral 400).

Persons skilled in the art will readily understand that the present invention
is computationally intense. Accordingly, use of a computer, preferably a high
speed digital computer, to practice the invention is virtually a necessity.

Computer software for various portions of the present invention (e.g., the
pre-stack time or depth migration or the p-t transformation) is commercially -

available. ‘Computer software for other portions of the invention could readily be

~developed by persons skilled in the art based on the teachings set forth herein.

The primary purposes of the pre-processing phase are to prepare the.

‘seismic reflection data for the pre-stack inversion phase and to determine, as well

as possible, the actual litholdgy and fluid content of the subsurface at the .
calibration site for use in the calibration and interpretation phase. A ﬂqw chart for
the preferred embodiment of the pre-processing phase is shown in Fig. 2. As
noted above, two different types of input measurements are typicaily required:

- wellbore measurements of V,,, V,, and p at the calibration location (reference

* mumeral 102) and 2D or 3D seismic reflection data for both the target and

calibration locations (reference mumeral 110).

Turning first to the wellbore measurements at the calibration location,

these measurements must provide an adequate basis for analysis of the seismic

reflection data at the calibration location and must provide a basis for

~understanding the expected hydrocarbon signature. Typical well measurements
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will consist of information collected by a number of well-logging tools which can
be used by those skilled in the art of log interpretation to obtain reliable estimates
of P-wave velocity and density at intervals appropriate to the logging tools
employed. These intervals.can be as small as one-half foot over the.logged depth
interval. Rock core samples can be used to confirm or correct log measurements. -
In order to apply 1D modeiing G.e., an earth model of plane parallel layers) to the
well measurements, it is necessary that the well measurements cover not only the
depth locations containing hydrocarbons, but also depth intervals above the zone
of interest. In many situations this means that several thousand feet of wellbore
must be logged. _

Modeling of the ekpected seismic response based on wellbore
measurements and comparison to the actual seismic reflection data at the well
location can be used to help determine the P-wave quality factor, as more fully
described below. Othér methods for determination of the P-wave quality factor,
such. as the use of vertical seismic profile (VSP) measurements, will be well
known to persons skilled in the art. Generally, a VSP is a set of seismic traces
recorded by detectors (usually hydrophones) located in a-wellbore when a seismic
source is activated at or near the surface. These traces may be analyzed using
known techniques to determine both P-wave transit times from the source to the
detectors and P-wave quality factor.

In some situations, the wellbore measurements will be made with logging
tools which allow direct estimation of the S-wave ve}ocity-. If the S-wave velocity
cannot be directly obtained from the well measurements, then the S-wave velocity
can often be estimated to sufficient accuracy from the P-wave velocity using the
inudrock relation. -See, Castagna et al., "Relationship between
compressional-wave and shear-wave velocities in clastic silicate rocks,"

Geophysics,'v. 50, pp. 571-581, 1985.
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In many cases, a velocity survey (reference numeral 104) may also have
been conducted at the calibration well. A velocity survey (also known as a "check
shot survey") is a type of seismic profile in which the seismic source is located
near the wellbore so that nearly vertical raypaths are achieved. First break transit
times are recorded at many tens to several hundreds of depth locations running the
éntire length of the wellbore. Information resuiting from a velocity survey can be
used to verify or, if necessary, correct the wellbore measurements.

As is well known to persons skilled in the art, wellbore measurements must
be correctly evaluated before such measurements can be usefully associated with
actual subsurface properties. Well log editing and correction procedures
(reference numeral 106) are well established. Sonic log transit times may be
incorrect due to cycle skipping caused by borehole washout or gas effect, or due .
to drilling fluid invasion effects. Wellbore measurements of sonic transit times
can be corrected, under appropriate conditions, by application of Gassmann’s
formulas (see, Gassmann, "Elastic waves through a packing of spheres,"
Geophysics, v. 16, pp. 673-685, 1951, and Gassmann's prior work cited theréin)
and by making use of velocity surveys and/or vertical seismic profile (VSP)
measurements. Wellbore measurements of density are normally corrected for the
influence of drilling mud invasion and mu§t be edited for errors due to borehole
washout. Sidewall core samples, if collected, can be used to confirm wellbore

- measurements and their relationship with formation properties.

The second type of input measurements required for the preferred
emhbodiment of the present invention is 2D or 3D seismic reflection data (reference
mmeral 110). The data must contain useful reflections conveying the necessary
angle-dependent information over both the target and calibration locations. This
data should conform as nearly as possible with the favorable conditions listed

above. Reservoir/target thickness and lateral uniformity are important geologic -
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factors because reservoirs which are not at least one-quarter of the minimum
wavelength thick or which lack uniformity are difficult to resolve.

The seismic reflection data may consist of a single seismic reflection:
profile line (2D data) or several profile lines, usually on a ,re_gular gfid (3D data).
Each seismic reflection p_rofile line consists of perhaps hundreds or even thousands
of locations where seismic energy has been generéted (e.g., by arrays of air gun
detonations). Each seismic source array detonation produces mechanical waves
(compressional or P-waves and shear or S-waves) which. propagate into the earth.
The transmitted and reflected seismic energy from each source detonation is
recorded by perhaps hundreds or even thousands of detection devices (e.g.,
geophones which record the local seismic velocity in one or more directions or

hydrophones which record the local changes in hydrostatic pressure). In most

. cases, source detonations will occur at fixed intervals along or near the profile line

called the "shot point interval." The seismic energy associated with the source
detonation is typically recorded by arrays of detectors positioned'approximately at
fixed intervals relative to the source along or near the profile line. The detectors

are usually positioned at shot-point to detector locations which range from a few

hundred feet to tens of thousands of feet.

The maximum recorded shot point to- detector offset, for each reflection
point of interest, should significantly exceed the reflector depth so that the data
will contain the necessary angle-dependent information. For example, for a target

location having a depth of approximately ten thousand feet, maximum shot point to

“detector offsets of up to twenty thousand feet or even more would be useful. The

exact range of recorded offsets useful in a particular situation depends upon the

P-wave velocities and noises present in the data. In general, reflection angles of

“up to 60 degrees are desirable (although difficult to achieve at target depths of

interest). In a medium having a uniform seismic velocity, reflection angles of

60 degfeés require offsets of approximately 3.5 times the reflector depth.
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Although seismic velocity typically increases with depth (which reduces the
maximum offset needed for 60 degree reflection angles), it is nevertheless difficult
to achieve these large reflection angles, particularly for deep targets.

A common aftifact of the pre-stack time or depth migration (feference
numeral 122) and of the lateral smoothing of the velocity models (reference
numerals 116, 118, 120) are "edge" effects. In order to reduce the edge effects on
the data in the region of interest, seismic data is typically acquired and processed
over a larger region. The additional data (known as "data margins") are usually
one-half to one times the maximum shot point to detector offset. For example, in
one case the presert invention was applied to approximately 12,500 feet of a 2D
seismic profile line. The pre-processing phase was applied to an additional
12,300 feet of recorded data on each side for a total of 37,100 feet. This
corresponds to a data margin of approximately 0.6 times the maximum offset of
approximately 20,000 feet.,

In manipulation of seismic data, mathematical processes are frequently

applied which impose limitations on the maximum spatial intervals used in the data

recording process. These issues, commonly referred to as "aliasing," are well
known to persons skilled in the art, and the present invention assumes that spatial
sampling conditions have either been met by the data recording procedures or, if
spatial sampling conditions are not completely satisfied, sufficient information is
present to p:fform a useful interpolation of the recorded data to fulfill the spatial
sampling conditions.

Typically, the seismic reflection data wiil contain various undesirable
fxoises. As indicated at reference numeral 112, the data should be edited to
remove and/or correct ihese noises. The occurrence and suppression of noises in
seismic recordings are well known to persons skilled in the art.

In the case of either land or marine data,: variations of the source and/or

receiver coupling to the seismic medium along (or among) the line (or lines) of
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profile will cause serious problems with the pre-stack time or depth migrations and
the p-t transform. Therefore, the pre-processing phase of the invention preferably
contains a procedure for source and/or receiver coupling correction (reference
numeral 114), as follows: | _ |
1. For each source location compute the average absolute amplitude or
root-mean-square amplitude of all detector recordings, perhaps in a
time window near a target reflection of interest; . |
2. For each detector channel in the survey (i.e., fixed shot point to
detector distance) compute the average -abso_lute amplitude or
root-mean-square amplitude, again perhaps in a time window near a
reflection of interest; o
3. Attribute any rapid systematic variation in these averages to
variations in source coupling or to variations in receiver coupling
(averaging over the detectors displays variations in source coupling,
and averaging over the sources displays variations in detector
coupling); |
4, Apply compensating scaling factors to remove (as completely as
- possible) the observed variations (sources or detectors which
require too large a correction may be eliminated, and the missing
. data is then supplied by interpolation).
Geometric divergence correction may be applied before computation of the
averages. As is well known to persons skiiled in the art, geometric divergence-

correction refers to a correction which compensates the recorded seismic data for

"the expected decrease in reflected amplitude as distance traversed increases. .

The next step of the preferred embodiment is to perform an initial normal

moveout velocity analysis of the _daita (reference numeral 116). In areas of low dip

| (i.é., less than about 10°), and for all dips at small offsets, seismic reflection data

displays a pattern of reflection time versus offset which closely follows the .
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well-known normal moveout equation. This equation defines a velocity known as
the normal moveout velocity, V,,,,. The normal moveout velocity plays an -
important role in seismic data processing. The normal moveout velocity is

estimated from the seismic data itself (although the values o_ptained are expected to

. be fairly consistent with root-mean-square averages of well measurements). In -

areas of low dip, the normal moveout velocity corresponds approximately to a
running root-mean-sq'uare average of the actual P-wave velocity (referred to as the
interval velocity).. Estimation of the normal moveout velocity from pre-stack
seismic-reflection data is well known to those skilled in the art. The preferred
embodiment assumes that the normal moveout velocity has been estimated to
sufficient accuracy to produce an acceptable stack of the major primary reﬂectiohs
between the reflection event or events of interest and the surface source/detection
system. Reflection events substantially beneath the reflection events of interest
may be ignored.

The normal moveout velocity analysis (reference numeral 116) is usually
conducted on only a fraction of the data (e.g., one out of every twentj midpoint
locations for typical data acquisition parameters). The information resulting from
this process is used to produée a model of V,,,, (reference numeral 118) across the
seismic profile line or lines of interest. Interpolation procedures in 2D or 3D are
then used to produce an estimate of V,,, at all locations of mterest in the
subsurface, ‘as would be well known to persons skilled in the art.

Prior to actually performing the pre-stack time or depth migration, a
niigration velocity model must be produced (reference numeral 120). Pre-stack
time or depth migration procedures require knowledge of the subsurface P-wave
velocity on distance scales appropriate to propagational effects. This approximate
velocity is called the background or migration velocity, V,;,. Conceptually, Vimig
is a'smoothed version'of the actual P-wave velocity (usually called the interval
velocity, V). The smoothing is an averaging process over .a distance of several
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hundred feet in each direction (e.g., 500 feet). In practice, the actual subsurface |
velocity, Vi, is never known and it niust be approximated, usually from the V,,,,
model (reference numeral 118) when time migration is appropriate. The usual
procedure is to assume that the V,,,, model is a root-mean-square. runnmg average
of V,,. This is known as the Dix approximation. In principle; a migration
velocity model can be obtained directly from the moveout velocity using a formula
derived by Dix. Very often, however, the result, called the Dix velocity, Vo
contains objectionable large variations due to magniﬁcétions of errors in V,,,.
The preferred method for time migration uses a lateral average of the initial
V,mo model, and then a si_:itably smooth (and laterally constant) V,,;, model
designed to agree with the laterally averaged V,,,, model only at certain gridded

- locations (usually at every 0.200 seconds in two-way tra_veltime). In other words,

the root-mean-square running average of V,,;, only app_roXimately agrees with a
lateral average of V,,, at gridded locations of approximately every 0.200 seconds.
Preferably, the agreement is enforcet_l by use of a ray-tracing method.

When depth migration is required, the migration velocity model varies
laterally in one or two dimensions (in addition to the vertical variations) depending
upon the use of one or more profile lines;- Full blown-_pre'-stack ray tracing is
required to obtain a migration velocity model which suitably images the target |
locations of interest. In 2D (i.e., one profile line), commercially available .
software products (e.g., GeoDepth marketed by Paradigm Geophysical - -
Corporation) which operate on scientific workstations are useful for this purpose.
The migration velocity models estimated directly from migration velocity analysis
are likely to contain objectionable variations. Lateral smoothing is applied to
remove large lateral variations resulting in smooth and more geologically plausible
models.” . |

As will be well known to persons skilled in the art, seismic reflection data

 typically must be corrected by a process known as. migration. Two types of
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migration, time migration and depth migration, are available. Time migration
refers to a seismic processing procedure based on the wave equation which is valid
when lateral changes in the P-wave velocity may be neglected. When lateral
changes in P-wave velocity cannot be disregarded, the more correct (and,
consequently, more difficult and more expensive) version of the same procedure is
called depth migration. See e.g., Yilmaz, O., Seismic Data Processing,

Chapter 4, pp. 241-353, published by the Society of Exploration Geophysicists, |
Tulsa, Oklahoma, 1987 for a discussion of seismic migration and for further
details on different migration procedures. Conceptually, the migration process
moves data from the recorded spatiél position to the position from which the -
reflections actually originated.

In the preferréd embodiment of the present invention, pre-stack time or
depth migration (reference numerail 122) is used for at least two purposes: to
remove diffraction hyperbolas and to correctly position dipping reflectors. As will
be well known to persons skllled in the art, pre-stack time or depth migration
suppresses diffraction hyperbolas by contracting them back to a point reflection.
Also, in the non-zero dip case, a common mid-surface point gather will contain
data from a range of reflection points (known as "reflection-point smear"). The
degree of smear increases with reflector dip. Pre-stack time or depth migration
can be used to sort the data into true common reflection point gathers. Any of the
well-known migration methods (e.g., Kirchoff migrition, dip moveout followed
by zero-offset migration, etc.) may be used.

--Success of the pre-stack inversion process is critically dependent on the
pioper treatment of seismic reflection amplitudes by the pre-stack time or depth
migration. Specifically, the pre-stack time or depth migration process must
produce the correct dependence of feﬂection amplitude upon reflection angle and

upon the source to reflection point and reflection point to detector distances.
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Calibration tests for veﬁfying that the pre-stack migration process is prbperly-
treating reflection amplitudes include, but are not limited to:
1. -~ Migration of synthetic data generated with a layered elastic modei
to confirm preservation of reflection amplitudes wheﬁ no migration
corrections are required. Migration of an acoustic model with a
small change in density only is a useful test because the reflection
- coefficients are independent of angle.
2. Migration of synthetic data generated with a single dipping interface
to test correction for reflection-point smear.
3. Migration of actual seismic data to evaluate migration of
diffractions and to verify improvements in amplitude information.
The need for an amplitude consistent migration process is well known in the art.
The theory is presented in considerable mathematical detail in papers. such as
Beylkin, G., "Imaging of discontinuities in the inverse scattering problem by
inversion of a causal generalized Radon transfofm," J. Math. Phys., v. 26,

 pp. 99-108, 1985.

When the invention is extended to the more general situation of geologlc
structure (which allows for high reflector dips and significant lateral velocity
changes), the use of layered earth models and inversion in the p-t domain is no
longer justified. In this situation, the seismic data is inverted using a more general -
wave equation model which allows for arbitrary earth structure. Accordingly, _in
this case there is no need for a preliminary time or depth migration (reference
numeral 122) intended to improve the consistency between the data and the layered
earth model. The inversion process for a general wave equation model can be |
viewed as containing its own "built-in" depth migration. .

‘Where applicable, pre¥stack time migration is preferred over pre-stack
depth migration because the time .migratiox; process is less sensi_tive to errors in the

migration velocity. For the time migration procedure, a lateral average of the
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stacking velocity, V.., suffices. Depth migration, used either as a pre-processing
step or as part of the inversion process itself, is very sensitive to the choice of the

background P-wave velocity, V.

‘The output of the time or depth migration will be either (i) pfe—stack

~ seismic data migrated to vertical arrival time in the time migration case or (ii)

pre-stack seismic data migrated to its depth location in the depth migration case.
In both cases, these results will depend upon the migration velocity model. In
general, the migration veloéity model will not be perfectly correct, and this will
manifest itself by at least a smaﬁ inconsistency in the zero-offset time or depth
location of reflection events migrated from different offsets into (theoretically) the -
same common depth point gather. Such migrated data is said to display "residual”
moveout. This problem is corrected by applying a reverse moveout correction
appropriate to V,;, (reference numeral 124). The result will be pre-stack seismic
data displaying (at least approximately) the normal hyperbolic moveout. In the
situation where lateral velocity changes are small and _tiine migration is
appropriate, the reverse moveout correct.ion'is performed by inverting the familiar

normal moveout equation:

x)= | +-‘;x;— | .. | (9)
nmo
where #(x) is the two-way reflection time at shot-point to detector-point offset x, ,
is the zero-offset reflection time, and V,,,, is the normal moveout velocity obtained
from the V,,, used in the migration process (in other words, V,,,, is 2
root-mean-square running average of V).
‘ When the lateral velocity variations are significant and depth migration is
required, the reverse moveout correction requires inversion of a ray-tracing.
Réy-traéing produces a map between arrival time for every source-receiver pair
and the reflection points (depths). Inversion of the ray-tracing mapping is the
corresponding map between depths and arrival times.
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The pre-stack time or depth migrated data with reverse moveout correction
will contain the usual (at least approximately) hyperbolic moveout associated with
normal primary reflection events. The migration process (reference numeral 122) |
will, in general, alter the reflection geometry if reflector dip is .presént and
improve primary reflection continuity through contraction of diffraction noises. A
post-migration V,,,, analysis (reference numeral 126) will result in a new and
better V,,,, model which may be used to moveout correct the migrated pre-stack
seismic data. The procedures used in performing these steps are identical to those
used for the initial V,,,, analysis (discussed above in connection with reference
numerals 116 and 118). -

As will be well known to persons skilled in the art, mute and stack
procedures should be applied to the moveout corrected data (reference
numeral 128). The results of the mute and stack operation are used in the normal
incident pulse estimation (reference nuineral 130). The quality of seismic images is
often judged, at least in part, by comparisons between'mathexﬁatical computations
using corrected well measurements (known as "synthetic seismograms" or, more
simply, "synthetics") .and actual stacked seismic data. The procedure by which
these synthetics are developed (reference numeral 132) is typically 1D normal
incident modeling of primary P-wave to P-wave reflections. The synthetics are
made using the corrected well mwsurefnents of P-wave velocity and density
(reference numeral 106) and an _estimatgd normal incident seismic-pulse (also
called a seismic wavelet). This and other wévelet estimation procedures will be
well known to persons skilled in the art. | |

At reference numeral 134, the quality of the pre-stack migraied stacked
section is judged on a number of issues which should include:

1. Comparison of the stack to the well synthetic at the well location.

2. Removal of diffraction events from the stack.

3. Vertical and lateral resolution improvements.

26



WO 96/07935 . PCT/US95/105%4

10

15

20

25

Successful application of the pre-processing phase of the invention is strongly data
dependent and a matter of experience. If the final stack is judged to be good

enough, the pre-processing phase of the invention (reference numeral 100) is

- complete. If the final stack is not good enough, then additipnal noise suppression

(reference numeral 136) may be required (for example, multiples might be seen as

-a problem at this stage of the pre-processing), or adjustments might be made in the

Vimo and Vi, velocity models (reference numerals 138 and 140, respectively), as
described below. - |

Updates to the initial or post-migration V,,,,, model might be used to deal
with under- or over-migration of diffraction events. Velocity adjustments might
also be used to deal with out-of-plane reflection events (in the 2D case only).
Velocity updates are very data dependent . Velocity adjustments made to improve
the quality of pre-stack time and depth migration procedures are, however, well
known to persons skilled in the art of seismic data processing.

Adjustments made to the V,,,,, model will be used to update or correct the
Vi model (reference numeral 140) prior to another pass at pre-stack time or
depth migration (reference numeral 122). The migration process will be repeated
with a new velocity model startmg from the original (unﬁmM) pre-stack
seismic data (with, perhaps, additional noise suppression).

As noted above, there are three outputs from the pre-processing phase of
the preferred embodiment: the pre-stack time or depth migrated seismic data
(reference numeral 142); the moveout velocity model (reference numeral 144); and
the edited and corrected wellbore measﬁrements at the calibration well (reference

numeral 146).
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The preferred embodiment of the present invention is the low dip case .

where 1D modeling and inversion in the p-t domain can be applied. ' Accordingly,

for the preferred embodiment, the pre-processing phase is followed by a -

tranSfo_rmatiqn of the pre-stack migrated, reverse moveout corrected seismic data
from the time-offset (x-f) domain to the slowness-intercept time (p-t)-domain -
(reference numeral 150 in Fig. 1). In alternative embodiments of the invention, ---
inversion may be applied in the x-f domain using ray tracing, as more fully
described below. |

The p-t transformation is carried out for each common depth point (CDP)

‘gather. Thus, CDP gathers in x-¢ are transformed to CDP gathers in p-t. Fig. 3

is a flow chart showing one embodiment of the data processing steps for the p-x-
transformation and slant stack interval velocity analysis. Inputs to this process
are: |

1. Pre-stack seismic data in x-# after time or depth migration and

.' reverse moveout correction (re_ference numeral 142).

2. AV, model (reference numeral 144).

The seismic data input to the transform process consists of "true
amplitude” seismic reflection data (i.e., wiﬁwt_comﬁom for geometric
divergence) which resulted from the pre-processing steps described above. The
inQetsion procedure. will ultimately compare the reflection amplitudes of this data
with predictions made by the 3D viscoelastic wave equation (specialized to plane
;;arallel layers). Geometric divergence corrections applied to the input data would
produce dramatically wrong results because the p-t transform used inthis
invention automatically accomplishes the correction for geometric divergence. —

Since the preferred embodiment is the low dip case, the data output from

the time or depth migration procedure is sorted to common mid-surface point bins
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(reference numeral 152). This step is not performed in the high-dip case. In the
high-dip case, data is processed in shot order. The sort to common mid-surface
bins places all data which has midpoint locations Y = (Y:,Y,) which fall into the
same rectangular area into a common data gather. Here Y, and Y, are defined by

_S+B

f== (10)
%,:f%’i - (11)

where S = (S,,S,) is the honzontal location vector of the source, and P = ( P)
is the horizontal locatlon vector of the detector. This bmmng procedure involves
defining bin dlmensmns For example, a bin dimension of 20. 5 feet has been used
for a smgle 2D proﬁle lme These procedures are well known to persons skllled
in the art. | ‘ |

With 2D seismic data, S, and P, should be zero. However, as is well
known in the art, there may be non-zero values .of S, and P, if either the sources
or the detectors are not located exactly along the profile line. For example, in
marine seismic prospectmg the receiver cable may drift away from the profile line
due to cross-currents (known as "cable feathenng") Correctlons for cable
feathenng and other similar problems are well known )

At reference mxmeral 154, mldpomt gathers whose reﬂectlon pomts cover

 the calibration and target locations of interest are selected from the mxdpomt sort.

As dtscussed above, the selected data should extend beyond the regions of interest
to minimize "edge" effects in interval velocity smoothmg Often, one hundred to
one thousand gathers mlght be selected for each location of mterest

Rxgorously speakmg the 1D model lmplles that all mldpomt gathers should

be completely 1dent1cal Those skllled in the art will understand that this

assumption is v1olated to some extent by all actual data. In many cases of

important practical interest, however, midpoint gathers can be usefully combined
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‘over distances of approximately one hundred feet.: Advantages of appropriate

mixing of midpoint gathers (reference numeral 156) are:
1. Mixing improves consistency with the 1D model. -

2. For most data collection geometries, gather mixing_irnproves the
spatial sampling of offsets in the common midpoint gathers. The
exact arrangement of offsets included in any given midpoint gather
depends upon the shot point interval and upon the detector interval.
Spatial sampling is an important issue for the DT transform.

3. | | Mlxmg can decrease random n01ses by mcreasmg the number of
traces used to analyze a given loeatlon in the subsurface.
The mixing process described here refers to a rolling m1x Thls implies that data
from surrounding midpoint gathers is assigned to each input midpoint location.
As will be well known to persons skilled in the art, no midpoint locations are
eliminated by this procedure (as they would be if the da_ta was binned at a large
midpoint interval). | |

In many cases, even the mxxed nudpomt gathers will faxl to fulfill the

requxrements on spatlal sampling in the offset domain requlred by the pr
transform. This difficulty i is overcome by performing an mterpolatlon (reference
numeral 158) which makes use of the Vpm, model (reference numeral 144)
resulting from Ithe pre-processing phase to place mterpolated traces between the
actual recorded offset traces. These procedures a.re.v./ell known to persons skilled
in the art of seismic data processing. |

The actual p-t transformation (reference numeral 160) is apptied toa

.tapered version of the midpoint gather data. The taper is necessary because the

recorded amphtudes fall suddenly to zero after the maxlmum recorded offset
location. The taper is apphed to-ensure that the mput data smoothly falls to zero
at the maximum offset Wlthout a taper, undesnable " abrupt edge" effects can

appear in the transformed result. The taper is designed to roll the input data down
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to zero over the offsets which begin at a specified fraction of the maximum offset
value (usually 80%) and reaching zero at the maximum offset. The effect of this
tapering operation is incorporated into the inversion process so that only a very
small portion of the initial offset range (less than about 5%) is actuaﬁy lost.

The transfofmation applied in the preferred embodiment is knownas a

"radial, discrete, one-way wave, slant stack transform" implemented in the

- frequency domain. The theory behind such transforms is given in Beylkin, G.,

Discrete Radon Transform, JEEE Transactions on Acoustics, Speech, and Signal
Processing, v. 35, pp. 162-172, 1987, and commercially-available computer
software (e.g., ProMax marketed by Advance Geophysical Corp.) is capable of
performing transforms of this type. The resulting transformed data obey the plane
wave version of the viscoelastic wave equation. Modeling and inversion |
computations performed on the plane wave equation are simpler than in the -
corresponding offset domain equation. - For example, the estimation of P-wave
interval velocities for plane parallel layers can be accomplished by a layer
stripping procedure which exploits special properties of this domain, as more fully
described below. The common midpoint gathers output from the p-t - -
transformation (reference numeral 162) are used as inputs to the pre-stack
inversion phase of the invention (discussed below) and to the interval velocity
estimation procsss (reference numerals 164, 166, 168, 1‘70, and 172).

The pre-st_ack. invsrsibn phase of the inventipn_ reqﬁires knowlédge of the
P-wave interval vslocity model which "flattens” the primary reflections as v.vell. as
possible. Up to this stage 1n the processing seqﬁense, ohly a VW model and an
ai)proximate Vi model (used for the pre-stack time or depth migrations) have been
required. Successful viscoelastic inversions require V,,, models which are accurate
(as measured by the degree to which they flatten the primaries), to better than 5%.
Use of the maximum range of recorded offsets or reflection angles (up to about

50° in the most favorable cases) appears to require very accurate velocity
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estimations. Obtaining thrs degree of precision in velncity estimation usually
requires"additional efforts devoted to velocity estimation following the
pre-processing steps (described above) and the p-t transformation.  The methods
used in the present invention, horizon-based interval velocity estimation in the p-T
5 domain, while not new, have been refined to achieve the highest degree of
precisinn possible, as more fully described below.
As will be well known to persons skilled in the art, a2 hyperbola on a CDP
gather in the x- domain maps onto an ellipse on the corresponding p-t gather.
See e.g., Yilmaz, O., Seismic Data Processing, Chapter 7, pp. 428-453, published
10 by the Society of Exploration Geophysicists, Tulsa, Oklahoma, 1987. Therefore,
taking into account ray path bending for plane parallel reflectors (i.e., a 1D~
layered earth model), the primary reflections in a transformed midpoint gather will
display "nested elliptic” moveout in the p-t domain,
In the deep water marine situation, the water bottom will generally be the
15 first visible prim_ary reflector. For the first reflection event, the hyperbolic
moveout of the x-t domain will be replaced by an elliptic moveout in the p-t

domain, as follows: .

()= Tl(o)\h %) . ®
where t,(p) is the pnmary reﬂecnon mtercept t1me of the first (water bottom)
20 reﬂector at slowness P, 1,(0) is the pnmary reﬂectxon mtercept time at zero
slowness, and V, is the P-wave mterval velocity of the water layer The next
- reflection horizon will display an elhpnc moveout tlme relative to t,(p), as

follows:

2(p) =11(p) + (32(0) - 1y ()1 - (P (13)
25  where 1,(p) is the primary reflection intercept time of the second reflector at
slowness p, ,(0) is the primary reflection intercept time of the second reflector at

zero slowness, and V, is the P-wave interval velocity of the first layer beneath the
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water bottom.. This model assumes constant P-wave velocity.between the layers.
If the velocity between the visible reflection interfaces i$ not in fact constant, then
the interval velocity is replaced (approximately) by the root-mean-square average

of the interval velocities within the layer. In general, the nth reflection horizon

will dispiay an elliptic moveout relative to the (#-1)th reflection horizon according

to

(D) =1+ (O - g ONI-GRP . e

Following the transform from the x-f domain to the p-t domain (reference

numeral 160), the traix‘sformed data is moveout corrected according to

(p) =ty 1= (PVomo)* o ay

muted, and stacked (reference numeral 164). The p-t stack is very similar to the
x-t stack, although subtle differences may be seen due to the midpoint mixing and

the frequency domain processing. ~

At reference numeral 166, a geologic interpretation is made using the p-t
stack (reference numeral 164) to identify the major primary reflection horizons.
The interpretation process may use the normal incident synthetic (reference
numeral 132) to verify the horizon identification. ' The identified major primary
reflection horizons are used to estimate the P-wave interval velocities following a

procedure described in Schultz, P. S., "A method for direct estimation of interval

 velocities,” Geophysics, v. 47, pp. 1657-1671, 1982, which exploits the moveout
properties of the data in the p-t domain described above. The primary reflection

horizons selected from the p-t stack should conform to the major changes in the
P-wave velocity structure in the subsurface region of interest. As noted above, the
first reflection horizon for marine data is usually the water bottom reflection. The
nexi horizon should usually be no closer (on average) than about 0.100 to 0.200
seconds and usually no farther than about 0.250 to 0.500 seconds. In the low

reflector dip situation, the selected reflection horizons will be approximately
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parallel to each other -(forminé approximately a plane parallel layered mode}).
Typically, five to seven layers are used in developing the P-wave_ interval velocity
models. The selected reflection horizons should display abrupt breaks at fault
boundaries. A selected horizon will display a shift (consistent with the actual rock
structure) as it crosses-a fault.

Once the primary reflection horizons are selected, a layer strippﬁig
procedure (reference numeral 168), as described by Schultz supra, is used to
determine the interval velocities. The layer stnppmg procedure proceeds from the
shallowest reflector to the deepest. Elhpse fitting is used to estimate the interval
velocity between tl;e surface and the first reflection horizon. Once the first layer’s

interval velocity is found, the second layer’s interval velocity is determined by

applying elhpse fitting to the moveout time difference between the ﬁrst horizon

and the second honzon The best-fit ellipse determines the interval velocxty of the
second layer. The process continues until the interval velocity is determined for
all portions of the data above the deepesr reflection horizon of interest. By
convention, a single velocity (called the "basement" velocity) is assigned to the
region beneath the de_epest reflection horizon. Care must be used to avoid
multiple reflections which will introduce errors into the estimated velocities.
Scientific workstations are typically used to perform the ellipse fitting and to
rapidly display the moveout corrected results. |

Once a good initial estimate of the interval velocity structure is obtained,
the layer stripping process can easily be repeated at each midpoint location in the
wransformed data. The resulting estimates of the layer interval velocities will
naturally display variations between midpoint locations reflecting both geological
variations in the actual rock velocities and noises in the seismic data. Lateral
smoothing (reference mumeral 170) of the estimated interval velocity within each
layer suppresses the noise components. Smoothing is normally performed over
lateral distances of a few hundred feet, but should not be performed across fault
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boundaries. Edge effects (in the final smoothed model) are suppressed by
exten_ding the velocity analysis beyond the region where inversion will eventually
be applied. The final interval velocity model (reference numeral 172) should
display only gradual lateral variation within each layer, should conform to the
geologic interpretation, should agree closely with wgll measurements at well -
locations, and should generate flat moveout corrected gathers when the moveout
correctibn is performed using the nested ellipse rule described above. Only

primary reflections (consistent with a layered model) will be flattened by the

correct interval velocity model. Multiple reflections and out-of-plane reflections

(in 2D data) will display non-flat moveout. The final velocity model can be used -

to construct a new V,,,, model (reference numeral 174) , if desired.

Before proceeding with the description of the pre-stack inversion phase of
the invention (referenc_e numeral 200 in Fig. 1),'certéin background information
regarding the physical and mathematical details of the wave propagation model
and the mathematical methods used in least-squares inversion will be provided.
Additionally, certain refinements used in the present invention will be described.

In physical terms, the preferred embodiment of the invention uses a wave
ﬁrOpagation model of primary P-wave reflections which is valid for small contrasts
in all elastic properties between tlie rock layérs. The model is further specialized
to be valid over only a restricted range of frequencies corresponding to the seismic
passband (i.e., the range of frequencies which can be génerated by seismic sources
and then pass through the earth without significant attenuation). In practice, the
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model is approxilﬁately. valid for frequencies above a certain lower value such as
five Hertz. The upper limit is adjustable and is set by the fixed layer thickness
using five to ten layers per minimum wavelength at the target zone. For example,
assuming a seismic velocity of 8000 feet per second and a maxnnum frequency of
5 100 Hz., the minimum wavelength is 80 feet. Thus, the model typically would
have a fixed layer thickness at the target zone of between 8 and 16 feet. Energy
losses due to friction (attenuation) and interbed multiples are approximately
accounted for by means of the P-wave quality factor. This wave propagation
model is well known in the geophysical literature as the "convolutional model”

10 and can be compactly expressed by a product of factors. In the marine situation,
the pre-processed p-t gathers will approximate the response of an array of
'hydrophones to the seismié energy generated by an array of marine air gun

~sources. The hydrophones and air guns are assumed to be located within an
acoustic medium (the water layer) above a viscoelastic medium (the subsurface

15 rock strata).

- Since attenuation is included, this model is most compactly expressed in
20 the frequency domain which is obtained by means of the Fourier transform from
the time domain. Suppose P(p, 1, Y) represents the p-t amplitude of some
‘transformed CMP gather at midpoint location Y at slowness p and intercept
time t. The complex quantity i’(p, @, Y) is the discrete Fourier transform of
."P(p, T, Y) with Being the frequency (measured in radians per second). As is
25  well known, the discrete Fourier transform of digital data collected over a |
specified time interval and at a specified time sampling rate is defined only for
certain frequency values (which may be modified by zero padding and
interpolation). Since these issues are well understqbd by persons skilled in the art,
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this discussion will ignore the differéences between the discrete and continuous |
Fourier transforms. The frequency domain transformation (the "forward"
transform) is
| a . N +Ho;T ' ' .
P(p,0;,Y)= ZA‘: e IP(p,t;,Y)! (16)
| j= . ‘
where the subscript i ranges over the Nf frequencies w; which represent the Nt
uniformly spaced time sample values at points ;. The time sample rate is At

(usually 0.002 or 0.004 seconds). The inverse Fourier transform is then
P(p,1;,Y) =Y 22 0% Pp,a;,Y). an

(Note that the symbol i is used herein as a layer index or counter when it is a

subscript; otherwise, it is the complex imaginary #=-1).)

The convolutional model used in the preferred embodiment of the invention

_is expressed mathematically by making a distinction between the low frequency or

background changes in the subsurface parameters of den'sit'y and velocities and the
high frequency changes It is assumed that this division occurs at approximately
five Hertz, the low frequency end of the seismic frequency range. Thus, let v,
be the depth-dependent subsurface P-wave velocity. The depth beneath the ocean
surface is z and we assume for the moment thet we can ignore lateral changes.
We can always separate V,,(z) into two parts: V:“d‘g"’""d (z) which contains
ehanges below five Hertz and the rest which we will call AV,(z). The part AV,(2)
contains the variations which are above five Hertz. The actual P-wave 'velocity is

the sum of these two parts:

Vp(z) = Vo8 (2) 4 AV, (2). as)

The density and S-wave velocity can be decomposed in a similar manner.
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The reflection _ef compressional plane waves (_P_-waves) to cofnpressidnal
plane waves m a viscoelastic material is governed by a faii'ly complicated system
of equations which give rise to somewhat complicated formulas for the predicted
strength of the reflected wave. A well known approximation due to Bortfeld (see,
Bortfeld, R., "Approximation to the reflection and transmission coefficients of
plane longitudinal and transverse waves," Geophysical Prospecting, v. 9,
pp. 485-502, 1961) retains only the most important parts. Bortfeld's equations,
after some manipulation, give the P-wave reflection expressed as a function of

depth, z, slowness, p, and midpoint location, Y:

Ap(z,Y)

ypp(Psst)=(l_-4p2‘{92(z:Y))2 SZY)

1 AVp(z,Y)
1 PV3(2.Y) 2Vp(2,Y)

2 AY, (Z,Y) . -
-8p2V( Y)2V( o @19)

Ypp is a time integral of the usual reflection coefficient. Vp(z,Y), V;(z,Y), and -

p(z,Y) are the background or long-period P-wave velocity, S-wave velocity,
denslty expressed as functions of depth and nndpomt location. The functlons

AV, (z, ), AV %(2,Y), and Ap(z,Y) are the high frequency parts of the velocmes |
and den_sxty.

! imate B jon for the Recorded Marine Data

The convolutional model for marine recordings is expressed

mathematically by a formula which involves the mid-point dependent P-wave and
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S-wave background velocities and the P-wave quality factor. . The high frequency
variations in velocities and density appear in the integrated reflection coefficient

factor. The formula (valid for positive frequency o) is
Bp,0,V)=80p,0, [Source Array], [Detector Array), Y) x

'sz(P) (15081 V) Taper{3,(p,1, Y)) 0P 21072 (p, 1, ) x

er

dlayerlp 2.2,

Y)eimtpp (P,Z,-.Y) X .
i '

- s / sl | .
¢ Omin(©)/Cp (P.2 Y)ypp(P,zi.Y) Taper{x,p(p ’z"’Y))] e

where the factor $(p, ,[Source Array),[Detector Array], Y) represent.; the effects
at the source and receiver locations refers to the reflections of sound energy from
10 the air-;water of the air gun array, the source ghosts, the receiver array, and the
receiver ghosts. (The ghosting effect interface.) ‘Other implementations will be
discussed as appropriate.
The P-wave arrival time at each layer is the quantity < op (P2, Y) defined
by:

.- i k
15 tpp(P'.zk.Y)=2th,(p)+2§ld,ay¢,lp(p,z;,Y).' @D
. : H

where h, is the thickness of the water lajer. at surface location Y, and dy,,, is tﬁe
uniform layer thickness of the thin layer model (eight to sixteen feet).

The non-negati_vé function Taper(x,,(p,z;,Y)) is the offset tapering
appropriate to the P-wave V.Jith. sloWn_ess p feﬂecﬁhg from depth z; which arrives at

*pp(P,%,Y) =

i .
2 hypVyy 1 1(P) +2 D digyerp V(2. Y) / 15(P, 2k, Y). 22)
k=i
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The viscoelastic model implies a minimum-phase advance due to attenuation given

by the complex term in the factor,

Apin(0) = . [1+-2—'ln(—):| : (23)

where o, is the normalization point for the background velocities, five Hertz, and
In(x) is the base-e logarithm. The factor Q,,,,(p;z,;,Y) is the angle dependent
attenuation coefficient, '

o dzay,,-"'l" 1
24
(P2, Y) E Vo(%.Y) f1- p?V2(z,Y) Bl2.Y) @9

These formulas involve a number of angle-dependent objects which are defined

by,
_ n2y2
L(p)= -l-l-fi—‘-""—, @5)
and,
_ rpp(p9hw'Y) = Ze(p’hwsY)E(p’hw’Y) - Zw(p) 26)

Zp. 1, Y)E(p,y,Y) +Z,(p)’
which is the water-bottom reflection arrival. The transmission factor for P-wave

propagation through the water bottom into the elastic material below is,

2JZ, (D201 Y)(1-20%VA (1))
Z,(phy Y)Ep, 1y, Y) +Z,(p)

an identical factor Ty, = Tf, appears for propagatlon of the reﬂected P-wave up

@7

Tfs(h’hW¢Y) =

through the water bottom from below whlch is why the formula for P
(equauon (20)) contains Tf, The transmxssxon factor contains more

angle-dependent objects:

Z()= s, o8
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)= pl, Y)V, (1, Y)

Ze(’Pshw,Y s
J1-PV,(h,, ¥)*

(29)

E(p!hw’Y) =

(1-272%( YP) +462% (0, 0 L (01, Do, V), GO)

V1= PVp(2,YP
, : : (€] )
V(zY)

l?,(p,z,Y) =

JI‘PZ"}(Z,Y)Z | |
ey

The convolutional model for negati\}e frequencies is defined so that the Fourier

5. e _ L(p,z2,Y)=

(32)
transform P(p,t j,Y) is real.

10
“The source factor in the above model contains the directional effects
created by the source and detector arrays as well as the directional effects of the
surface ghosts and allows for the possibility of midpoint dependence. The source
- representation can be expressed as a series of terms using a double summation. |
15 The higher order terms in the inner summation (over / here) represent higher
degrees of directional variation. The outer summation (over i here) represents a

rolling smoother over midpoint locations:

p.ols.}R1V)=

-NY Nl ~ .
2wm(Y-Y)3 s'(é’[S"'l];[R"']’Y')H(p/pm)- (33)
i=t =0 : o :

20  The outer summation runs over midpoint locations which are summed with a
weight function w#(...). A constant weight function implies a source model which

is laterally uniform. A weight function which is zero when Y and Y; differ by
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more than the stacking bin merement is a completely local source model. (The
source model can vary at each ‘midpoint location.) ' R

The complex coefficients §(w,[S...L,[R...];Y;) represent the source
estimates at the grid locations Yi, Y,, .... The coefficient 1/F involves the integer
[ raised to the power €. Th1s cdefﬁeient ensures that the higher terms in the inner
summation only contnbute to the source inversion when requlred by the data, as
more fully described later. For example, using M = 30 allows for-a-very general
source model. The functions ﬂ( p/ pm) are the Legendre functions evaluated at
ratio p/Pmqy . (Legendre functions are often used in expansions of directionally
dependent functions. Py(x) = 1, Pi(x) = x,-Px) = %(3x™-1), ...) The
denominator value p,,,, .is the maxxmum slowness valdedhder consideration so that

P/Pmax < 1. This formula can also be expressed in the time domain,

Sp.[5-JR- 1Y) = ZW‘(Y Y)Zs'(t = 1e[R zh _Y)B(p/pm'ax) oy T —

with real coefficients sl(t,[S...],[R...],Y;-)_whlch have a short duration in the time
domain. This means that the coefficients s;(z,[S...J,[R...], ;) are zero for
greater than about 0.200 seconds or less than about -0.200 seconds. .

The above formulas define an approximation to me_aSured seismic data,
D(p,t,Y), (after pre-processing and conversion to the. p-T domdin)-which are
expected to be useful under the favorable conditions stipulated for the preferred
embodiment. The mathematical approximation of the actual data is a model which
depends upon the water velocity, the baekground P-wave velocity, the-background
S-wave velocity, the P-wave attenuation, the water bottom depth, the water bottom --
values of the velocities and density (which are called the "mud" values), the
source coefficients §;, and the three ratios J,-= AV, / V), b5 = A‘{,./ Vs, and & =
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Ap/ p. These elastic ratios will be identified later as closely associated with the
reflection coefficients of equations (1), (2), (3), (5), (7), and (8). All of these:
'qu'antities depend upon midpoint location Y. The background parameters and [,,,
I,;, and I, depend upon depth also. The water P-wave velocity is known. The

5 background velocities are obtained by our layer stripping velocity analysis process
(or other method) together with an assumed relation between V,, and V;. The mud |
values, V,,(hw,'Y), lf,(hw,Y), and p(h,,.Y) are usqally assumed. The P-wave
attenuation is found from VSP analysis or by a process of modeling and data

_comparison. This leaves the source coefficients s; and the three elastic ratios Z,,,
10 I, and .

The process uséc_l_ to determine the model components which best match the
data is called damped least-squares inversion. This means that the process seeks to
reduce the squared difference between the actual data and the computed model to a
minimum with penalty terms Which' force the updates in the model parameters to

15  be as small as possible. The error measure and penalty terms together are cailed
the “objecﬁve” function which is usually denoted by J:

| J[;,z‘,;,z,,,zp,as,az‘p,azv,,atp]

NY Np Nt
= % Y % ZWz(ijk,Yi)(D(Pj’Tk’Yi)
i= j=lk=i

= ()Yl by 35,8l Bl 1))

20 - +¢121§§§(53(T (S ]l[R 1Y)
I TholOeefol Kool )y X

d=ll=1k=]
NY Nlayer

+dy > (Slm(zj.’Yi))z + (alvs(zj’Yi))z + (5’p(zj"fi))2- (35)

i j= :
The updates 8s, 8/,,, 8l,,, 8, should reduce J to a minimum. The model ﬁpdates,
which are collected together in the vector 8X, will be discussed below. The real

positive numbers W(p j,'ck,Y,-) are weights, as more fully discussed below in
' ' 43 N '
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connection with equation (59). The positive number d is the damping which
places a penalty on non-zero updates to the model. In the damped inversion
problem, these updates to the inverted model components will stay as close to zero
as possible while still approximately fitting the data. This will be discussed in
more detail below. _

For a sufficiently sma_ll chahge in the model parameters, which aré lumped
together as 8X; so that the vector 83X, contains all of the corrections to the source

coefficients and all of the corrections to the ratios /,,,, /,;, and /; at all midpoints

and depth points,
NX |
OP\p,t, :
P(p,z,X) = P(p, ., Xp) + Z—P%Xﬂ_)mﬁ ..... 36)
j= J

The coefficients of 6X i1 in the smhmation are the Fréchet derivatives of the

modeling formula with respect to the model parameters at the location of the initial

. solution. The Fréchet derivatives are computed by symbolically inserting

perturbed values of the source coefficients and the elastic ratios into the expression
for P(p,1,X):

s(t.[S..L[R.JY;) > s,(r;[s.'-..],[k,.],Y,-) +85(t.[S.L[R.LY) 6D

hp(2,Y) = bp(2,Y) +82,5(2,Y) (38)
lv,(z,Y).—) Lo(z,Y) +80,(2,Y) - (39)
I(2,Y) = b(2,Y) + 845(2,Y) (40)

and mathematically retaining 6nly the coefficients of the first powers of 8s;, 8/,,,
8l,,, and 81, '
The linearized formula is usually written as a matrix equation. Let’s begin

with the one midpoint case:

| NK |
P(p,7;,Y.X) = Pp,7;, Y, Xo) + 3 4;(p. Y. X X aN
_ _ j=
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where
P\ p,1;,Y,X
4y(p.¥ %)= LY Ko) @)
8X;
Suppressing the indices, this is written as
| P(p,X) = P(p,Xo) + A(p,X0)8X | (43)

where P(p,X) is a vector of Nt x NY components (NY = 1 since we are using

the one midpoint case as an illustration at this point) with values

P p,r,-,Y,X) fori=1, .., Nt (44)

The symbol 3X is a vector of NX components

8X, forj=1,..., NX. 45)
Finally, A(p,X,) is a matrix of (Nt x NY) x NX components 4;(p,Y,Xo). The
data is a vector D(p) of Nt x NY=1 components with values

D(p,t,Y) fori= N‘r (46)

The multlple mldpomt case Just means that there are multiple t vectors for

| each fixed slowness. The product of the number of time points times the number

_ of midpoint locations i is

MY=Ncx NY. - o %)
The least-squares solution to finding an improved solution, X, + 5X

| starting from the known solution X, is obtained by solution of the normal

equations for the updates 56X

ZEAP AT (). XO)WT(pJ Jw(p;)a( p! dzl]ax

Jj=1

- S0 oy X)W W ole)- oy )]
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where the superscript T denotes the'inatrix transpose, Ag-. = Aj,-', Wis an NvY x
NtY diagonal matrix of weights (discussed below m connection with

equation (59)), d is the damping factor, and I is the NX x NX unit matrix (one on
the major diagonal and zero elSewhere). The normal equation has been expressed
fdr the situation of 'Np discrete slowness values with uniform spacing Ap. The
damping factor, 4, is proportibnal to the magnitude of the re-weighted seismic

data.

Discussion of the Linearized I Prob]

The process of computing a modcl seismogram from model components

~ (source coefficients, elastic ratios, background velocities, etc.) is called the

"forward map." The forward map process maps from model space into data
space. The matrix A(p,X,) is the "linearized forward map." It goes from model |
space inio data space also. The transpose matrix AT(p,Xo) is the "adjoint map,"
which is well known in seismic processing as "pre-stack migration." The adj'oint
map goes from data spﬁce into model space (i.e., a depth migration). Solution of
the linearized inverse problem calls for solution of a set of NX linear equations
constructed from the linearized map and the associated adjoint map or pre;stack
depth migration process for the NX unknown model ppdates. The right-hand side
of the normal equations contains the adjoint map applied to the data residual, the
difference between the initial model and the actual data. If the res;iduals are zero,

the computed updates will be zero. The damping term, &1

is included as an adjustable control which forces the solution to be as small as

possible and still approximately fit the data. The NX x NX matrix,

W =Sl a7 oy X)W o Wlp ey o) 1] e

Jj=1
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is called the "normal map." Thé normal map procedure maps model space into
model space. The least-squares normal equations involve a summation or stack of
the slowness values follovt}ing the pre-stack depth migration step. This
summation will destroy the ability of the normal équations to convefge to the

correct solution unless the correct background velocity is used in the modeling and

| adjoint processes because the contributions at the different slownesses will tend to

average out. The normal equations tell us that if we apply modeling, then
pre-stack depth migration, and then stacking to the least squares solution, the
result will equal the stacked, pre-stack depth migrated data residual (i.e., the

- difference between the data and the current model).

Solution of the Linearized I Probl

The desired solution obeys a system of linear equations of the form-
Nx = b, so a good method for solving large linear systems is required. Typical
models often have one thousand layers for each midpoint location plus about thirty

-source coefficients (each composed of 100 or 200  points) for each midpoint.

Since there are three elastic parameters to estimate, there are up to six thousand
unknowns associated with each midpoint location. The examples discussed below
treated about one hundred midpoints each so there are about 600,000 unknowns
extracted from about ten million data points (100 midpoints, 56 slowness values
each, 2000 points per trace). Each midpoint inversion is independent of others
except for the coupling implied by the source model. Iterative solutions are used
fo solve the linear system Nx = b. These solutions construct the desired solution
x from the vectors b, Nb, N°b, ... . This means it is never necessary to create the
matrix N but only the action of N on an arbitrary vector: y=Nz. Iterative
solutions have another very attractive feature, the first iteration recovers the

largest eigenvalue (the most important contribution to the solution), the next
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iteration recovers the next largest eigenvalue (the next most important contribution
to the solution), and so on. '
In general, an exact solution to Nx = b is not needed since this would

uselessly magnify noises in the data. This prdblem arises because some parts of

5  the model influence the simulated data much more than other parts of the model. -

An example is provided by model comp_onents. associated with frequencies near the
endpoints of the source spectrum. After NX iterations, the complete solution to
Nx = b would be constructed, But for large linear systems such as this, experience
shows that only ten to one hundred iterations génerate all useful contributions to

10 the solution. This fact reduces the number of computations needed and provides

the best solution. Best results are in fact obtained when the damping is reduced

during the iteration process.

15
Solution of the linear systém by iterative methods, which will be referred
to as the "inner loop," is the core procedure of the inversion process. A large
number of tests with real and synthetic data have resulted in a procedure which
 appears to generate the best results for the inverted parameters. The
20 recommended procedure involves reduction of the damping weight 4 in multiple
inversion stages. Each inversion stage consists of a number of inner loop
iterations at ﬁxed damping weight. Each stage represents a search for updates in
the model parameters which reduce the object J starting from the input model for
 that stage. Typically, the number of stages (e.g., five to eight) and the damping
25  program are selected based on a study of the calibration well. Reflectivity
inversions typically begin with a damping of five to ten percent at the first stage |
and reduce it to zefo at the last stage; wavelet inversions often begin with a

damping of one-half to one percent and reduce it to zero at the last stage. Each
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stage involves ten to twenty inner loop iterations. Reduction of the degree of
damping as iterations proceed is 5- well known method in numerical optimization.
- Closely associated with the choice of the damping program is the choice of
- inversion variables. Variable choice and damping are related because they appear
5  together in the objective J. The appropriate variable choice, ultimately, is

determined by experience at the calibration well. A number of choices were

investigated:
zpl_.A—;;E; ,,ﬁ%; 11,3=5pE (50)
lp1=A—‘Zﬂ+%; §2=%+9§;.'IP3=A—‘§‘— (51)
10 zpl=A—‘ZE+A—; zp2=%—+-’§pﬂ; 1p3=% 52
1p1=%[évy-’i+%], lpz=A7Y";' bs%{%-%] Cen

4 s P

lPl‘l['A_‘ZE"'%' lp2=%:%+%]: lp3=A‘Z _+A7:;- %E (55)
» P |/ “w p

15  Persons skilled in the art could easily develop other ehoices An identical set of
defimtxons govem the updates, 81,1, 8lp, and 8l,3. For example the updates

correspondmg to equatlon (51) would be

1 = Sl‘p + Slp ol p2 = = dls +81p; 61}73 = 8l,g - (19)
Similar equations for updates corresponding to equations (50) and (52)-(56) could
20 be easily developed. These choices are motivated by an analysis which indicates
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that (in the single reflector case) the best determined elastic parameter should be
the P-wave impedance Z, = pV); the next best parameter should be the S-wave
impedance Z, = pV,; and the third best determined parameter should be what’s
left. The last option'(equatioh (56)) appears to perform best. This 'option uses the
linearized version of Z, (i.e., the high frequency part of P-wave impedance -
divided by the background value of P-wave impedance) as one of the inversion

parameters,

14Z, 1[AV, A
| lpl=57ﬂz_[——P+-—p—J By
'D .

2\% »

with the approximately orthogonal parameter,

AV, Ap
p3 Vv, P (58)

as another parameter. The remaining parameter is just the S-wave velocity

contribution. This choice has computational advantages. During early stages of

the inner loop iterations the updates to P-wave velocity and density remain almost
equal and updates to the S-wave velocity component remain small also. Thus,
only 81,, changes from zero. (In the stage 1 step all reflectivity variables are
started at zero.) The factor of % in the defmition of I, (but not in ly3) leads to a
damping process which favors correlated density and P-wave velocity updates.
The multi-stage approach lends itself to schemes which attempt to
accelerate convergence of the reflectivity inversions. The P-wave impedance |
variations alone account for the rnajor part of the reflected seismic energy. (In
synthetic seismograms computed from Gulf of Mexico wells, for example, the
.P-wave impedance variations conrribute up to about 90% of the reflected energy,
the density and S-wave velocity variations together contribute the remainder.) The
P-wave impedance variations will, therefore, converge ‘more rapidly than do the
density variations or the S-wave velocity variations alone. The inverted P-wave
impedance variations obtained at the end of an inversion stage can be used to
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initialize new guesses for the density and S-wave velocity variations used to begin

~ the next inversion stage. The other option, of course, is to begin the next stage of

inner loop iterations with the result of the previous stage for all three elastic -
parameters. The process of using Gardner’s relation (Gardner's relation, which
predicts density from P-wave velocity, will be presented below) and the mudrock

relation, supra, to produce initial estimates of density and S-wave velocity

variations is referred to as "elastic parameter resets." Resets between the

inversion stages are useful in actual data inversions because, during the
accumulation of large numbers of inner loop iterations there is a tendency for
noises to gradually appear in the more noise-sensitive density and S-wave
components.. The resets help eliminate these noises by forcing the density and
S-wave components to be fit only during the last one or two inversion stages. As
with the damping and the choice of inversion variables, the choice of resets
between the inversion sfages is a data dependent issue usually resolved by study of

inversion results at the calibration well.
Computer Implementation

The use of iterative solution methods means that a computer solution of the
linearized inverse problem may be constructed by providing sub-programs which
produce the action of the forward map, the linearized forward map, the adjoirﬁ
map, and the normal map on general vectors of the appropriate model or data
space. A software package developed and provided by the Rice University
Inversion Project (TRIP) is available which implements the requested mapping.
process and/or iterative solution process by calling model specific sub-programs

written (by the user) to implement the modeling equations displayed above. This

- package also implements the differential semblance inversion concept mentioned

above which can be applied to invert for the background P-wave velocity.
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The TRIP inversion'software provides for the use of three different inner
loop iteration methods: conjugate residuals, conjugate gradients, and back
projection with Chebyshev acceleration. (See, Symes, W. W., DSO User Manual
and Re_ference Guide, Version 1.1, June 1993, The Rice Im:ersibn li‘roject,
Department of Computational and Applied Mathematics, Rice University,
Houston, Texas.) (_:‘onjugate residuals appear to be the most efficient method_ for

use in the present invention.
More General Embodiments

The formulation given here is more general than the preferred embodiment
(inversion using 1D models with input seismic data in the p-t domain). In the
more general case, the p-t.domain is not used. The data is processed directly in
the offset domain using shot order instead of common slowness gathers Thus, the
slowness index p is réplaced by a shot index. The midpoint index within each
common slowness gather is replaced by the detector index within the shot gather.
In the general case, the forward map is no longer represented by a specific - |
formula. The forward map is obtained either by a finite difference soluﬁon of the
wave equation using memery variables to model attenuation, or by a Kirchoff
mtegral representation (an asymptotic primaries-only approximate solution to the
complete wave equation) using a ray tracing procedure to compute the arrival
times. The Kirchoff approach is the general method (because it can be applied to
dips higher than 10°) which comes closest to: the p-t convolutional model
discussed above. The same concepts and the same language apply to even the
most general situation. |

Another generalization not discussed above is the inclusion of other model

_parameters in the inversion process. Other parameters which might reasonably be

updated by an inversion procedure are the water-bottom velocities and density

52



WO 96/07935 _ PCT/US95/10594

10

15

20

25

(V,(n,.Y), Vi(h,,Y), and p(h,,Y)) and the P-wave attenuation quality factor
Q,(z,Y): Inclusion of these parameters into an inversion process requires
computation of the appropriate Fréchet derivatives. Treatment of the background
parameters by aleast-squares inversion pi'ocess is not a good idea because the
stacking process implied by the normal equations destroys the information needed
to make a useful update unless the background velocity is almost perfectly correct.
A solution to this difﬁculty is to alter least-squares inversion to differential
semblance optimization. This idea is presented in Symes, W. W. and

Carazzone, J. J., "Velocity Inversion by Coherency Optimization," (broceedings
of the Geophysical Inversion Workshop, September 27-29, 1989, Houston, Tx.)
published in Geophysical Inversion, edited by J. Bee Bednar, Society: for Industrial
and Applied Mathematics, Philadelphia, Pa., 1992. Extension of least-squares
inversion to include differential semblance inversion has been incorporated into the
TRIP software by inclusion of computations of Fréchet derivatives with respect to
the background P-wave velocity. and their adjoints. This feature provides a
mechanism for updafes to the background velocity.

Yet another generalization of the model not discussed above is the

- inclusion of elastic mode conversions (P-waves converting to S-waves and vice

versa).  This situation calls for an S-wave quality factor and a highly accurate
S-wive background velocity to account for the S-wave arrival moveouts. In
marine data from many places in .the Gulf of Mexico, the soft water bottom
materials appear to render such mode converted arrivals almost very difficult to
detect. (The strength of the mode conversions at the water bottom are
i:roportional to the S-wave velocity at the water bottom raised to the 1.5 power. It
is usually assumed that the S-wave velocity at the water bottom is only a few
percent of the P-wave velocity.) Since on-land seismic measurements can include
recordings of both vertical and horizontal motion, another generalization of the

invention is inclusion of recorded S-waves.
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This formulation has included a weight function W(p,t,Y) wﬁich can be
defined to accelerate convergence of the iterative solution of the system Nx = b.
By far the most important cause of slow conilergence is the mis-scaling caused by
the attenuation of the propagating P-waves due to friction. Selection of an

appropriate weight function significantly improves this situation. The weight

‘function used in the preferred embodiment is derived by computing the

exponential decay ratio applied to the seismic wavelet at each depth location for

' each slowness and each midpoint:

-—' ZZI e'-w.-/Qpp(P.z.Y)g(p,@,-,[S._..],[Ié.;.],Y)I
$(p.0;[S..)[R..1Y))

3l

and applying a compensating factor of

W(p.1pp(p2.Y).Y) = p* w(p.2Y) (60)
where a is a user-adjustable option for altering the weight given to the lir'ger

slowness values (a is greater than or equal to 0) at the corresponding arrival time
1,p(P-2,Y). In equation (59), the vertical bars denote the complex absolute value,

| | z = Jz% +z,-2 withz=;,+iz,-. (61)

This weight factor is automatically smooth and ranges from one at the water

bottom to about ten or twenty at the basement.
The Pre-Stack Inversion Phase

The next phase of the invention is the pre-stack inversion phase (reference
numeral 200 in Fig. 1). The actual inversion process used in the pref_erred

embodiment will be described in terms of the least-squares inversion tools
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(forward map, adjoint map, linearized forward map, and normal map, plus the

concept of iterative solution of the least-squares normal equations) explained

- above. Figs. 4, 5, and 6 are flow charts which illustrate the inversion process. In

the preferred embodimexit, the TRIP inversion software referred to above is used
to implément the inversion process. However, persons skilled in the art could
readily develop other computer programs for implementing the least-squares

inversion based on the teachings set forth herein. The basic steps of the inversion

process are:

1 Obtain an initial wavelet estimate,
2 Obtain an initial estimate of the P-wave quality factor,
3. Use inversion to refine the initial wavelet estimate, and
4 Using the updated wavelet estimate, use inversion to estimate the
elastic reflection coefficients (reflectivities) at midpoint locations of
interest over calibration and target locations.
The initial wavelet estimate can be obtained either from computation using the

known parameters of the data collection process, as more fully described below,

or by actual physical recording of the output source signature.

Fig. 4 shows the data flow for the creation of the initial wavelet model and
fof determination of the attenuation model in the preferred embodiment.

Technical details associated with how the seismic survey was conducted are
an important input to this process (i'efere_nce numeral 202). These details are
obtained from the survey operator’s'report. Details of importance for modeling
the effective seismic wavelet in the marine case include:

1. Conﬁgufation of the source array,

2. Air-gun design, volumes, and far-field signatures,
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Source detonation interval,

3
- 4, Configuration of streamer cables,

5 Configuration of the hydrophone array, -

6 Applied digital and analogue filters,

7. - Tow depths of sources and recording cables.
In the land recording situation, additional details are needed:

1. Configuration of the vibrator or other source arrays,
Vibrator sweeps or weights of explosives,
Source interval,
‘Configuration of geophone or hydrophone recording cables,
Configuration of géophone or hydrophone arrays,
Applied digital and analogue filters, .
'Surface soil conditions, |
Weatheied layer thickness and seismic velocity,

o A o o

Detonation depths of downhole sources:
The survey information is used to model the effective wavelet produced
and recorded by the data collection system (reference numeral 204). This .

 effective wavelet is the direétionally dependent wavelet which would be observed

far (at 10,000 feet, for example) from the source in a uniform material (sea water
for example). This is called the "far-field wavelet." In the general 3D case, the
far-field wavelet, 5(¢,0.), is a function of two angles: o

1. Angle in the horizontal plane, ¢ (0° to 360°), and

2. Angle in the vertical plane, 6 (-90° to +90°)..

'In the 2D case, only the wavelet within the seismic profile plane S(0,?) is required

since out-of-plane reflections are ignored. In the marine case, wavelet modeling
requires the far-field signatures of the air guns used in the actual data collection.
Computer programs runnmg on scientific workstations which produce the required

far-field signatures are used to design marine seismic surveys. For example, the
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MODGUN simulation software marketed by Seismic Research and Development
A/S may be used to produce an estimate of the outgoing (source and detector
ghosted) far-field wavelet as a function of angle. In the land case, the attenuating
and non-linear. properties of the 'near-.surface material must be taken into account
and wavelet modeling is correspondingly a more difficult procedure.

In the low reflector dip case, only energy propagating away from the
soﬁrce toward the detectors will be reflected at the detectors. Since the modeled
seismic wavelet, 5(¢,0,7), changes srh_ooth_ly with respect to angle, the preferred
embodiment uses MODGUN estimaies at five degree intervals ranging from zero
degrees to eighty degrees as inputs. An angle of zero degrees corresponds to
vertically downward-going energy. An angle of ninety degrees corresponds to
horizontal propagation. Interpolation is used to produce the modeled wavelet at
arbitrary angles (reference numeral 206).

The modeled seismic wavelet (ideally) accounts for the effects of the source
and detector arrays and for the source and receiver ghosts. (A source ghost is
created by the reflection of the source energy at the air-water xnterface, a detector
ghost is created by the _reﬂection of the up-going energy at the air-water interface
back down to the detector. Ghosts also appear in on-land seismic data when
sources or detectors are not located at the air-land interface. Ghost modeling in
on-land data is more dlfficult than in the marine case and requires information
about the surface and near-surface conditions.) The modeled seismic wavelet is
converted to the p-t domain by applying the slant stack transform to a synthetic
gather made from the modeled seismic wavelet (reference numeral 208). This
s.ynthetic is made by Shiftin_g the wavelet, at the appropriate reflection angle, to the
predicted hyperbolic arrival time corresponding to a reflection event with normal
incident two-way arnval time of one second and applying the geometric

divergence factor. This corresponds to a physical reflection process in a uniform

velocity material, such as sea water, in which the reflection coefficient does not
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vary with angle. The same p-t transform used for the actual seismic data is

‘applied to the synthetic source gather except that the maximum offset is doubled so

that no tapering effects enter the estimated source coefficients. (The tapering used

to prevent edge effects in the p-t transform is accounted for in the actual modeling

so it shouldn't be built into the initial source estimate.) The resulting p-t

seismogram is then fit to the source model for the single midpoint case:

M o -
S(pefs. )R = Y LSRN gy )

1=0 !
to yield an initial estimate for the coefficients s;(,[S..J,[R...]). The fitting

process involves a least-squares fit between the source model and the p-t
seismogram. Preferably, € is set to approximately 0.5 in order to allow for some
changes in source directivity during fhe source inversion step (reference
numeral 232 on Fig. 6). |
The initial wavelet estimate (reference numeral 210) takes the form of the

NI coefficients, §;(t,[S...J,[R...]) assigned to each midpoint location ¥; within the
data. The initial wavelet estimate therefore comprises a total of
Ntsource x NI x NY points. The coefficients 5; are_repreSented as uniformly
sampled time vectors symmétric_: about zero time. The usual source model runs
from -0.200 to +0.200 seconds. (This allows for both zero-phase source models
in which the major source energy arrives at zero time and for minimum phase
source models in which the major source energy arrives well after zero time.
Mixed-phase source models are also included.)

| Specification of the source model is cbmpleted by giving the weight

function wr(Y-Y}) which controls the degree of midpoint smoothing which will

occur when the source models at different midpoints are no longer identical. The
appropriate degree of midpoint smoothing is a data-dependent issue. Both

conS‘tant weights (no midpoint variation in source models allowed) and weights

~ which mix midpoints over ten to fifty stacking bins have been used. Greater
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degrees of noise in the data could.dictate more mixing. High data quality and the
desire for detailed subsurface .parameter mapping could dictate less (or even no)
mixing. Controlling factors include the extent of variation potentially present in
the subsurface material near the water bottom (low or high yelocity zones near the
water bottom can produce alternating patterns of greater or lesser seismic
illumination at the target zone. Under some circumsiances, ‘use of appropriately
chosen source models can mitigate the effect of varying illumination strength from
the final inverted models.) |
Other variations of the method used to obtain an initial wavelet estimate

include the use of MODGUN simulations without the effects of the detector ghosts

or detector arrays. In this situation, the effects of detector ghosts and arrays are

inserted in the synthetic gather used for the p-t transform of the wavelet. Another
variation is to use an isotropic (direction indepéndent) wavelet as the initial guess.
Other ways to initialize the wavelet are well known to persons skilled in the art.

An initial estimate for the background P-wave quﬁlity factor, 0, is made
(reference mumeral 212). Q, is a dimensionless ratio between the real and
complex parts of the P-wave velocity. Preferably, the initial models are constant
0, models (i.e., the P-wave quahty factor has the same numerical value foi' all
lateral locations and all depth locations beneath the water bottom). In the Gulf of
Mexico, an gstimal:e of 100 appears to be a good first guess. In other areas of the
world, hlgher or lower values may be required. -

At reference numeral 214 the forward mapping or seismic modeling
process is used to produce synthetic p-t seismic gathers at the same slowness
values as appear in the actual p-t seismic data (at the well location). Inputs to this
process are the._ initial wavelet estimate (reference numeral 210), the initial 0,

estimate (reference numeral 212), and the edited and corrected wellbore

. measurements and the V,,, model obtained from the seismic data (reference .

numerals 146 and 172, respectively). The edited and corrected wellbore

59



WO 96/07935 PCT/US95/10594

10

15

20

25

‘measurements (reference numeral 146) are smoothed over a distance of 300 to 500

feet to pioduce a model of the ba(:kground P-wave velocity, background S-wave

velocity, and background density. The high frequency residuals (the difference

‘between the smoothed values and the original measured values) are ﬁsed to

produce the three elastic mﬁos lyps lys, and I, defined earlier. Since the well -
measurements only sample a portiqn of the vertical earth column, the missing
values of V), (above the first logged depth) are taken fr'om.the seismically-derived
V, model (reference numeral 172). Missing density values are supplied by
Gardner’s relation and missing S-wave velocity values are supplied by the
mudrock relation. Basement estimates of the elasﬁc parameters are inserted below
the logged values. |

At referénce numeral 218, a modeling comparison is conducted between
the computed synthetic seismic gather (reference numeral 214) and the actual
seismic data at the well location (reference numeral 216). The purpose of this
comparison is to produce a model of the P-wave quality factor (reference
numeral 220). A visual comparison is made between the computed model(s) and
the pre-stack seismic gather(s). By comparing such details as amplitude and
fre'quency-content decay witﬁ reflection dépth-, a judgement can be made as to
which attenuation model provides the best match to the actual seismic data. By far
the most useful indicators are the loss of amplitude and frequency content over the
logged interval. This confirms the importance of providing an adequate depth
interval when stipulating the logging program to be used on any potential
czilibtatioh wells. Experience indicates that Q, models differing on average by ten
1-)ercent will display visibly different amplitude and frequency-content decays.

The best-fit value of Q, determined by this procedure should generally
agree with the physical 0, determined by other means. However, the seismic data
processing (pre-stack migration and noise suppression steps) can mildly influence

the result.
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- Another method of determining the best-fit background Q, is to perform a
number of inversions with different Q, values. The O, value producing the best
match to the original (unweighted) data should be the optimum Q, value. Note
that the unweighted data should be used to determine the best o beéause the -

weights are Q, dependent. Another way of getting Q, is from VSP data, if

available.

Use of the Adjoint Map to Fine-Tune the Interval Velosity Model

- The interval velocity model produced by the layer-stripping interval
velocity analysis (reference numeral 172 in Fig. 3), or by other means, must
produce depth consistent reflections as defined by the adjoint mép, as set forth
above in the background discussion of least-squares inversion. Since both the
directional dependence of the initial wavelet estimate. (reference numeral 210) and
the minimum-phase attenuation model can influence the seismic "flattening" ability
of the background P-wave velocity model, another pass at fine-tuning of the

interval P-wave velocity should be carried out. (Both wavelet and attenuation

" model will affect the way in Which the adjoint map affects the p-t seismic data as a

function of depth and slowness. As noted above, it is the adjoint map which must
be used to flatten the seismic events in solving the normal equations.) . - -
Fig. 5 illustrates the data flow for the adjoint map adjustments. Inputs to

the process are the "best-fit" P-wave attenuation model (referénce numeral 220)
described above, the V;, model (reference numeral 172), and the initial wavelet
t;.stimate (reference numeral 210). The P-wave attenuation model assumes that the
same constant value of average attenuation found at the calibration well location is -
the correct value to use elsewhere.

. At reference nume‘rél- 222, the interval P-wave velocity model (reference

| -numeral 172) is used to construct the background models of Vo(z,Y), Vi(z,Y),
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p(z,Y) used in the inversion process. The background 'V, is identical to the
smoothed V,,, model. “The background V, model preferably is computed from the
V, model using the mudrock relation. - Other methods for determining the
background V, model will be known to persons skilled in the art. Tﬁe background
p model is computed from V,, using Gardner’s relation.

At reference numeral 224, pre-stack seismic data in the p-t domain is input
into the adjoint inap.- Only data at the midpoint locations of interest are required.
Usually these final adjustments to the P-wave background velocity are done only
at one out of twenty midpoint locations. The TRIP inversion software requires
that the input p-t data be sorted into common slowness gathers. The outputs of
the adjoint map are sorted back to common midpoint gathers prior to inspection of
the final outputs. |

" At reference numeral 226, the adjoint map is applied to the pre-stack -
seismic data to produce a pre-stack output. The weight function W(p,t,Y) is
applied to the data prior to application of the adjoiht map to improve data scaling.
Three adjoint outputs ai:e producéd: the adjoint to /,;; the adjoint to /,;; and the
adjoint to /,;. Each adjoint corresponds closely to a pre-stack depth migration (for
a layered model) and is labeléd-by depth, midpoint, and slowness. The adjoints
can be combined to produce an adjoint corresponding to the linearized P-waw)e
impedance which should be the most robust parameter. (As will be discussed in
more detail below, P-wave impedance is the subsurface property which
correspénds to the leading piece of information extracted by solution of the normal

equations, and as such it is the most reliable piece of information.) The

“background P-wave velocity should be checked to make sure that the target

reflection event (or events) is flattened to the maximum extent possible by the
adjoint mapping.
The background P-wave velocity model usually requires adjustment to

obtain maximum possible event "flatness" (reference numeral 228). Usually this
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can be done by applying a scale factor very close to 1.000 to the background
model at each midpoint location in order to achieve the best result. Typically,
velocity corrections at this stage are on the order of one percent depending on
target depth and maximum offset. .

‘After a trial and error process., a final background model (reference
numeral 230) will result. The final background P-wave velocity model resulting
from the adjoint map tests is used to produce the final S-wave vélocity model and
the final _density model using the mudrock (61' other) relation and Gardner’s

relation, respectively.
2! l I R ﬂ » - I L] !

The P-wave attenuation model obtained by modéling and comparison at the
calibration well, the initial wavélet estimate, the background velocity and density
model, and the pre-stacl_c p-t seismic data are used to solve the least-squares
normal equations, first for updates to the initial wa&elet model which involves an
alternation process described below, and second for an elastic reflectivity
inversion (at fixed wavelet) fntended to produce the final results used in the
calibration and prediction phase of the invention.

Fig. 6 illustrates the data flow for the inversion procedure. The inputs to
the procedure are: the initial wavelet estimate (feference numeral 210); the
P-wave attenuation model (reference numeral 220); and the background models of
P-wave velocity, S-wave velocity, and density (reference numeral 230).

. ‘The p-t seismic data (reference numeral 162 in Fig. 3) resulting from the
p- transformation is required by the wavelet inversion process at each midpoint
location used in the wavelet updates. Depending on the wavelet smoothing
function selected, wavelet inversions may or may not bé required at each midpoint

location at which an eventual elastic inversion will be done. A very narrow
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wavelet smoothing function will require wavelet updates at all midpoint locations
at which an elastic inversion will be done. A very broad (or constant) wavélet
smoothing function will permit the wavelet updates to be done only at a few
midpoint locations. The use of narrow wavelet smoothing will tend to produce
wavelet models which are potentially allowed to vary rapidly with midpoint
location. This approach can, under some conditions, be used to reduce certain
noises in the data. The TRIP inversion software requires that the input p-t data be
sorted into common slowness gathers. |

The wavelet inversion updates are important in achieving the best final fits
to the actual seismic data. Without wavelet inversion updates, the reflectivity |
inversions (reference numeral 238 in Fig. 6) are less stable. - This instability,
resulting from use of an incorrect wavelet, can result in "unphysical" elastic

inversion results. An example of an unphysical result is an inverted profile in

‘which the inverted P-wave velocity variations are nearly exact negatives of the

density variations. This is called "anti-correlation.” Anti-correlation between
P-wave velocity changes and density changes can, of course, be perfectly correct
over small portions of a depth profile. However, When P-wave velocity changes
and density changes anti-corr-clate nearly éverywhere, such results disagree with
the widely observed feature of well measurements to display fairly correlated
P-wave velocity and density changes. (Two well logs which tend to increase or
decrease at the same depth locations by proportional amounts in the same direction

are said to be correlated, and this observation is behind Gardner’s relation which

' approximately predicts density from P-wave velocity, p(z) = C Vg'zs(z) )

Wavelet inversion lipdates typically improve or eliminate this problem.

The wavelet inversion procedure (reference numeral 232) begins with the
application of the weight function to the input pre—stﬁck p-t seismic data (reference
numeral 162). As discussed previously, computation of the weight function

requires knowledge of the initial wavelet estimate (reference numeral 210), the
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P-wave quality factor (reference numeral 220), and the background model of V,,
V,, and p (reference numeral 230). In order to succeed,. thé wavelet inversion.
process réquires.-numerous reflection events in each gather in orc_lef to separate the
effects of Wavelet variations from the effects of reflectivity \gariationé. ‘Wavelet
inversion applied to narrow, target oriented reflection zones will not succeed
because no physical mechanism exists for separating out wavelet effects from ..
reflectivity effects. |

The wavelet inversion process (reference numeral 232) requires a joint
inversion for wavelet updates and elastic reflectivities. Since the forward map
used in the preferred embodiment (the convolutional model) involves a
convolution of the seismic wavelet with the reflectivities, wavelet inversion is a
non-linear inversion process (both wavelet updates and reflectivities are
unknowns). Reflectivity inversion at a fixed wavelet, on the other hand, is a
linear inversion process because the forward map is a linear function of the
desired reflectivity updates. The wavelet inversion is accomplished by using the
method of alternation. This means that first a reflectivity inversion is done using
the initial wavelet estimate to obtain an initial estimate of the elastic reflectivities.
After an appfoximate reﬂecti'vity model is obtained, a wavelet inversion is
performed holdihg the reflectivity model fixed. This alternation proceeds back
and forth between reﬂectivities and wavelet updates until further alternations fail
to achieve any worthwhile improvements. The number of alternations required is
data dependent as are the amount of damping and the number of inner loop
iterations used to solve (approximately) the normal equations. Typically, four
\;Javelet aitemat‘ions selected on the basis of comparisons between final inversion |
results and well measurements carried out at the calibration well are sufficient;
however, either more may be used if necessary or less may be used if sufficient.
Each wavelet alternation consists of ten to twenty inner loop iterations for

reflectivity inversion at fixed damping (reflectivity damping usually starts at five
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to ten percent and decreases to one-half or zero percent at the last stage), followed
by ten to twenty inner loop iterations for wavelet inversion at fixed damping
(usually the wavelet damping is one-tenth of the reﬂectivity damping). Elastic
parameter resets might be used between some of the early altematiorl' stages. The
best wavelet inversion procedure to follow is data lde'pendent and should be tuned
to produce the best results at the calibration well. A successful wavelet inversion -
procedure results in an updated wavelet model (reference numeral 234) at
midpoint locations of interest over the calibration and target locations.

The new, updated wavelet model (reference number 236) is passed on to
the reflectivity inversion step (reference numeral 238). Other inputs to the
inversion_ are: the background attenuation model (reference numeral 220); the
Background model of V,,, V;, and p (reference numeral 230); and the time
migrated, p-t transformed, pre-stack seismic data (reference numeral 162) for all
midpoint locations of interest. As noted previously, the TRIP software requires
that the input p-t data be sorted into common slowness gathers.

Elastic inversions (reference numeral 238) at fixed wavelet are carried out
at all midpoint locations of interest over both the calibration and target locations.
Typically, fifty to one hundred midpoints over each location are used. In the
examples discussed below, the midpoints were arranged to be spaced at every
82 feet which corresponded to an inversion at every fourth original stacking bin. |
This sampling rate appeared to provide a good representation of the subsurface
features. However, other numbers of midpoints and other spacings may be used if
riesired.

The reflectivity inversion process is similar to the wavelet inversion except
that no wavelet updates are done and, therefore, no alternations are needed. The
reflectivity inversions are a linear inversion process in the preferred embodiment
because the convolutional model is used. Inmore general embodiments, which

include multiples, reflectivity inversion is not a linear process. In this situation,
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there are many additional cotnplications. For example, the scales of the data and
the source estimates become important. These scales become part of the inversion
process and musi be found from the data or explicitly measured during the data
recording process. Correct scales will achieve not only good fits of 'the primary

reflection energy, but also elimination of multiple reflections from inverted models

‘through incorporation of the multiples in the underlying model. Needless to say,

incorporation of the multiples in the inversion process adds both difficulty and
expense. | |

The reflectivity inversions are applied to .the pre-stack seismic data which
has been re-scaled by th¢ weight function described earlier. The reflectivity
inversions usually involve five to eight stages of inner loop iterations with ten to
twenty inner loop iterations per stage. The nuniber of stages used, the number of
inner lpop iterations, the élastic variables employed, the degree of damping, and
the elastic parameter resets between the stages used during the inversion process
must be carefully selected based on study of the inversion process at the
calibration well. The examples described below used elastic parameter choice set
forth in equation (56) above. Damping usually begins at five to ten percent of the
seismic data energy and falls t0 one-half percent or zéro pércent of the data energy
at the last stage. These issues are data dependent and will vary according to the
detailed objectives of the inversion project. In most situations, approximately

eighty to one hundred inner loop iterations spread among five or six inversion

_stéges have been used. The c'onvolutibnal model used in the preferred

embodiment will succeed in fitting 35% to 75% of the energy of the pfe-‘stack
_s.eismic data to physical subsurface elastic models. The majority of the energy
remaining in the unfit portion of marine seismic data (called the data "residual") is
typically identified as multiples. Outputs of the reflectivity inversion process are
the "best-fit" subsurface elastic models (reférence numefal 240) and the final data

residual (reference numeral 242) which is the difference between the input data
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and the best-fit model. The inversion process produces three inverted elastic

parameter profiles (versus depth) at each midpoint location inverted. These are

the dimensionless ratios:

| L AV(2,Y) :
=27
WeV=30n 63)
_AV(zY)
5 bs(z,Y) (.Y) (64
_ Ap(z,Y)
o ble¥) p(z,Y) N (65)_
From these three resu_lts the P-wave and S-wave impedances and V,/V; ratios may
be obtained:
o AZ,(z,Y) o
;lz,,(z,Y)=Zf'2L—Y)zkp(z,Y)+lp(z,Y) @
10 | bs(2,Y) = AZZS((ZQ? lvs(z',.Y)+lpl(z,Y) - | ©
MV, (2.Y) 1 V(2. Y)

Yoo V)= T e y) T e
. The ,approximatgly equals sign (=) means that the equality becomes exact only as
the high frequency variations become vanishingly small relative to the background
or low frequency variations (in other words, when AV,/V, « 1, AV/V, « 1, Ap/p «
15 1). The final output inverted sections used in the interpretation process are
obtained by using the inverted parameter esﬁmates to model the nqrxhal-incidence

or reflectivity section for each elastic parameter:

ﬁvp(o;m’Y) = ni)(()))(—lo))N% dlayereimtpp(o,;;'Y)lvp(ZisY) o ._(69)
o i=l ' -

Lo . Nlayer - _
By(0.0,Y) = 5(0)-i0) 3. diyere ™ O*(¥) o
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.Nlayer , .
i)p(o,m,Y)=‘§)(m)(_im) .iy:e dlayeremﬂpp(o.Zqu)lp(zi,Y) an
i=l : |
a a Niayer iot,,(0,,Y)
Ep(0,0,Y) = S(0)-io) Y digyee” " p(z,Y) (712)
i=] _
- a | Nayer int,,(0,7,Y) '
Bs(0,0,Y) = S(0)(—io) D, digyee " L(2,Y) (73)
I i=1 o _

o . Niayer , _
By 4s(0,0,Y) = §(0)(~in) 2—:1 dzaye,em”’(o’z" ’Y')lvp w2 Y) (4
. : i=] : _

5  These equations ideniify the fine-layer approximation to the nqrmal_-incident .
P-wave reflection coefficient evaluated at depth z as a product of /,, (z, Y) with the
frequency factor (-im). Thxs means that the result of equation (72) is the fine-layer
generalization of equation (5). By_ analogy, equation (69) is the generalization of
equation (1); equation (70 ) is the generalization of equation (2); equation (71) is

10  the generalization of equation (3); equation (73) is the generalization of |
equation (7); and equation (74) is the generalization of equation (8).
The wavelet used in this modeling step (So(w)) is selected to enhance the
interpretability of the resulting sections. Typically, a zero-phase wavelet is used.
The best wavelet to use is data dependent and it may be selected in order to
15 facilitate comparisons with other geophysical data such as well measurements.

- The selected-wavelet corresponding to Sy(w) might include low-pass filtering used
to reduce noises in the final output inversion results. These issues are weil known
to persons skilled in the art. The output displayed sections are obtained by using
the inverse Fomier_mfom to return to the time domain. The output section

20 éorrespoﬁding' to the P-wave impedance (P,,(0,t,Y)) closely resembles a
zero-phase stack. The output sections corresponding to the other elastic
parameters are the zero-phase stacks that would result if the normal-incident

P-wave reflection co_efﬁcients (the fractional changes in P-wave impedance) were
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replaced by the fractional change in P-wave velocity, S-wave velocity, density,

S-wave impedance, and V,/V; ratio.
More General Embodiments
More general embodiments of the invention do not use the p-t transform.

In the low dip case, the data are processed in common offset gathers containing all

midpoint locations of interest instead of common slowness gathers. Ray-tracing is

- used to compute the reflection times, reflection angles, and ray-path lengths. In

the high dip' (general) case, the data are processed in common shot gathers

" containing all detector locations of interest. Finite difference or Kirchoff methods'

are used to compute the forwzir_d, adjoint, and normal maps. As mentioned
previously; in the_general case pre-stack time or depth migration (reference - -

numeral 122 in Fig. 2) is not used in the pre-processing phase of the invention.

The calibration and MémﬁOn phase of the invention (reference
numeral 300 in Fig. 1) uses the relative magnitudes and behaviors of elastic
inversion reflectivity results from the pre-stack inversion phase to predict gas/oil
saturations at the target location. The calibration and interpretation procedure
consists of scaling one inversion result based on another so that the resulting
"picture" of the inverted results is independent of such things as the original
s.eismic data scaling and some aspects of wave propagation above the target
reflection (such as uncorrected structural effects and unaccounted for P-wave
attenuation). Alternatively, scaling may be based on the actual or assumed

outgoing energy from the seismic source. Two scaling methods have been used:
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1. Color plots normalized to the target event P-wave impedance or
'P-wave velocity variations, and '
2. Ratio value plots using elastic reflectivity measures at the target

event.

‘Both methods involve the zero-phase output elastic sections. ‘The output P-wave ~ o

impedance or P-wave velocity section closely resembles a zero-phase stack

“'section. As an illustration, Fig. 7 shows the P-wave velocity reflectivity section

for a 2D seismic line in the Gulf of Mexico (line 1). The vertical axis is P-wave

two-way normal incidence reflection time. The horizontal axis is midpoint
location along the profile line. The area depicted in Fig. 7 corresponds to
approximately 12,300 feet of midpoint locations. The displayed colors are related
to the strength and sign of the plotted amplitudes as shown in the color bar.
Displays of this kind are well known to persons skilled in the art. This color
section has been scaled so that the 'deep red color followed by a deep blue color
corresponds to a large negative change in the P-wave velocity. The scale factor
was chosen so thét the maximum P-wave velocity reflectivity amplitude variation
at the target reflection was approximately 32,768. In this area of the Gulif of

Mexico, such "bright" seisniic amplitudes often correspond to the presence of gas

“and/or oil in sand layers. An exploration well at midpoint location 13,900 found

gas and oil in the zone 3.500 seconds to 3.700 seconds. "As clearly seen on this
section, amplitude brightness is not the sole criterion used to make drilling
decisions. (There are other bright reflection horizons visible on this section. The

criteria used to evaluate hydrocarbon prospects include many factors. Among

these are geologic structure, stratigraphy, visible fluid contacts, correlation

between structure and bright seismic amiplitude, as well as hydrocarbon source and -
seal.)
'Fig. 8 shows another seismic profile line (line 2) displaying the seismically

inverted P-wave velocity reflectivity displayed in the same way as in Fig. 7.
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Fig. 8 was scaled so that the maximum P-wave velocity reflectivity on the target
reflection was again close to 32,768. The target reflection event is between 2.500
seconds and 2.600 seconds. The area depicted in Fig. 8 corresponds to
approximately 10,250 feet of midpoint locations. Every effort has béen made to
apply an identical inversion process to both line 1 and line 2. Thus, line 1 serves
to calibrate line 2. A five stage inversion procedure was used. Again, the P-wave
velocity reflectivity (or the P-wave impedance reflectivity whié_h looks almost the
same as the P-wave velocity reflectivity) shows "bright" amplitudes - in fact,
even brighter than on line 1 (as judged by the relative strength of the target
relative to the background). Driliing at midpoint location 1824 found low gas.
saturation (i.e., gas in non-commercial quantities).

- From this example, it is clear that the P-wave velocity reflectivity alone
cannot distinguish between low gas saturation and commercial gas and oil in the
reservoir. However, the present invention can be used to detect a difference

between the presence and absence of commercial hydrocarbons by examining the

- reflectivities from other elastic properties. For example, the density reflectivities

can be used to distinguish between low gas saturation and high gas saturation. -

Fig. 9 shows the density results obfait_xed from line 1 scaled with the same
factor as in Fig. 7. Fig. 10 shows the density results obtained from line 2 scaled
with the same factor as in Fig. 8. (One scale factor for both line 1 results, another
scale factor for both line 2 results.) The &ensity results, scaled in this way, show
a big difference between the two lines. This difference is visible only by using
properly scaled results. Scaling the density sections against their own.

Backgrounds would not show these differences. Well measurements made in the

_two exploration wells, confirm the general correctness of the correlation between

commercial gas/oil saturation and "bright" density values when the density
variations are viewed as relative to the P-wave velocity reflectivity. Note in

particular that the density reflectivity results for line 2 do not display any "bright"

- ‘This Sheet Has Been R.eilaced ;
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amplitudes over the same midpoint locations where the P-wave velocity
reflectivities are bright. The inverted results suggest that line 2 displays a P-wave

velocity reflectivity anomaly, but no density reflectivity anomaly. The inverted

“.results for line 1 suggest both a P-wave velocity reflectivity _anomal); and a density

reflectivity anomaly. (When the P-wave velocity -- of P-wave impedance --
reflectivities do not display anomalous behavior no seismic bright Spot exists, and
the reflection event is considered less likely -- relative to a bright spot -- to contain
hydrocarbons.) On these two lines, the inverted S-wave velocity reflectivities
were numerically sinall and low frequency in appearance. Thus; the shear results
did little to add to the analysis.

As expected, the inversions discussed above show that the P-wave
impedance variations are the most successfully predicted parameter, the P-wave
velocity variations are the next most successfully obtained parameter, and the
density variations appear to be the third or fourth on this list, and the S-wave
impedance variations fourth or third (depending on what criteria are used), and the
S-wave velocity fifth. The S-wave velocity variations are systematically too small
in magnitude by one or two hundred percent and the density vatiations are
systematically too large. To 'a', certain degree, these two errors cancel when the
S-wave impedance variations are computed. In other inversion tests, elsewhere in
the world, it has been found that the density variations can turn out to be
systematically too small (and low frequency). In this situation, ixiteresting results
are obtained by looking at the variations in the V,/V, ratio scaled against the
P-wave impedance variations (or the P-wave velocity variations which were almost
tile same thing since density variations were small).

Another presentation of these results, which is more purely numerical,
consists of examination of the ratio values of the inverted parameters along the
target location of interest. To produce these plots we interpret the separate

inverted sections in order to locate the wavelet cycle which follows the reflection
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signature of maximum interest (which can be either the top, base, or other
reflection event, as desired). Synthetic normal-incident traces computed from well
measurements can be useful in confirming this interpretation. Care must be used
to follow the same geologic feature in all six inverted sections. ‘The Selected
reflection cycle is followed (approximately) horizontally across the target
reflection and the seismic amplitudes are extracted. A number of amplitude
attributes within a data window of approximately one pulse width (0.020 to 0.050
seconds) can be extracted, such as:

1. Maximum positive amplitude value,

2. Minimum negative amplitude value,

3. AVerage' amplitude value across the wavelet half cycle containing

the maximum positive value, |

4, Average amplitude value across the wavelet half cycle containing

the minimum negative value,

5. Integrated a'mplitude' value across the wavelet half cycle containing

the maximum positive value,

6. Integrated amplitude value across the wavelet half cycle containing

the minimum negative value. "

Amplitude extractions of this Kind are very well known to thiose skilled in
the art. This procedure can be followed for each of the six elastic sections
mentioned. Which of the six amplitude measures listed above are actually used in
the analysis depends upon the expected hydrocarbon signature, upon the noise
lével of the data (maximum/minimum measures are more noise sensitive, and
integrated values are more robust), and upon the required level of resolution
(maximum/minimum measures have the most resolution in a thin bed case).
Whatever measure is selected is always employéd in making all subsequent data
comparisdns. Normal-incidence modeling at_the calibration well location using

well measurements can be useful in determining the proper choice of reflection
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measure. This procedure produces a measure of the reflectivity at the target
location for each of the elastic parameters. These results can be dispiayed asa
functiori of midpoint. Fig. 11 displays the P-wave velocity and density reflection '
strengths for line 1 (using the maximum positive amplitude value ?a_'ftér-applying a
negative overall wavelet factor so that Fig. 11 displays decreases in P-wave
velocity and density at the target location). Displays of reflectivity versus
midpoint location are well known to those skilled in the art. Fig. 12 displays the

same for line 2. It can be seen that the line 1 re_sults have larger density

reflectivity strength (relative to velocity reflectivity) than line 2. It can also be

seen that there is substantial variation in these inverted values, and that there is
some tendency for these curves to display a mirror-like variation with respect to
each other (this is seen in the line 1 results in particular). This instability is' a

reflection of the fact that while the variations in P-wave impedance are fairly free

of noise corruption, the separated elastic parameters of variations in P-wave

velocity and density are more sensitive to noises. Once again it should be
exhphasized that these techniques are data dependent.

A more compact way of presenting the results of the inversion consists of
displaying the ratios of the séparate extracted reflection strengths. Typically,
ratios which place the more stable parameters in the denominator are chosen.
Fig. 13 displays the computed ratios of R, (Y)/R,,(Y) for the two lines. These
values are displayed only over the most stable portion of the target reflections.
Fig. 13 shows the line 1 results as a solid line and the line 2 results as a dashed
line. Midpoint locations have been shifted, but both lines show inversion results
;)btamed at every 82 feet. Prior to the present invention, displays of this type and
predictions of hydrocarbon content based on comparison of elastic inversion
results for target and calibration locations were unknown.

On average, the line 1 results are two to three times the magnitude of the

- line 2 results, but line 1 shows large variations. These variations may be traced to
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the same instability mentioned abt;vé. The dip in the ratio values seen on the

line 1 results (solid curve) between shifted midpoints 150 to 200 correspbnd to the
dim density variations around midpoint location 13820 (see Fig. 9). Some
evidence is seen in the P-wave velocity variation results (Fig. 7) sugéesting that
shallower features might be responsible for perturbation of the reflected seismic
energy around this location. Another explanation may be that there are indeed
changes in the reservoir properties at this location (i.c., the variations in the ratio
value are associated with important changes in the target zone). Great care must

be used in examining results of this kind, and it is expected that these ratio- values -

will be indicative of hydrocarbons only when the ratio values are computed over

"bright" reflectors. Since least-squares inversion methods weight things according
to the energy of the event, low amplitude features will display larger inversion
errors. _ '

~ Fig. 14 illustrates the predictive nature of the present invention. Fig. 14
compares ratios of density and velocity reflectivities at the target location for
lines 1 and 2 and a third line (line 3) from a location in the vicinity of lines 1 and
2. It is desired to predict thq drilling results for line 3 based on the line 1 and the
line 2 results. Line 3 has been inverted ﬁsing a six stage inversion process which
gave the best results at a nearby calibration well. - The calibration well contained
gas but displayed low values of the Ru/R,, indicator due to poor reservoir quality.
The inverted results at the calibration well agreed with the well values. Line 3
(not shown) has bright amplitudes for inverted variations in P-wave impedance and
lf-wave velocity at the target location, just like lines 1 and 2. In Fig. 14, some .
horizontal smoothing has been applied to the fatio results. The solid curve is from
line 1, the dashed curve is from line 2, and the dotted curve is from line 3. |
Lines 1 and 2 are being used as the calibration Sites in this case. In Fig. 13, the
well measured values of R;/R,, are marked (at the well 'locations) by circles.

Every attempt has been made to display only the portions of the target locations
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which contain the same fluid. Thus, the solid cui've covers the gas saturated
portion of the line 1 target, the dashed curve covers the low gas fluid of line 2,
and the dotted curve appears to cover a portion of the line 3 target which should
contain a single fluid type. The horizontal line plotted with each data curve shows
the average value for that curve. The vertical line shows the variance. At the
time these curves were obtained, the line 3 target was undrilled. Based on the
Fig. 14 results, it was predicted that the line 3 target would not contain significant
gas saturation. As mentioned before, a nearby calibration well contained gas, but
it was not used in the final prediction phase because of poor reservoir quality.
which resulted in low values of R,/R,,. Eventual drilling results of the line 3
target found low gas saturation. |

The variances of the line 1, line 2, and line 3 curves (computed from the
unsmoothed ratio values), confirm that the line 3 values are statistically sepa_rated
from the line 1 values. On the other hand, lines 2 and 3 are not statistically
separate. Obviously, these variances can be used as a guide to determine the
confidence level in the predictions made using the present invention.

The present technique (i.e., using one wave equation based inversion result

.to scale another inversion re'éult leading to the concept of wave

equation/inversion-based hydrocarbon indicators) for comparing multi-parameter
inversion results to make predictions about the presence or absence of certain
types of hydrocarbons was heretofore ﬁnknown. Good inversion results and good
understanding of the influence of rock and fluid saturation properties are .clearly
very important to the success this technique can achieve in any particular
épplication. When properly applied, the present invention tends to correlate high

values of ratios of this kind with the presence of hydrocarbons (gas and oil).

-Lower ratio values tend to correlate with low gas saturation and/or poor reservoir

quality. Reservoir quality enters as an additional degree of complexity because

even known gas reservoirs will not always display high wellbore-measured values
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of Ry/R,p. A lower value may 6ccui- in shalely reservoir sands (a sand unit is said
to be shalely if it contains significant fine interbedding of sand and shale rock
types). In such situations, the pre-stack elastic inversibh results correlate with the
well measurements (in other words, the inversions show low values 6f the R;/R,,
indicator even when gas sa_tura'tion is known to be present). -

A final, and even more compact, view of the inversion results is obtained.

from a comparison of averages-of the ratio values at each midpoint location based

upon the inversion data residual (reference numeral 242 in Fig. 6) at that midpoint

and target location. (The magnitude of the difference between the daﬁ and the
final inversion model can be used as a cdnﬁdence‘ measure. In this situation, the
residual around the target reflection event would be windowed using the
background velocity to adjust the window as a function of slowness.)

In the 3D situation, these procedures generate inversion results and ratio
estimates over 2D surfaces instead of across line segments. Otherwise, the same
concepts can be applied to guide' the analysis and prediction steps.

| Lithology predictions using the present invention follow the same general
principles as predictions of fluid saturation:

1. An elastic-property signature is identified tlirough an understanding

of rock properties.

2. - Inversion modeling at a calibration location is used to. confirm the

identified lithologic signature.

3. Inversion results at both the calibration and target locations are

compared to predict the lithologic properties at the target location.

The invention is not to be unduly limited to the foregoing which has been
set forth for illustrative purposes. On the contrary, a wide variety of |
modifications and alternative embodiments will be apparent to persons skiiled in
the art without departing from the true scope of the invention, as defined in the

claims set forth below.
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Symbois Table
the Fréchet derivatives of the model] as a matnx at slowness p
and model X ' o
the transpose of the Fréchet derivative matrix

the i-th row and j-th column entry in the Fréchet derivative
matrix at midpoint location Y

minimum-phase function for attenuation

exponent of slowness p used in the weight function

~ coefficient in Gardner's relation between density and P-wave

velocity
data vector

the p-t data at slowness p, intercept time t, and midpoint
location Y

least-squares damping weight
the depth sample rate of the thin layered model

updaté in /,, at depth z and midpoint location Y

update in /,; at depth z and midpoint location Y

update in /, at depth z and midpoint location Y
collection of all source updates

update in s, at source delay © and midpoint locatioxi Y;

- the update to the model vectér

the j-th component of the update to the model vector

the high frequency part of the P-wave velocity

. the high frequency part of the S-wave velocity

the high frequéncy pai"t of the density

the slowness sample rate
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the intercept time sample rate
the fteéuency sample rate in radians per second
the base of natural logarithms

exponent used to weight source coefficients

elastic factor in the mud layer at depth #,, and midpoint
location Y as a function of slowness p

depth from air-water interface to the water bottom

‘the unit matrix .

- the unit imaginary number (the square-root of -1)

the least-squares objective

lower depth location

ratio of high-frequency P-wave velocity to background value at
depth z and midpoint location Y '

ratio of high-frequency S-wave velocity to background value at
depth z and midpoint location Y

ratio of high-frequency density to background value at depth z
and midpoint location Y ' '

generic first parameter at depth z and midpoint location Y

generic second parameter at depth z and midpoint location Y

~ generic third parameter at depth z and midpoint location Y

ratio of high-frequency P-wave impedance to the; background
value at depth z and midpoint location Y

ratio of high-frequency S-wave impedance to the background
value at depth z and midpoint location Y -

ratio of high-frequency V,,/V ratio to the background value at

depth z and midpoint location Y

P-wave angular factor in the water layer as a function of
slowness p
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P-wave angular factor in the mud la}'er at depth A,, and midpoint
location Y as function of slowness p

P-wave angular factor at depth b4 and midpoint location Y as
function of slowness p

S-wave angular factor in the mud layer at depth #,, and midpoint
location Y as function of slowness p

S-wave angular factor at depth z and midpoint location Y as
function of slowness p -

the normal operator

the number of discrete frequency samples after Fourier
transformation

one less than the total number of source coefficients which have
index values from O to NI

the nuxhber of layers in the subsurface model
the number of slowness values in the data

the number of discrete time samples in the data
the number of dxscrete intercept time samples

the number of discrete intetcept time samples times the number
of midpoints

the number of midpoint locations
the number of components in the model

x-coordinate locatlon of the detector on the air-water or air-earth
interface

'y-coordinate locauon of the detector on the air-water or air-earth

interface

location vector of the detector on the air-water or air-earth
interface :

seismic amplitude for slowness p and intercept t at midpoint Y

seismic amplitude for slowness p, intercept T, midpoint Y and
model X
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seismic amplitude for slowness p and intercept o at midpoint Y

output iero—phase inversion for P-wave velocity reflectivity at
frequency @ and midpoint location Y

output zero-phase inversion for S-wave velocity reflectivity at
frequency © and midpoint location Y

output zero-phase inve_rsic}n for density reflectivity at
frequency o and midpoint location Y

output zero-phase inversion for P-wave impedance reflectivity at
frequency ® and midpoint location Y -

output zero-phase inversion for S-wave impedance reflectivity at
fr_equency o and midpoint location Y

output zero-phase inversion for 'Vp/Vs. ratio reflectivity at
frequency « and midpoint location ¥

model vector at X of Nt x NY components at slowness p

slowness - the ratio of the sine of the reflection angle to the
P-wave velocity

maximum slowness used as the normalization for source
dependence

Legendre function of order / evaluated atx
angle in horizontal plane from 0° to 360°

background quality factor for P-wave attenuation at depth z and
midpoint location Y

summed attenuation for P-_wavc reflection at depth z and
midpoint location Y as a function of slowness p

_P-wave to P-wave reflection coefficient at water bottom at

depth &, and midpoint location Y as a function of slowness p
normal incident reflection factor for P-wave velocity

normal incident reflection factor for S-wave velocity
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normal incident reflection factor for density
'non.nal_.i'ncident reflection factor for V,,/V; ratio

nofmal ihcident reﬂection factor for P-wave impedance
normal incident reflection factor for S-wave impedance
density |

density of sea water

density as a function of depth z

background density as a function of depth z and midpoint
location Y .

background density in the mud layer at depth 4,, and midpoint
location Y

x-coordinate location of the source on the air-water or air-earth
interface

y-coordinate location of the source on the air-water or air-earth
interface

location vector of the source on the air-water or air-earth
interface '

far-field wavelet at horizontal angle ¢, vertical angle 6, and
time ¢

source wavelet for slowness p and frequency o
zero phase -output source wavelet for frequency o

source coefficient for source delay t, order /, at gridded
midpoint location Y;

collection of all source coefficients

source coefficient for source frequency , order /, at gridded
midpoint location Y;

taper for offset x
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transmission factor for P-wave propagation through the water |
bottom at slowness p, depth 4,,, and midpoint location Y

reflection angle - angle between the reflecting ray and the

two-way reflection time
zero offset two-way reflection time

two-way reflection time as a function of source to detector
distance x '

intercept time

the j-th discrete intercept time

. intercept time for a reflection as a function of slowness p

intercept time for a reflection at zero slowness

| intercept time for a first reflection event as a function of

slowness p

intercept time for a second reflection event as a function of
slowness p

intercepi time for the n-th reflection as a function of slowness p

intercept arrival time at-slowness p for P-wave to P-wave
reflection from depth z and midpoint location Y

upper depth location

. P-wave velocity of the layer beneath the water bottom

P-wave velocity of the layer above the nth reflector
P-wave velocity |

the back’gtou_ﬁd P—wave velocity

P-wa‘(/e \;elocity as a function of depth z

background P-wave velocity as a function of depth z and

midpoint location Y
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S-wave velocity -

S-wave velocity as a function of depth z

background S-wave velocity as a function of depth Zand
midpoint location Y

P-wave normal moveéut vélocity

P-wave migration velocity

P-wave interval velocity

P-wave Dix approximation interval velocity
P-wave velocity of sea water

least squares weight for slowness p, mtercept , and midpoint
locanon Y

least squares weight for slowness p as a matrix

transpose of the least-squares weight matrix at slowness p

inverse of the least-squares welght for slowness p, depth z, and
midpoint location Y

source weight function used to smooth midpoints
frequency in radians per second

the low end of the seismic frequency range in radians per
second

the i-th discrete frequency value in radians per second
non-negative source to detector distance

arriving offset of reflecting P-wave for slowness p from
depth 4,, and midpoint location Y

arriving offset of reflecting P-wave for slowness p from depth z
and midpoint location Y

vector containing all model variables
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vector containing all model variables at some initial location in
model space

P-wave to P-wave integrated reflection factor for slowness P
from depth z and midpoint location Y

x-coordinate location of the midpoint on the air-water or
air-earth interface '

y-coordinate location of the midpoint on the air-water or
air-earth interface

location vector of the midpoint on the air-water or air-earth
interface

P-wave impédance, density times P-wave velocity
P-wave impedance at depth z and midpoint location Y

P-wave impedance in the mud layer for slowness p and midpoint
location Y :

P-wave impedance in the water layer for slowness p
S-wave impedance, density times S-wa_ve velocity
depth from air-earth or air-water interface |
complex absolute value

real part of the complex number z

imaginary part of the complex number b4

integer counters when used as subscripts
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1. A method for deriving the lithology and fluid content at a
subsurface target location from pre-stack seismic reflection data obtéinéd at both
said subsurface target location and a subsurface calibration location having known
lithology and fluid content, said method comprising the steps of:

(@) creating models of said subsurface target and calibration locations;

(b) selecting a set of elastic parameters representative of said lithology

and fluid content at said subsurface calibration location, said set of
elastic parameters being selected from the group consisting of the
elastic reflection factors for P-wave velocity, S-wave velocity,
density, P-wave impedance, S-wave impedancé, and ratio of P-wave
velocity to S-wave velocity;

. () performing an inversion of said pre-stack seismic reflection data to
determine said set of elastic parameters at each of a plurality of
points in said models of said subsurface target and calibration
locations; |

(d  comparing rélhtive magnitudes of said elast.ic parameters for said

subsurface target and calibration locations; and

(e using the results of said coinparison and said known lithology and

fluid content at said subsurface calibration location to derive said

lithology and fluid content at said subsurface target location.

2. The method of claim 1, wherein said step of comparing relative
magnitudes of said elastic parameters comprises comparing ratios of any two of
said elastic reflection factors for both said subsurface target and calibration

locations.
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3. The method of claim 1, wherein said step of comparing relative -
magnitudes of said elastic parameters comprises seIecting a normalization factor

and normalizing each of said elastic parameters using said normalization factor.

4. - The method of any of claims 1-3, wherein said models comprise a '
series of plane, parallel layers and wherein said method further comprises
performing a transformation of said pre-stack seismic data to the
slowness-intercept time (p-t) domain and said inversion is a viscoelastic inversion

in the p-t domain.

5. The method of any of claims 1-3, wherein said inversion is a

viscoelastic inversion in the offset-tiime (x-f) domain,

6. The method of any preceding claim, wherein said method further
comprises the step of pre_-processing said pre-stack seismic reflection data to
remove unnecessary noises and to determine a model of the P-wave interval
velocity for both- said subsurface target and calibration locations for use in said

inversion.

7. The method of any preceding claim, wherein said inversion is a

damped, least-squares inversion.

8. The method of any preceding claim, wherein said inversion
éomprises the stéps of: |
| (6} obtaining a-background velocity model; an initial estimate of the
P-wave quality factor, and an initial wavelet estimate for said

pre-stack seismic reflection data,
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using said background velocity model, said initial estimate of the
P-wave quality factor, and said initial wavelet estimate to perform
an inversion of said pre-stack seismic reflection data to obtain a
refined wavelet, and |

using said refined wavelet to perform an inversion of said pre-stack
seismic reflection data to estimate said elastic reflection factors at
midpoint locations of interest over said target and calibration

locations.

The method of claim 8, wherein data collection parameters for said

pre-stack seismic reflection data are known, and said initial wavelet estimate is

computed from said known data collection parameters.

10.

The method of any preceding claim, wherein said method further

comprises the steps of:

®

(8)

®)

@

repeating steps (a) through (e) for a plurality of subsurface locations
to develop a data base of subsurface elastic parameters and the
associated lith&logies and fluid contents; |

obtaining pre-stack seismic reflection data for another subsurface
target location having unknown lithology and fluid content;
performing an inversion of said pre-stack seismic reflection data to
determine a plurality of elastic parameters representative of said
unknown lithology and fluid content at said another subsurface
target location; and

using the results of said inversion and said data base to predict the
lithology and fluid content at said another subsurface target

location.
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