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Seismic imaging is the process through which seismograms recorded on the Earth s sur
face are mapped into representations of its interior properties. maging methods are
nowadays applied to a broad range of seismic observations from near surface environ
mental studies, to oil and gas e ploration, even to long period earth ua e seismology.

he characteristic length scales of the features imaged by these techni ues range over
many orders of magnitude. et there is a common body of physical theory and mathe
matical techni ues which underlies all these methods.

he focus of this boo is the imaging of re ection seismic data from controlled sources.

t the fre uencies typical of such e periments, the Earth is, to a rst appro imation, a
vertically strati ed medium. hese strati cations have resulted from the slow, constant
deposition of sediments, sands, ash, and so on. Due to compaction, erosion, change of sea
level, and many other factors, the geologic, and hence elastic, character of these layers
varies with depth and age. One has only to loo at an e posed sedimentary cross section
to be impressed by the fact that these changes can occur over such short distances that
the properties themselves are e ectively discontinuous relative to the seismic wavelength.

hese layers can vary in thic ness from less than a meter to many hundreds of meters. s
a result, when the Earth s surface is e cited with some source of seismic energy and the
response recorded on seismometers, we will see a complicated zoo of elastic wave types
re ections from the discontinuities in material properties, multiple re ections within the
layers, guided waves, interface waves which propagate along the boundary between two
di erent layers, surface waves which are e ponentially attenuated with depth, waves
which are refracted by continuous changes in material properties, and others. he char
acter of these seismic waves allows seismologists to ma e inferences about the nature of
the subsurface geology.

ecause of tectonic and other dynamic forces at wor in the Earth, this rst order view of
the subsurface geology as a layer ca e must often be modi ed to ta e into account bent
and fractured strata. E treme deformations can occur in processes such as mountain
building. nder the in uence of great heat and stress, some roc s e hibit a ta y li e
consistency and can be bent into e otic shapes without brea ing, while others become
severely fractured. n marine environments, less dense salt can be overlain by more dense
sediments as the salt rises under its own buoyancy, it pushes the overburden out of the



way, severely deforming originally at layers. urther, even on the relatively localized
scale of e ploration seismology, there may be signi cant lateral variations in material
properties. or e ample, if we loo at the sediments carried downstream by a river, it is
clear that lighter particles will be carried further, while bigger ones will be deposited rst

ows near the center of the channel will be faster than the ow on the verge. his gives
rise to signi cant variation is the density and porosity of a given sedimentary formation
as a function of ust how the sediments were deposited.

a ing all these e ects into account, seismic waves propagating in the Earth will be
refracted, re ected and di racted. n order to be able to image the Earth, to see through
the complicated distorting lens that its heterogeneous subsurface presents to us, in other
words, to be able to solve the inverse scattering problem, we need to be able to undo all
of these wave propagation e ects. n a nutshell, that is the goal of imaging to transform
a suite of seismograms recorded at the surface of the Earth into a ,l.e., a
spatial image of some property of the Earth usually wave speed or impedance . here are
two types of spatial variations of the Earth s properties. here are the smooth changes

smooth meaning possessing spatial wavelengths which are long compared to seismic
wavelengths associated with processes such as compaction. hese gradual variations
cause ray paths to be gently turned or refracted. On the other hand, there are the sharp
changes short spatial wavelength , mostly in the vertical direction, which we associate
with changes in lithology and, to a lesser e tent, fracturing. hese short wavelength
features give rise to the re ections and di ractions we see on seismic sections. f the
Earth were only smoothly varying, with no discontinuities, then we would not see any
events at all in e ploration seismology because the distances between the sources and
receivers are not often large enough for rays to turn upward and be recorded. his
means that to rst order, re ection seismology is sensitive primarily to the short spatial
wavelength features in the velocity model. We usually assume that we now the smoothly
varying part of the velocity model somehow and use an imaging algorithm to nd the
discontinuities.

he earliest forms of imaging involved moving, literally migrating, events around seismic
time sections by manual or mechanical means. ater, these manual migration methods
were replaced by computer oriented methods which too into account, to varying degrees,
the physics of wave propagation and scattering. t is now apparent that all accurate
imaging methods can be viewed essentially as linearized inversions of the wave e uation,
whether in terms of ourier integral operators or direct gradient based optimization of
a waveform mis t function. he implicit caveat hanging on the word essentially in
the last sentence is this people in the e ploration community who practice migration
are usually not able to obtain or preserve the true amplitudes of the data. s a result,
attempts to interpret subtle changes in re ector strength, as opposed to re ector position,
usually run afoul of one or more appro imations made in the se uence of processing steps
that ma e up a migration trace e ualization, gaining, deconvolution, etc. On the other
hand, if we had true amplitude data, that is, if the samples recorded on the seismogram
really were proportional to the velocity of the piece of Earth to which the geophone were



attached, then we could ma e uantitative statements about how spatial variations in
re ector strength were related to changes in geological properties. he distinction here
is the distinction between imaging re ectors, on the one hand, and doing a true inverse
problem for the subsurface properties on the other.

ntil uite recently the e ploration community has been e clusively concerned with the
former, and today the word migration almost always refers to the imaging problem.

he more sophisticated view of imaging as an inverse problem is gradually ma ing its way
into the production software of oil and gas e ploration companies, since careful treatment
of amplitudes is often crucial in ma ing decisions on subtle lithologic plays amplitude
versus 0 set or VO and in resolving the chaotic wave propagation e ects of comple
structures.

When studying migration methods, the student is faced with a bewildering assortment of
algorithms, based upon diverse physical appro imations. What sort of velocity model can

be used constant wave speed , , Gentle dips Steep dips Shall
we attempt to use turning or refracted rays  a e into account mode converted arrivals
2D two dimensions D Prestac Poststac f poststac , how does one e ect

one way wave propagation, given that stac ing attenuates multiple re ections What
domain shall we use  ime space  ime wave number re uency space re uency
wave number Do we want to image the entire dataset or ust some part of it  re we
ust trying to re ne a crude velocity model or are we attempting to resolve an important
feature with high resolution t is possible to imagine imaging algorithms that would
wor under the most demanding of these assumptions, but they would be highly ine cient
when one of the simpler physical models pertains. nd since all of these situations arise
at one time or another, it is necessary to loo at a variety of migration algorithms in
daily use.

Given the hundreds of papers that have been published in the past 15 years, to do a
reasonably comprehensive ob of presenting all the di erent imaging algorithms would
re uire a boo many times the length of this one. his was not my goal in any case.

have tried to emphasize the fundamental physical and mathematical ideas of imaging
rather than the details of particular applications. hope that rather than appearing as
a disparate bag of tric s, seismic imaging will be seen as a coherent body of nowledge,
much as optics is.
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he essential features of an e ploration seismic e periment are

sing controlled sources of seismic energy
llumination of a subsurface target area with the downward propagating waves

Re ection, refraction, and di raction of the seismic waves by subsurface hetero
geneities

Detection of the bac scattered seismic energy on seismometers spread out along a
linear or areal array on the Earth s surface.

On land, the seismometers are called geophones. Generally they wor by measuring the
motion of a magnet relative to a coil attached to the housing and implanted in the Earth.

his motion produces a voltage which is proportional to the velocity of the Earth. Most
geophones in use measure ust the vertical component of velocity. owever, increasing
use is being made of multicomponent receivers in order to be able to ta e advantage of
the complete elastic wave eld. or marine wor , hydrophones are used which sense the
instantaneous pressure in the water due to the seismic wave.

he receivers are deployed in clusters called groups the signal from each receiver in a
group is summed so as to a increase the signal to noise ratio, and b attenuate horizon
tally propagating waves. On land, horizontally propagating Rayleigh waves are called
ground roll and are regarded by e plorationists as a ind of noise inasmuch as they can
obscure the sought after re ection events. he reason that receiver group summation
attenuates horizontally propagating signals and not the vertically propagating re ected



events is that the ray paths for the vertically propagating events stri e the receivers at
essentially the same time, whereas if the receivers in a group are placed so that the hori
zontally propagating wave is out of phase on the di erent receivers, then summing these
signals will result in cancellation. Sometimes the receivers are buried in the ground if the
environment is particularly noisy in fact, burying the receivers is always a good idea, but
it s too e pensive and time consuming in all but special cases. he individual receiver
groups are separated from one another by distances of anywhere from a few dozen meters
to perhaps 100 meters. he entire seismic line will be several ilometers or more long.

Seismic sources come in all shapes and sizes. On land these include, for e ample, dyna
mite, weight drops, large caliber guns, and large resistive masses called vibrators, which
are e cited with a chirp or swept continuous wave signal. or marine surveys, vibrators,
air guns, electric spar ers, and con ned propane o ygen e plosions are the most com
mon sources. he amount of dynamite used can range from a few grams for near surface
high resolution studies, to tens of ilograms or more. he amount used depends on the
type of roc involved and the depth of the target. E plosive charges re uire some sort
of hole to be drilled to contain the blast. hese holes are often lled with heavy mud
in order to help pro ect the energy of the blast downward. Weight drops involve a truc
with a crane, from which the weight is dropped several meters. his procedure can be
repeated uic ly. Small dynamite blasts caps and large caliber guns pointed down
are popular sources for very high resolution near surface studies. y careful stac ing and
signal processing, the data recorded by a vibrating source can be made to loo very much
li e that of an impulsive source. Vibrators also come in all shapes and sizes, from 20
ton truc s which can generate both compressional and shear energy, to highly portable,
hand held devices, generating roughly the power of a hi loudspea er. Spar ers, which
rely on electric discharges, are used for near surface surveys conducted before siting o
shore oil platforms. irguns use compressed air from the ship to generate pulses similar
to that of an e plosion.!

he time series, or seismogram, recorded by each receiver group is called a trace. he
set of traces recorded by all the receivers for a given source is called a

here are three other standard ways of organizing traces into gathers. We could

loo at all the traces recorded by a given receiver group for all the sources. his is called

a . We could loo at all the traces whose source receiver

distance is a  ed value called the o set . his called . inally

we could loo at all the traces whose source receiver midpoint is a  ed value. hisis a

igure 1.1 illustrates these coordinate systems for a two dimensional 2d marine survey.
t s called 2d since the goal is to image a vertical plane through the earth, even though the
data were recorded along a line.  he source receiver coordinates and are connected
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Shot Coordinate s

comman receiver gather

Receiver Coordinate r

T—/j

igure 1.1 Relationship among the coordinates , , , and . Each 0 indicates a seismic
trace.

receivers shot



Common Midpoint
M

T

D
Depth point

igure 1.2 Common midpoint ray paths under three fold coverage. Sources are on the
left and receivers are on the right.

RG
Group Interval
igure 1. n this e ample the shot spacing is half the group interval the distance

between receivers on a given line . hus the CMP spacing is half the group interval too.

to the o set midpoint coordinates and via a 4 rotation

1.1.1

or the most part in this course we will be discussing post stac , or zero o set, migration
methods, in which case the common midpoint domain CMP is generally used. he fold
of a CMP gather is the number of source receiver pairs for each midpoint.  his is
illustrated in igure 1.2 which shows three fold coverage. n this e ample the distance

between sources is half the distance between receivers igure 1. . herefore the CMP
spacing will be e ual to the shot spacing and half the receiver spacing nown as the
group interval . n igure 1. the source receiver raypaths 1 and are

associated with the same CMP location at 5.
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igure 1.4  uygens Principle every point on a wavefront can be considered as a
secondary source of spherical wavelets. ere the plane wave moves a distance in the
time increment . ts new position is found by drawing a line through the envelope of
all of the spherical wavelets.

uygens principle, that every point on a wavefront propagating in an isotropic medium
can be considered a secondary source of spherical wavelets, allows us to reduce problems
of wave propagation and de propagation migration to the consideration of point sources.

igure 1.4 shows uygens construction for a plane wave propagating to the upper right.
Each secondary spherical wavelet satis es the e uation

2 2 2 2 2 1.2.1

where is the origin of the spherical wavelet and  is its initiation time. f
the medium is homogeneous, we can use spherical wavelets of nite radius, otherwise the
construction must proceed in in nitesimal steps.

f we could view snapshots of the Earth s subsurface after a point source were initiated,
we would see an e panding spherical wavelet ust as when a stone is thrown into a pond.
So E uation 1.2.1 de nes a family of circles in space image space . ut thatsnot
how we actually see the seismic response of a point source. We record data for a range of
times at a  ed depth position  usually 0. f is ed, E uation 1.2.1 de nes a
family of hyperbolae in space data space . So ust as the spherical wavelet is the
fundamental unit out of which all other wave propagation phenomena can be built via



uygens principle , so the hyperbola is the fundamental feature of re ection seismology,
in terms of which all other re ection di raction events recorded at the surface can be
interpreted.

o be precise, what we really need is a generalization of uygens principle due to resnel,
who combined the wavelet construction with the oungs principle of interference. n
other words, the e panding spherical wavelets are allowed to interfere with one another.

urther, you will notice in igure 1.4 that the spherical wavelets have two envelopes,
one propagating in the same direction as the original plane wave and one propagating in
the opposite direction. We only want the rst one of these. resnel solved this problem
by introducing an angle dependent scaling factor called the obli uity factor. We will
see later when we discuss integral methods of migration how this obli uity factor arises
automatically.

resnel was the rst person to solve problems of di raction, which is any deviation
from rectilinear propagation other than that due to re ection and refraction.? resnel s
prediction that there should be a bright spot in the geometrical shadow of a dis was
a ma or blow to the corpuscular theory of light. n fact, this surprising prediction was
regarded as a refutation of his memoir by rench cademician Poisson. ortunately,
another member of the committee reviewing the wor , rago, actually performed the
e periment and vindicated resnel 8.

So with the uygens resnel principle in hand, we can thin of any re ection event as the
summation of the e ects of a collection of point scatterers distributed along the re ecting
surface. Each one of these point scatterers is responsible for a di raction hyperbola. n
order to be able to ma e a picture of the re ector, which is the goal of migration, we
need to be able to collapse these di raction hyperbolae bac to their points of origin
on the re ector. here is one circumstance in which this procedure is especially easy to
visualize zero o set seismograms recorded in a constant velocity earth. magine that we
can place a seismic source and receiver right ne t to one another so close in fact they are
e ectively at the same location. With this arrangement we can record the seismic echos
from the same point whence they originated. o be precise, if we start recording at the
same time that the source goes o we will record the direct arrival wave, and no doubt




Earth’s Surface z=0

Vi

igure 1.5 Simple model of a syncline. he velocity above and below the syncline is
assumed to be constant.

sha e up the receiver pretty thoroughly too. herefore in practice we must mute the
direct arrival either that or wait until ust after things have settled down to turn on the
receiver.  hen we pic up our apparatus and move down the survey line a bit and repeat
the procedure. his is called zero o set e periment. n practice we can appro imate the
zero o set section by selecting the common o set section having the minimum o set.

igure 1.5 shows a model of a geologic syncline.  he velocity is assumed to have the
constant value 1 in the layer above the syncline, and a di erent value 4 in the layer
below. his ump in the velocity gives rise to a re ection coe cient which causes the
downgoing pulse to be partially re ected bac to the surface where it is recorded on the
geophone.

igure 1.6 is a computer generated zero o set section collected over this model. Notice
that the travel time curve becomes multi valued as the source receiver combination moves
over the syncline. hat s because there is more than one zero o set ray arriving at the
receiver in the time window we have recorded.

f is the two way time for a signal emanating at 0 to travel from the source to
the re ector and bac to the surface, then it follows that 2 is the time it ta es for a
signal to travel from the source down to the re ector, or from the re ector bac up to the
source. So apart from let s assume for the moment minor distortions, the data recorded
in the zero o set e periment are the same that would be recorded if we placed sources



Distance (km)
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O_I 1 1 1 1
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n

Synthetic Data

igure 1.6 Synthetic zero o set data recorded over the syncline model shown in igure
1.5. Shown are 100 traces sampled at .04 seconds per sample, spanning 6 m on the
Earth s surface.



along the syncline and red them o at 2 with a strength proportional to the re ection
coe cient at the syncline. E uivalently we could re o the e ploding re ectors at 0
and halve the velocity.

his means that if we somehow run the zero o set wave eld recorded at the surface
0 bac wards in time, then by evaluating the results at 0 we would
have a picture of the re ection event as it occurred 0 provided we use half
the true velocity when we run the recorded eld bac wards in time. s we will see in
detail later on, in the case of a constant velocity medium this time shifting of the wave
eld can be accomplished by a simple phase shift, i.e., multiplying the ourier transform
of the recorded data by a comple e ponential. or now, igure 1.7 must su ce to show
the results of ust such a procedure. his is an e ample of phase shift migration.

ou will notice that the vertical a is is time not depth. his is referred to as migrated
time or vertical travel time. n the simple case of constant velocity media, there is a simple
scaling relationship between depth and time . his e tends to depth dependent
or media via

— 141

When we use this migrated time rather than depth for the output image, the migration
is called time migration. Evidently time migration will be a reasonable choice only if the
velocity shows no signi cant lateral, or , variation. ime migration has the advantage
that the migrated section is plotted in the same units as the input seismic section it has
the disadvantage of being less accurate than depth migration. he more the velocity
varies laterally, the less accurate time migration will be.

he e ploding re ector analogy is a powerful one. nfortunately it only applies to zero
o set data, and typically e ploration seismic surveys involve ilometers of o set between
each source and the farthest receivers. urther, there are even true zero o set situations
where the e ploding re ector concept fails, such as in the presence of strong lenses or
when rays are multiply re ected.

ife gets more complicated when there is 0 set between the sources and receivers. nstead
of there being a single two way travel time for each source, we have a travel time curve
as a function of o set. igure 1.8 shows a CMP gather associated with 6 source receiver
pairs. he dotted curve is the hyperbolic travel time versus o set curve for a constant
velocity layer.
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Sinc Function Interpolation
via
Mathematica

The sampling theorem saysthat if we multiply

the Nyquist-sampled values of a function by a

suitably scaled sinc function, we get the whole
(band-limited) function

O Hereisthefirst example. 25 Hz data on thetime
interval [0,.5]. First, let’slook at two different sinc
functions.

fc = 25.;
sinc[t_,n_] = Sin[Pi (2. fct - n)]/
(Pi (2. fct -n));
plotl = Plot[sinc[t,10],{t,O0.,.5}, Pl ot Range->Al | ];




plot2 = Plot[sinc[t, 11],{t, 0., .5}, Pl ot Range->Al | ] ;

1

O The key point isthat when we multiply each of these
by the function values and add them up, the wiggles
cancel out, leaving an inter polating approximation to
the function.

Show pl ot 1, pl ot 2]

1




O Suppose we are trying to approximate the constant
function f(x) = 1. So we multiply the sinc functions
by 1.

nyapprox[t_] = sinc[t,11] + sinc[t, 10]

Sin[Pi_(-11 +50. t)] , Sin[Pi_(-10 + 50. t)]
B (11750, 1) B (T107 % 50, 1)

Pl ot [ myapprox[t], {t, 0., .5}, Pl ot Range- >Al | ]

O\ raN
0.1 \Vo.2 \/ 0.3 0.4 0.5

O Extend this. Sum alot of these up.

nyapprox[t_] = Sun{sinc[t,n],{n, 1, 25}];
Pl ot [ myapprox[t],{t,.01, .49}, Pl ot Range->{{.1,.4},{0, 2}}]

2
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