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Three-Dimensional Methods in
Seismic Exploration

Robert Graebner, Cam Wason, Hans Meinardus

Seismic reflections continue to be the
most important tool in the search for new
petroleum reserves. During 1978 ex-
penditures in geophysical exploration
were more than $1 billion worldwide.
About 95 percent of that amount was
spent by the petroleum industry and, as
in past years, seismic studies accounted

plosion set up near the earth’s surface,
generates an elastic wave train that
moves away from the source. At rock
boundaries the elastic impedance (the
product of rock density and velocity of
elastic wave propagation) changes
abruptly, and part of the energy is re-
flected back to the surface, where it is

Summary. Two-dimensional seismic prospecting methods are inadequate to solve
the three-dimensional geological problems that arise in petroleum exploration. The
three-dimensional seismic technique is a data collection and processing system that
samples the subsurface adequately. The structure and lithology of rocks are mapped
accurately by imaging their acoustic reflectivity with the scalar wave equation. In oil
industry economics, the expense of three-dimensional seismic methods is justified by
their usefulness for discovering additional reserves and for reducing the growing

costs of developing oil and gas fields.

for over 90 percent of all outlays in geo-
physical activity. The success of seismic
reflection surveys is due to their accura-
cy, high resolution, and deep penetration
in outlining potential gas and oil fields.
The physical basis for the seismic re-
flection method is the change of elastic
properties associated with different rock
types. The elastic properties of rocks de-
termine the velocity with which an elas-
tic disturbance is propagated, hence rock
boundaries in the earth can be detected
and mapped by recording elastic waves
that have traveled through these rocks.
The velocity of compressional waves in
rocks of economic interest varies from
500 meters per second for uncon-
solidated materials to 6000 meters per
second for hard rocks. In field practice, a
source, such as a small dynamite ex-
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recorded by the seismic instruments.
The seismic records are processed to
correct for source-receiver geometry, to
eliminate noisy wave trains unrelated to
the seismic reflection process, and to
suppress multiple reflections from the
rock interfaces. The arrival time of the
primary reflection events, plus the ampli-
tude and phase information carried by
the seismic pulse, permit reconstruction
of the elastic impedance distribution that
characterizes the rocks in the subsurface.
Then this physical description of the sub-
surface is translated into geological terms
to outline targets for drilling.

John C. Karcher observed seismic re-
flections from subsurface layers in 1917
and demonstrated their application to pe-
troleum prospecting in Oklahoma in
1921. In the 1930’s this new exploration

SCIENCE

method revolutionized oil prospecting.
Two events contributed to further devel-
opment of the seismic reflection method
in the 1950’s. The first was the appli-
cation of information theory to seismic
signal processing, which was pioneered
by the geophysical analysis group at the
Massachusetts Institute of Technology.
Seismic data quality was also greatly en-
hanced by the common-depth-point
(CDP) method, which provides signifi-
cant improvement in the signal-to-noise
ratio by exploiting redundant subsurface
coverage. ‘

In exploring for new hydrocarbon re-
serves, seismic reflection surveys are
conducted along profile lines that are
spaced several kilometers apart; receiv-
ers are placed tens of meters apart.
While this mode of two-dimensional op-
eration provides adequate data for re-
connaissance mapping, the need for
three-dimensional seismic surveying be-
comes increasingly important for de-
tailed mapping of known oil and gas
fields. The need for the method in this
case is twofold: (i) accurate subsurface
images require the use of all of the re-
flected data and (ii) delineation of the
field requires reflection information in an
areal sense.

In the three-dimensional seismic meth-
od, the reflected wave field must be ade-
quately sampled spatially to ensure prop-
er imaging of the subsurface by means of
the three-dimensional wave equation.
The difference between two- and three-
dimensional seismic methods is ex-
plained by the experiment illustrated in
Fig. 1 (). Figure 1A is a model of typical
structures (two domes and a fault) where
hydrocarbons accumulate. A three-di-
mensional seismic survey was simulated
by collecting reflection data over the
model along 96 closely spaced lines. For
a conventional two-dimensional survey,
data would be obtained from only one
line or profile. The seismic data recorded
over the model along profile 6 are shown
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Three-dimensional model

in Fig. 1B. which is a seismic section in
the CDP mode. In this type of display
each seismic trace is the response of a
receiver to the upgoing wave field re-
flected and diffracted from the surface of
the model. The source that generates the
downgoing wave field is located at the
same position as the receiver. The CDP
seismic section can be modeled accord-
ing to geometric optics: normally in-
cident rays (perpendicular to the surface)
are traced from the common source-re-
ceiver location to the surface of the mod-
el, producing a profile with features such
as the three shown in Fig. 1B. (i) Event 1
1s the specular reflection from dome 1 in
Fig. 1A. The reflection changes into a
diffraction tail, which is caused by the
sharp corner between the surface of the
dome and the horizontal plane on which
it is situated. Since line 6 crosses dome 1
symmetrically, the normally incident
rays all lie in the same vertical plane.
Within that vertical plane. individual
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Fig. 1. (A) A three-dimensional model depict-
ing the relationship of survey line 6 to domes 1
and 2 and fault 3. The mode] scale, 25 cen-
timeters on a side. corresponds to 2500 m in
the field. The velocity of sound waves in the
model is lower than that of the surrounding
medium. (B) Reflection profile recorded with
collocated source and receiver moving along
survey line 6 at an equivalent height of 1000 m
above the top of the model. Each trace dis-
plays the seismic signal recorded at one
source-receiver location; the distance be-
tween traces is 34 m. The apex of event 1 oc-
curs at a two-way travel time of 0.66 second.
(C) The raw data from the reflection profile
have been imaged from a mathematical opera-
tion that uses two dimensions. Sideswipe
events 2 and 3 are reflections that originated
outside the vertical plane through line 6. (D)
A true vertical section through line 6 was ob-
tained by three-dimensional imaging from 48
consecutive seismic profiles spaced 34 m
apart. [Published with permission of Gulf
Science and Technology Company and the
Society of Exploration Geophysicists]

rays are not vertical, except for the ray
to the apex of the dome: thus when the
reflection events are plotted as seismic
traces on a vertical line underneath the
source-receiver locations, a distorted
picture of the dome results. (ii) Arrival 2
on the CDP section is caused by energy
returned from dome 2 (Fig. 1A). This
dome. located to one side of line 6, is
plotted by the CDP method on the sur-
vey profile. (iii) The fault scarp 3 (Fig.
1A). which is crossed at a 45° angle. is
also plotted in the wrong spatial position
on the CDP section.

The data presented in Fig. 1B would
be difficult to interpret unambiguously
without knowledge of the physical mod-
el. One method for mapping the reflec-
tion events in correct spatial position and
collapsing the diffraction tails—migra-
tion—has been applied by geophysicists
for many years. In Fig. 1C. a two-dimen-
sional migration algorithm of the data of
Fig. 1B. all the diffraction curves have
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been eliminated and event 1 has been
mapped correctly because the condition
for two-dimensional migration is met for
this part of the profile. However. the ar-
rival of the sideswipe (a reflection event
that originates at a point outside the ver-
tical plane) from dome 2 is still present
and the fault plane 3 has not “*migrated™”
to its correct spatial position. On the
basis of the two-dimensional migrated
section alone. dome 2 and fault plane 3
would not be located correctly. and a
drilling program based on this informa-
tion would miss these structures.

The vertical section resulting from
three-dimensional migration, which was
obtained from seismic data recorded on
24 parallel lines on either side of refer-
ence line 6. is shown in Fig. ID. In this
seismic picture. all the reflectors have
been correctly imaged, producing the
true vertical cross section of the model
along line 6.

Data Collection

The field system for collecting seismic
data consists of a source for generating
elastic waves in the subsurface and re-
ceivers connected to seismic instrumen-
tation for recording the seismic signal re-
turned from the earth. A surveying sys-
tem is required to identify the sites of
field work with geographic coordinates
and to record the relative position of
source and receivers. The seismic source
must generate a pulse of high energy.
short duration, and sufficiently high fre-
quency (up to 100 to 200 hertz) to resolve
the exploration objectives. Normally, 48
or 96 receivers are active for each source
excitation. and each detector generates
an electrical current whose intensity is
proportional to the amplitude of the seis-
mic signal. The receivers are connected
by cables to instrumentation that am-

Fig. 2. (A) Swath shooting for collecting three-dimensional seismic data is used in terrain where seismic operations can be carried out directly
over the area of interest. (B) The Seisloop (Geophysical Service Inc.) method makes possible coverage in three dimensions in mountains or jungle
without leaving major roads or trails. Geophones are placed around the loop and recorded as the energy source moves around the loop. (C) In
areas where section lines and other roads dissect the prospect site into rectangles. the Seisquare (Geophysical Service Inc.) variation gets the

same result with more geometric symmetry.
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plifies the weak analog signal and re-
cords it in digital form on magnetic tape
at a sample rate of 0.004 second or less.

The most popular source for gener-
ating elastic waves in the ocean is the air
gun, which releases a bubble of com-
pressed air that generates a compres-
sional wave that propagates away from
the source. The seismic signal is record-
ed by a ‘‘streamer,”’ a marine cable up to
3 kilometers long that typically has 96 ac-
tive sections containing pressure hydro-
phones. The marine streamer is towed
behind an oceanographic vessel that
travels 10 km per hour and activates an
array of air guns at controlled time inter-
vals.

The three-dimensional marine layout
consists of a series of lines spaced 75 m
apart with source points at 25- or 50-m
intervals. The streamer has a tendency
to deviate from a straight course because
of marine currents, and a tracking sys-
tem is required to monitor these devia-
tions, The most modern navigation sys-
tems locate boat and streamer position
continuously and record this information
on magnetic tape. Three-dimensional
marine data collection produces uniform
coverage along the recorded lines and
acceptably uniform spacing across lines.

Dynamite placed in drilled holes is the
best land energy source but, because of
safety hazards and environmental harm,
other sources are frequently used. Vibro-
seis (Continental Oil Company) gener-
ates a frequency-controlled wave train in
the earth by means of a pad coupled to
the ground by the weight of the vehicle it
is mounted on. The standard land receiv-
er is a velocity phone that generates an
electrical signal with an amplitude pro-
portional to the velocity of the particle
motion of the ground induced by the re-
flected energy. In field practice, arrays of
detectors are usually laid out in patterns
to increase the sensitivity of the receiver
group to weak returns and to attenuate
surface waves generated by the source.

The three-dimensional land layout is
constrained by economic considerations
and surface accessibility. The ideal con-
ditions are a dense, even areal coverage
of the subsurface with multiple sub-
surface coverage as well and a wide
range of source-receiver spacings. This
ideal configuration is best implemented
by “*swath’’ shooting, where receiver ca-
bles are laid out on the ground in parallel
lines (Fig. 2A). In a typical application,
the spacing between the lines would be
250 m, and the receiver group interval
along the lines and the shot interval
along and across the lines would be 125
m. In areas where access to the land is
restricted by topographic or man-made
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obstacles, undershooting schemes may
be used (Fig. 2, B and C). For under-
shooting, the receiver cable is spread
around the perimeter of the survey area,
and the source moves along the cable.
This method is less expensive than swath
shooting, but produces less even sub-
surface coverage.

Data Processing
The objective of processing seismic

data is to extract the useful signal from
the field records and to image the reflec-

tivity of the subsurface by means of the
reflected wave field.

Noise attenuation is accomplished
through frequency-wave-number filter-
ing designed to discriminate against
waves traveling horizontally such as sur-
face and air waves. The reflected pulses
are normalized by removing the oscilla-
tory wave trains caused by water layers.
Whitening the frequency components,
that is, adjusting the amplitudes to the
same level within a bandwidth, shortens
the reflection pulse and increases its res-
olution. Corrections must be applied to
land data to account for changing surface

Fig. 3. (A) The three-dimensional seismic data base contains seismic traces referenced to a
horizontal coordinate system X, Y. The vertical axis is two-way vertical travel time, that is, the
time required for the seismic pulse to travel from the surface of the earth to the reflector and
back along the vertical path. The three-dimensional data volume supports retrieval of vertical
seismic sections in any desired direction. (B) Seiscrop maps are horizontal slices through the
three-dimensional seismic data base and display the areal extent of exploration targets. The
contour map (bottom left) was prepared from a series of Seiscrop sections such as the one at
3020 msec shown on the right. The shaded area in the contour map represents the hydrocarbon-
water contact interpreted from a two-level Seiscrop section.
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elevations and near-surface inhomoge-
neities.

The distribution of material velocity
needs to be determined for the common
methods of seismic imaging because
curving horizons act like lenses in optics,
focusing or defocusing wave fronts. The
low-frequency component of the veloc-
ity field, which is required for image re-
construction, is extracted from the cur-
vature of the reflected wave front. The
high-frequency component, which car-
ries lithologic information, is extracted
from the amplitude and phase of the re-
flected wave front and is the objective of
seismic inversion efforts, which are
beyond the scope of this article.

Wave front curvature is measured by
the normal moveout (NMO), which is
the difference in travel time of a reflec-
tion observed at variable source-receiver
offsets. To a first approximation, the re-
lation of the reflection travel time T, to
the shot receiver distance y is hyperbolic
and is expressed by

2
T2 =T¢ + —21— +
NMO
higher order terms )

where T, is the travel time for the receiv-
er coincident with the source, and Vyyo
is the normal moveout velocity, which is
a function of material velocity and lay-

ering of the earth. In velocity analysis,
the Vymo is determined from the field
data collected along a straight traverse
by exploiting the hyperbolic NMO rela-
tion shown in Eq. 1. The Vyyo is used to
transform the offset seismic traces to
zero offset by means of Eq. 1 as part of
the preliminary imaging process known
as the CDP stack. The material velocity
derived from Vyyo is required for mi-
gration, the final image reconstruction.
The CDP stack is a method of imaging
seismic data to produce the wave field
that would have been recorded with col-
located sources and receivers. In the
case of three-dimensional data, obtained
from source and receiver pairs that are
referenced to a common midpoint but
are, in many instances, not aligned in a
common direction, the Vyyo must be cor-
rected for this angle-dependent effect (2).
The corrected traces are added together
to improve the signal-to-noise ratio of
the primary reflections by attenuating
random noise, multiple reflections, sur-
face waves, refractions, and so forth.
The CDP stack is not a true representa-
tion of the subsurface reflectors except
in the case of horizontal layering. In the
presence of structural dip, the reflectors
will be plotted vertically underneath the
common midpoint between source-re-
ceiver pairs, instead of in the true posi-
tion, which is determined by the ray path

of the wave front. In analogy with the
optical case where a light incident on a
screen with an aperture is diffracted,
abrupt lateral discontinuities in the rocks
such as geologic faults cause the back-
scattered energy to fall along diffraction
surfaces that tend to obscure the picture
of the reflectors (Fig. 1B).

The shortcomings of the CDP imaging
method are overcome by the migration
process. Early implementations of mi-
gration were based on geometrical optics
3). Claerbout @) put migration theory
on firm ground, imaging the reflectivity
within the earth by means of the scalar
(acoustic) wave equation solved numeri-
cally by the finite-difference method. An
approach to three-dimensional imple-
mentation of what became to be known
as wave equation migration was posed as
an integral solution to the homogeneous
wave equation with an inhomogeneous
boundary condition of the Dirichlet type.
This formulation of migration leads to
the Kicchhoff integral solution of dif-
fraction in optics (5). The solution in fre-
quency-wave-number space (6) is ad-
vantageous for digital computer al-
gorithms. Ideally, the field data should
be used in wave equation migration;
however, economic and practical con-
straints dictate the use of the CDP stack
as the starting point for three-dimension-
al migration.

Fig. 4 (left). Contour map of a producing horizon based on seven two-dimensional seismic profiles. Wells 1 and 2 were successful, but well 3 was

dry.

Fig. 5 (right). Field layout for recording the three-dimensional seismic data. Sources and receivers were located around the perimeter of

rectangles A through N. Seismic traces were referenced to the locations by dots inside the area surveyed.
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Data Display and Interpretation

In contrast to conventional seismic
prospecting with two-dimensional pro-
files, three-dimensional methods gener-
ate seismic data for a volume of the
earth. These data, which can be dis-
played by a series of vertical slices simi-
lar to conventional seismic sections,
have two important advantages over
two-dimensional seismic sections. (i) A
three-dimensional seismic section repre-
sents the true vertical cross section of
the reflectors, whereas sections in two
dimensions will be contaminated by en-
ergy returned from reflectors that are lo-
cated outside the plane of the section. (ii)
Whereas two-dimensional seismic sec-
tions are restricted to the direction of the
survey line, three-dimensional sections
can be extracted in normal vertical for-
mat along any desired direction (Fig.
3A). This option allows the interpreter to
investigate features of interest along the
optimum direction—for instance, along
maximum dip. The geophysicist may al-
so construct an arbitrary cross section
that traverses well locations in the pros-
pected area. Such a cross section com-
bines geophysical and geological data al-
lowing for interpretation of subsurface
structure and lithology.

An innovative development in three-
dimensional display involves the con-
struction of horizontal seismic cross sec-
tions. This display has been named a
Seiscrop (Geophysical Service Inc.) map
because of its similarity to the subcrop
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map—a map that shows the geologic for-
mations immediately overlying an un-
conformity. The similarity between the
conventional structure contour map de-
rived from seismic data and the corre-
sponding Seiscrop map is illustrated in
Fig. 3B, which represents a slice through
the three-dimensional data volume at a
vertical travel time of 3020 milliseconds.
Continuous events outline the contour
levels for different reflectors at a vertical
time of 3020 milliseconds. The map in
Fig. 3B outlines a single reflector by
means of different contour levels for ver-
tical travel time. This contour map was
prepared by outlining the contour levels
of one specific reflector on a sequence of
Seiscrop maps extracted from the data
volume at different vertical times. The
procedure of mapping horizons by Seis-
crops is considerably less time-consum-
ing than the conventional method of
identifying reflectors on vertical seismic
sections in order to resample them in
space and then contour the spatial sam-
ples by either manual or computer meth-
ods.

Motion pictures are used in con-
junction with a Seiscrop interpretation
table for more efficient mapping from full
suites of Seiscrop data recorded on mov-
ie film. Interpretation by this method al-
so aids identification of geologic faults
and correlation of reflectors across
faults.

Another way to display three-dimen-
sional seismic data involves a solid mod-
el. Vertical seismic sections are present-
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Fig. 6. This three-dimensional migrated section of a traverse assembled through several wells
shows that well 3 is located between two structures.
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ed on separate transparent plates to sim-
ulate the seismic data volume physically.
Geologic interpretation is facilitated be-
cause all the data are seen simultaneous-
ly. The three-dimensional seismic data
have also been displayed by means of
optical holography.

A Case History of Two- and Three-

Dimensional Seismic Surveying

A three-dimensional seismic survey
was carried out in Peru for the Occiden-
tal Petroleum Company in conjunction
with Petréleos del Pert (7). The prospect
site is in the Amazon Basin; it is densely
covered with vegetation .and traversed
by numerous rivers, making seismic op-
erations difficult. A two-dimensional
seismic survey had produced the struc-
ture map from which the drill sites for
the first three wells were selected. Figure
4 shows the location of the seven, two-
dimensional seismic profiles, the three
wells, and the resulting contour map (in
two-way travel time) for the Agua Ca-
liente horizon, a Cretaceous sandstone
whose good porosity provides a pay
zone for this prospect, that is, a forma-
tion that contains hydrocarbons of com-
mercial value. On the basis of this struc-

Fig. 7. The same geologic horizon as in Fig. 4
contoured from a three-dimensional seismic
survey conducted over the outlined area. This
map shows the true structure of the target ho-
rizon and that well 3 was drilled on a structur-
al low.

539



ture map, it was anticipated that-well 3
would be a producer like wells 1 and 2.
However, well 3 was a dry hole; and it
was recognized that a three-dimensional
seismic survey would improve the struc-
ture map required for locating additional
productive wells.

Figure 5 shows the field layout for the
three-dimensional survey in relation to
the contour map obtained by the two-di-
mensional seismic survey. A total of 14
rectangles (1.2 by 2.0 km) were sur-
veyed. Receiver groups and sources
were both spaced at 134-m intervals.
Each dot in the surveyed rectangles in-
dicates the location of a seismic trace.
Figure 6 is a three-dimensional migrated
section extracted from the seismic data
base along a traverse through several
wells. It shows that well 3 is actually sit-
uated over a structural low; since oil and
gas usually migrate to a trap in a struc-
tural high, this explains why well 3 did
not produce. The contour map for the
Agua Caliente horizon generated from
the three-dimensional seismic data is
shown in Fig. 7. Although well 3 is clear-
ly misplaced, the three-dimensional sur-
vey outlined a drillable structure north of
well 3 that was entirely missed by the
two-dimensional seismic method.

Conclusions

The three-dimensional seismic method
contributes to the cost-effective delinea-

tion and development of petroleum re-
serves. Dense sampling of the sub-
surface ensures that small features,
which are becoming increasingly impor-
tant as producers, are detected and out-
lined correctly. In areas where access to
the land is difficult, the three-dimension-
al method still provides seismic coverage
to meet exploration objectives. Accurate
mapping of the reservoir configuration
allows engineers to determine an opti-
mum field development plan that mini-
mizes the number of dry wells.
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Organic Farming in the Corn Belt

William Lockeretz, Georgia Shearer; Daniel H. Kohl

Widespread use of chemicals—manu-
factured fertilizers, as well as synthetic
herbicides, insecticides, and other pesti-
cides—is one of the most characteristic
features of the modern agricultural era.
This period, dating roughly from World
War II, has been marked by rapid and
fundamental changes in agricultural pro-
duction methods. Because agricultural
chemicals have enabled farmers to ob-
tain higher yields per unit of land with
lower labor requirements and lower
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overall production costs, their use has
become a standard feature of most of the
country’s major agricultural systems.
Total use of fertilizers and pesticides has
increased more than sevenfold since
1945 (7).

Despite the generally accepted bene-
fits that fertilizers and pesticides pro-
vide, an initial period of unimpeded
adoption and continuously increasing
use was followed by a closer examina-
tion of their full range of implications and
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based on the ‘‘explosive reflector model’’ leads
to the following expression for the three-dimen-
sional migrated wave field in the Cartesian im-
age space x, y, z:

Vix,y,z,00 =

1 9 u(xy, Yo, 0,R/C)
27 &z J J dradyo R

where R =V (x — xo! + (y — yo)? + 22 and
C is the velocity of the compressional waves in
the medium. The explosive reflector model as-
sumes that the normally incident wave field esti-
mated by means of the CDP method can be sim-
ulated by the hypothetical experiment of placing
explosives on the reflecting interfaces. The
strength of these sources is proportional to the
reflection coefficients and, at time zero, all ex-
plode simultaneously generating a wave field
that propagates upward with half the velocity C
of the medium.

6. R. H. Stolt [Geophysics 43, 23 (1978)] published
Ehe following expression for the migrated wave

eld:

Vix,y,2z,0) = (27:')’”[ deJ dk,dw

Ulkas by w V14 (k? + kA CHant )
X

V L+ ke + kD 4w

X i@k, + vy~ 2w2I0)

where U is the triple Fourier transform of the
normally incident wave field « recorded on the
surface of the earth:

Ulky, kyy w, 0) = (277)—312J dx f dy

X J dt u(x, y, 0, ) =iy + vk, - wd

This migration algorithm can be implemented ef-
ficiently on the digital computer with fast Fou-
rier transforms. Application of this method to
media with variable velocity C requires adjust-
ment of the recorded data by means of a stretch
operation.

7. This case history'is adapted from B. F. Giles, J.
A. Kerfuss, and M. R. Bone (paper presented at
the annual meeting of the Society of Exploration
Geophysicists, Calgary, Canada, in September
1977 and is published with permission of the Oc-
cidental Petroleum Company).

a growing concern over some of their un-
foreseen consequences. Thus, a recogni-
tion in the 1960’s of the unintended ef-
fects of insecticides on nontarget orga-
nisms, possibly including man, even-
tually led to the banning in the 1970’s of
several important ones, especially
chlorinated hydrocarbons. Nitrogen fer-
tilizers have been implicated in some ag-
ricultural areas as a significant contrib-
utor to high nitrate levels in drinking sup-
plies (often exceeding the U.S. Public
Health Service recommended limit) (2).
Finally, manufacture of virtually all ma-
jor fertilizers and pesticides requires
considerable inputs of fossil fuels (3).
Because of these concerns, farmers,
agricultural researchers, and extension
workers in the past several years have
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