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Introduction
The modeling code used to generate the direct-P and direct-S radiation patterns
illustrated in this report has been described in a preceding Part-1 report previously distributed
to EGL sponsors (Hardage and Wagner, 2014). The principles of that modeling code will not
be repeated in this subsequent Part-2 report. In this second report, a constant-velocity
propagation half-space, bounded at the top by an earth-air interface, is used to calculate
direct-P and direct-S radiation patterns produced by vertical-displacement and horizontaldisplacement sources. In this modeling effort, downgoing direct-P and direct-S modes are
recorded by buried geophones positioned in a semi-circle pattern centered directly below the
source station. The end points of this semi-circular receiver array extend upward to the earth
surface on opposite sides of the source station. The 180-degree take-off angle range created
around the source station by this receiver geometry ensures that the total downgoing P and SV
wavefields produced by a model source are recorded.
The model calculations in this report present important features of direct-P and direct-S
radiation patterns produced by vertical-displacement and horizontal-displacement sources.
First, section views of propagating P and SV wavefronts produced by a surface-based source
are calculated, and these expanding wavefronts are tracked in time steps as they propagate
through the model medium. These wavefronts allow the relative amplitudes of P arrivals to be
compared with the relative amplitudes of S arrivals at all take-off angles. Second, the amplitude
strengths of P and S wavelets propagating from a surface-based source are recorded by buried
horizontal and vertical geophones positioned at all take-off angles around a source station.
These data indicate similarities and differences in P and S events wavefields that illuminate
deep geology. Third, the increasing amount of direct-S energy radiation that a souce creates
as the stiffness of the earth decreases is illustrated. This latter modeling exercise encourages
EGL to expand our study of direct-S modes to soft surfaces where direct-S illumination of deep
targets should be enhanced.
Earth Model
The modeling code used at EGL is a 2-D calculation (Hardage and Wagner, 2014), thus
earth models that describe the seismic wave-propagation medium are limited to 2-D model
space. The 2-D model used in this report to determine direct-P and direct-S radiation patterns
is illustrated in Figure 1.
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The model is bounded at the top by an earth-air interface. Both horizontal geophones (X)
and vertical geophones (Z) are placed in the subsurface. Specifically, a total of 181 geophone
stations are buried at a constant radial distance from the source station at take-off angle
increments of one degree. The result is a semi-circular arrangement of geophone stations
positioned symmetrically around the source station. The diagram in Figure 1 assumes the
geophones are at a radial distance of 500 ft (152 m), but the radial dimension of the receiver
array can be increased or decreased as needed. The diagram indicates the orientations of X and
Z geophones at a few representative receiver stations. This source-receiver geometry allows
P and S radiation to be recorded over a full 180-degree range of take-off angles so that all
radiated P and S energy is captured. The physical properties of the propagation medium were
arbitrarily set as P-wave velocity VP = 10,000 ft/s (3048 m/s), S-wave velocity VS = 5,000 ft/s
(1524 m/s), and bulk density ρb = 2.5 gm/cm3.

Figure 1. Source-receiver geometry used to calculate direct-P and direct-S radiation patterns
for a vertical-displacement source.

Part A: P and S Radiation Patterns Produced by a Vertical-Displacement Source
The type of source positioned at the source station can be either a vertical-displacement
source or a horizontal-displacement source. A vertical-displacement source is indicated in
Figure 1. In this Part-A section of our report, we present a series of model calculations that
illustrate P and S radiation created by only vertical-displacement sources. P and S radiation
patterns produced by a horizontal-displacement source will be presented in the latter Part-B
section of the report.
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Radiated P Energy: Vertical-Displacement Source
The downgoing P-wave energy propagating away from a vertical-displacement source is
illustrated in section view in Figure 2 at time steps of 120 ms, starting at a one-way propagation
time of 100 ms and extending to a travel time of 460 ms. For this model medium where VP =
10,000 ft/s, these travel times correspond to pictures of the expanding P wavefronts at travel
distances of 1000 ft (Fig. 2a), 2200 ft (Fig. 2b), 3400 ft (Fig. 2c), and 4600 ft (Fig. 2d). Some of
this P energy is recorded by vertical geophones in the buried array and some is recorded by
horizontal geophones. The VP/VS = 2 velocity ratio used in this model is appropriate for
reasonably stiff earth material. The amplitude decrease caused by the expansion of the P
wavefront is difficult to recognize in the successive data panels.

Figure 2. Propagating P wavefronts produced by a vertical-displacement source.

Radiated SV Energy: Vertical-Displacement Source
The downgoing SV-wave energy propagating away from a vertical-displacement source is
illustrated in section view in Figure 3 in a similar format. Time steps are 120 ms, starting at a
one-way propagation time of 100 ms and extending to a travel time of 460 ms. For this model
medium where VS = 5,000 ft/s, these travel times correspond to pictures of the expanding SV
wavefronts at travel distances of 500 ft (Fig. 3a), 1100 ft (Fig. 3b), 1700 ft (Fig. 3c), and 2300 ft
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(Fig. 3d). Some of this SV energy is recorded by vertical geophones in the buried array and some
is recorded by horizontal geophones. It is important to note that the inclusion of a free surface
causes the modeling code to introduce a P headwave that speeds ahead of the SV wavefront at
shallow take-off angles and then blends into the SV wavefront at near-vertical take-off angles.
In later figures, it will be obvious that this headwave ties to the propagating P wavefront.
This headwave is not observed in the P wavefield (Fig. 2). Refer to Figure 5 of our Part-1 report
(Hardage and Wagner, 2014) to see the nature of the weak P-wave radiation that travels
horizontally away from a source station occupied by a vertical-displacement source.
These numerical measurements of the amplitudes of a propagating SV wavefield do not
provide “true” SV amplitudes, but rather amplitudes that include interferences between an
expanding SV wavefront and a P-to-SV headwave. Because the amplitude of this headwave
is weak compared to the amplitude of the direct-SV mode, we can assume the calculated SV
amplitudes that follow are sufficiently representative of true body-wave SV amplitudes that
we can use modeled SV amplitudes to illustrate the principles of direct-SV illumination and
reflection that we wish to emphasize. As stated, the VP/VS velocity ratio of 2 used for this model
medium is appropriate for a reasonably stiff earth. Although SV amplitudes are attenuated by
wavefront expansion in successive display panels in Figure 3, that amplitude decrease is not
obvious in this display format.

Figure 3. Propagating SV wavefronts produced by a vertical-displacement source.
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Response of Vertical (Z) Geophones: Vertical-Displacement Source
Both P and SV data are recorded by the vertical geophones placed around the semi-circle
of buried receiver stations. These vertical geophones are labeled Z geophones in Figure 1. The
responses of the vertical geophones are shown in Figure 4 using the same travel times selected
for Figures 2 and 3 (100, 220, 340 and 460 ms). These data show that P and SV first-arrival
wavelets at negative-offset receiver stations have the same algebraic sign as the first arrivals
wavelets recorded at positive-offset stations. This principle - that data recorded with sensors
that are oriented in the same direction as the direction of source displacement have equal
polarities at positive and negative offsets - was emphasized in the preceding Part-1 modeling
report (Hardage and Wagner, 2014). In this model, the source displacement is vertical, and the
sensors are also vertical. As has been mentioned, the amplitude decay that occurs as a result
of wavefront expansion is not a strong visual effect in these data formats.

Figure 4. Response of vertical geophones to a vertical-displacement source.

Note that the SV wavefront in Figure 4 is characterized by a more compact wavelet than is
the P wavefront. This result occurs because the same time-based wavelet is used to illustrate
both the expanding P wavefield and the expanding SV wavefield. This wavelet is illustrated in
Figure 2b of Hardage and Wagner (2014). The use of the same wavelet in the calculation of
the expanding SV and P wavefronts means the calculated SV wavefield contains the same
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frequency components as the modeled P wavefield. Because VS velocity is slower than VP
velocity by a factor of 50-percent in this earth model, the result is that the SV wavelengths in
the propagating SV wavelet are 50-percent shorter than P wavelengths in the propagating P
wavelet. This difference in the length dimensions of P and S wavelets is easy to see in depthbased profiles such as shown in Figure 4. The fact that the SV wavefront has larger amplitudes
than the P wavefront is partially hidden by the depth-based contrasts in the lengths of P and S
wavelets. The relative amplitude strengths of P and S radiation lobes will be illustrated in
subsequent figures of this report.

Figure 5. Response of horizontal geophones to a vertical-displacement source.

Response of Horizontal (X) Geophones: Vertical-Displacement Source
P and SV data generated by a vertical-displacement source are also recorded by the
horizontal geophones placed around the semi-circle of buried receiver stations. These
horizontal geophones are labeled X geophones in Figure 1. The responses of the horizontal
geophones are shown in Figure 5 using the same travel times selected for Figures 2 and 3
(100, 220, 340 and 460 ms). These data show that P and SV first-arrival wavelets at negativeoffset receiver stations have opposite algebraic signs to first arrivals wavelets recorded at
positive-offset stations. This principle - that data recorded with sensors that are oriented
in a direction orthogonal to the direction of source displacement have opposite polarities
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at positive and negative offsets - was emphasized in the preceding Part-1 modeling report
(Hardage and Wagner, 2014). In this model calculation, the source displacement is vertical,
but the sensors that record the data are horizontal. Again, a wavelet with a fixed frequency
spectrum was used to calculate the P and SV wavefronts. The use of this identical shot wavelet
to illustrate both P and SV body waves causes the SV depth-based wavefield to be expressed
with a shorter wavelet and the P depth-based wavefronts to be shown with a longer wavelet.
True-Amplitude P and SV Wavelets: Vertical-Displacement Source
The wavefields shown in Figures 2 through 5 depict correct amplitudes of direct-P and
direct-S wave modes generated by a vertical-displacement source and show how those wavelet
amplitude effects are distributed as a function of take-off angle. However, it is helpful to use an
alternate data display in which greater care is taken to show how the strength of illuminating
direct-P and direct-SV wavelets vary with take-off angle from a source station. This alternate
display format is shown in Figure 6 for a model medium in which VP/VS = 2. The data in
Figure 6 represent P and SV wavelets that have propagated identical travel distances before
encountering the semi-circle of buried receivers (Fig. 1). The travel times for P wavelets to
reach this constant-radius semicircle are less than the travel times of SV wavelets because
of the 2-to-1 VP/VS velocity ratio established for the propagation medium. Take-off angles 0,
45, 90, 135, and 180 degrees labeled on the horizontal axis of the data panels of Figure 6 are
illustrated in Figure 1. Although receiver stations are positioned around the semi-circle at takeoff angle increments of 1 degree, the traces in Figure 6 are shown at take-off angle increments
of 2 degrees.
All P and SV wavelets in Figure 6 have traveled the same distance as a 2-D expanding
wavefront. As a result, every P wavelet and every SV wavelet has undergone the same amount
of amplitude decay caused by wavefront expansion. Thus the wavelets in Figure 6 can be
assumed to be true-amplitude data and can be used to illustrate how body-wave energy
produced by a vertical-displacement source is segregated into P energy and SV energy as a
function of take-off angle from a source station. These model results show only body waves
and do not account for the huge amount of energy that propagates away from a surface-based
source station as surface waves. Visual inspection of Figure 6 leads to the conclusion that
direct-P wavelets radiating away from a vertical-displacement source station (Fig. 6a) are less
energetic (lower amplitude) than direct-S wavelets (Fig. 6b). This observation will be enforced
when P and SV radiation patterns are calculated for a range of VP/VS velocity ratios (next
section of this report). The data format in Figure 6 illustrates the small take-off angle range near
vertical where no effective direct-S illumination occurs. Depending on one’s point of view, the
size of this no-SV illumination cone extends to 4 degrees from vertical (direct-SV champion’s
view) or to a larger distance of 6 or 8 degrees (direct-SV antagonist view) A 4-degree option is
labeled on Figure 6b.
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Figure 6. True-amplitude P and SV body wavelets that have propagated the same distance to a
semi-circular arrangement of buried receiver stations (Fig. 1). The propagation medium has a velocity
relationship given by VP/VS = 2.The 180-degree range of take-off angles from the source station to
each receiver station is defined on the horizontal axis of each plot. Traces are plotted at take-off angle
increments of 2 degrees. (a) Direct-P wavelets. (b) Direct-SV wavelets. Note the amplitudes of the
SV wavelets are larger than the amplitudes of the P wavelets.

Direct-P and Direct-SV Radiation Patterns: Vertical-Displacement Source
The true-amplitude data in Figure 6 can be transformed to a different display format
that is more practical for illustrating the relative amplitudes and geometrical shapes of the
downgoing direct-P and direct-SV radiation lobes that expand away from a source station.
This data transformation is done by simply plotting the magnitudes of the direct-P and
direct-SV wavelets in Figure 6, not the actual wavelets, as a function of take-off angle. Any
measure of amplitude strength (peak amplitude, RMS amplitude, peak-to-trough amplitude,
etc.) can be used to define wavelet magnitude. The conversion of the wavelets in Figure 6 to
this new graphical format is illustrated in Figure 7a.
The radiation patterns in Figure 7a apply to a medium in which the VP/VS velocity ratio is
2, which is a stiff earth surface. Additional models were calculated for a softer earth surface
where the VP/VS velocity ratio is 4 (Fig. 7b), and for an extremely soft surface where the VP/VS
velocity ratio is 8 (Fig. 7c). The material in contact with the vertical-displacement source in
Figure 7c would be an approximate representation of the low stiffness coefficients associated
with a deep seafloor or a loose-soil surface. In all displays in Figure 7, the parameter used to
indicate wavelet magnitude was the amplitude of the principal peak of each P wavelet and
each SV wavelet.
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Figure 7. Direct-P and direct-SV radiation patterns produced by a vertical-displacement source when
the VP/VS velocity ratio of the earth surface is (a) 2, a rather stiff material; (b) 4, a soft material; and
(c) 8, a very soft material. The data are scaled so that the P radiation pattern in each data panel has an
amplitude of 2000 units in the vertical take-off direction. The pattern in (a) is simply a different way to
express the relationship between take-off angles and the peak amplitudes of the P and SV wavelets
that are displayed in Figure 6. The true-amplitude wavelets that were transformed into the radiation
patterns in (b) and (c) are not included in this report.

In each data panel in Figure 7, P wavelets are scaled so that the P radiation pattern is a
circle having a diameter of 2000 amplitude units. The scale factor that is applied to a P wavelet
traveling in a particular take-off angle direction in order to create this circular P-wave pattern is
also applied to the SV wavelet traveling in that take-off angle direction. Thus the data panels in
Figure 7 show relative-amplitude P and SV radiation patterns when the P-wave strength is
constant (2000 units) for each model, but the VP/VS ratio in the propagation medium varies.
A principle illustrated by these radiation patterns is that the percent of source energy
that is transferred into SV energy increases significantly as the VP/VS velocity ratio of the earth
surface increases. The VP/VS velocity ratio of a medium is an indication of the stiffness of that
medium, with stiffness decreasing as VP/VS increases. In all three calculations shown in Figure 7,
the amplitude of radiated SV produced by a vertical-displacement source is larger than the
amplitude of radiated P. In Figure 7a, the strength of the SV lobe is approximately 4 times larger
than the strength of the P lobe (stiff surface; VP/VS = 2); whereas the strength of the SV lobe
is larger than the strength of the P mode by factors of approximately 12X in Figure 7b
9

(soft surface; VP/VS = 4) and 45X in Figure 7c (very soft surface; VP/VS = 8). These numerical
comparisons of P and SV amplitude strengths are made at take-off angles of approximately
45 degrees to show the maximum contrast in P and SV body-wave illumination. Different
conclusions would be reached if P and SV amplitudes are compared at near-vertical take-off
angles.
The geometrical shape of the SV radiation pattern also changes as earth-surface stiffness
decreases. Specifically, an increasing amount of SV energy is radiated at take-off angles
between 0 and 70 degrees as VP/VS increases (as stiffness decreases; Figure 7c). Refer to
Figure 1 for definitions of take-off angles that apply to these data. Much of the radiated
SV energy that travels at take-off angles between 0 and 45 degrees will convert to critical
refractions and will not image deep geology. Thus in most seismic surveys, this strong, shallow,
take-off SV radiation will not benefit direct-S imaging of deep geology. However, a robust
amount of SV traveling at shallow take-off angles is valuable for data-processing purposes
regardless of the ranges of source-receiver offsets. Horizontally traveling SV energy will usually
ensure there will be robust SV refractions at shallow interfaces. These shallow refractions are
invaluable for estimating S-wave statics needed in data processing. Thus an increasing amount
of SV energy radiating at shallow take-off angles can be beneficial for purposes other than
direct-S illumination of deep geology.
Data Formats and Radiation Patterns
It is important to be aware of any data-processing step that may adjust P and SV
amplitudes when the objective is to illustrate the radiation strengths of these wave modes.
First, it must be emphasized that the P and SV radiation patterns in Figure 7 depict the
strengths of P and SV modes propagating away from a surface-based vertical-displacementsource when the propagation medium has a VP/VS velocity ratio of 2. In this display format,
the amplitude attribute that is plotted is the peak amplitude of each propagating wavelet.
Second, it must be emphasized that the wavelets shown in Figure 6 are accurate displays of
the relative amplitudes of propagating direct-P and direct-SV wavefields produced by a surfacebased vertical-displacement source when the propagation medium has a VP/VS ratio of 2. In this
display format, the amplitude attributes that are displayed are the correct relative amplitudes
of the peaks and troughs of each propagating wavelets in each take-off angle direction.
The information in these two figures (Figs. 6 and 7) now needs to be compared with the
propagating wavefronts shown in Figures 2 through 5 for this same medium having a VP/VS
velocity ratio of 2. First, the data in Figures 3d and 5d imply the amplitude of the direct-SV
mode has a null in a vertical take-off direction, which agrees with the SV radiation behavior
shown in Figures 6 and 7. Any data-processing step that applies numerical gains to data to
create constant-P amplitudes and constant-SV amplitudes at all take-off angles will leave
false impressions about the physics of P and SV radiation from a vertical-displacement source.
However, these types of amplitude adjustments may be acceptable when they are done
to enhance SV-mode images in situations where it is not necessary to preserve
“true amplitude” data.
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Part B: P and S Radiation Patterns Produced by a Horizontal-Displacement Source
In this second portion of our report, we repeat the model calculations done in Part-A, but
with the radiated P and S modes now being created by a horizontal-displacement source. The
earth model used in this Part-B section is the same model used in Part-A except the verticaldisplacement source shown in Figure 1 is replaced by a horizontal-displacement source. Thus
any differences in the direct-P and direct-S radiation exhibited in Part-A and direct-P/direct-S
radiations shown here in Part-B will be caused by the fundamental differences in the wave
physics associated with vertical-displacement and horizontal-displacement sources, not by
differences in the propagation medium nor by variations in the receiver array.
Horizontal-displacement sources are considered to be the ultimate source types for
generating direct-S waves. The most popular horizontal-displacement source is a horizontal
vibrator. An equally attractive, but less frequently used, horizontal-displacement source is an
inclined-impact source. Because horizontal-displacement sources are considered to be the
“gold standard” for direct-S sources, it is essential to compare direct-SV radiation patterns
created by vertical-displacement sources (Part-A of this report) with the direct-SV radiation
patterns produced by horizontal-displacement sources in this Part-B section.
Radiated P Energy: Horizontal-Displacement Source
P-wave energy propagation generated by a horizontal-displacement source is illustrated
in section view in Figure 8 where the positions of an expanding P wavefront produced by a
horizontal-displacement are shown at time steps of 120 ms, starting at a one-way propagation
time of 100 ms and extending to a travel time of 460 ms. These travel times correspond to
positions of the P wavefronts at travel distances of 1000 ft (Fig. 8a), 2200 ft (Fig. 8b), 3400 ft
(Fig. 8c), and 4600 ft (Fig. 8d). Some of this P energy is recorded by vertical geophones and
some is recorded by horizontal geophones in the buried array. As was the case for a verticaldisplacement source, the amplitude decrease caused by P wavefront expansion from a
horizontal-displacement source is difficult to recognize from data panel to data panel.
An important principle of direct-P energy created by a surface-based horizontaldisplacement source is that P wavefronts expand in directions that are orthogonal to
the direction in which direct-P energy expands away from a vertical-displacement source
(Refer to Figures 5 and 6 of our Part-1 modeling report [Hardage and Wagner, 2014]).
This difference in the directions that P wavefronts propagate for vertical-displacement and
horizontal-displacement sources is not obvious when comparing the expanding P wavefronts
in Figure 2 (vertical-displacement source) and Figure 8 (horizontal-displacement source).
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Figure 8. Propagating P wavefronts produced by a horizontal-displacement source.

Figure 9. Propagating SV wavefronts produced by a horizontal-displacement source.
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Radiated SV Energy: Horizontal-Displacement Source
SV-wave energy propagating away from a horizontal-displacement source is illustrated
in section view in Figure 9 at time steps of 120 ms, starting at a one-way propagation time of
100 ms and extending to a travel time of 460 ms. These travel times correspond to SV
wavefront positions at travel distances of 500 ft (Fig. 9a), 1100 ft (Fig. 9b), 1700 ft (Fig. 9c),
and 2300 ft (Fig. 9d) from the source station. Some of this SV energy is recorded by vertical
geophones and some is recorded by horizontal geophones in the buried receiver array. In
this graphical format, the amplitude decrease caused by wavefront expansion is not obvious.
Similar to the comments above, a horizontal-displacement source radiates direct-S energy
in directions that are orthogonal to the directions in which a vertical-displacement source
radiates direct-S energy (Figures 5 and 6 of Hardage and Wagner, 2014). This distinction
between the directions that SV wavefields expand away from a vertical-displacement
source and from a horizontal-displacement source is not obvious when comparing Figure 3
(vertical-displacement source) and Figure 9 (horizontal-displacement source).
Response of Vertical (Z) Geophones: Horizontal-Displacement Source
The responses of vertical (Z) geophones in the buried receiver array are shown in
Figure 10 using the same travel times used in preceding figures (100, 220, 340 and 460 ms).
These data show that P and SV first-arrival wavelets at negative-offset receiver stations have
opposite algebraic signs to first arrivals wavelets recorded at positive-offset stations. This
principle - that data recorded with sensors that are oriented in a direction orthogonal to the
direction of source displacement have opposite polarities at positive and negative offsets was emphasized in the preceding Part-1 modeling report (Hardage and Wagner, 2014).
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Figure 10. Response of vertical geophones to a horizontal-displacement source.

Response of Horizontal (X) Geophones: Horizontal-Displacement Source
The responses of the horizontal (X) geophones in the buried receiver array are shown
in Figure 11 using the same travel times used in previous figures (100, 220, 340 and 460 ms).
These data show that P and SV first-arrival wavelets at negative-offset receiver stations have
the same algebraic sign as the corresponding first arrivals wavelets recorded at positive-offset
stations. This principle - that data recorded with sensors that are oriented in the same direction
as the direction of source displacement have equal polarities at positive and negative offsets was emphasized in the preceding Part-1 modeling report (Hardage and Wagner, 2014). As in
other displays, the amplitude decay that occurs as wavefronts expand is a subtle visual effect.

14

Figure 11. Response of horizontal geophones to a horizontal-displacement source.

True-Amplitude P and SV Wavelets: Horizontal-Displacement Source
The data in Figure 12 are P and SV wavelets that have propagated identical travel
distances from a horizontal-displacement source station before encountering the semi-circle
of buried receivers (Fig. 1). The travel times for P wavelets to reach this constant-radius semicircle are less than the travel times of SV wavelets because of the 2-to-1 VP/VS velocity ratio
established for the propagation medium. The definitions of take-off angles 0, 45, 90, 135,
and 180 degrees used for the horizontal axis of the data panels are illustrated in Figure 1.
Because all P wavelets and all SV wavelets in Figure 12 have traveled the same distance
as a 2-D expanding wavefront, every P wavelet and every SV wavelet has undergone the same
amount of amplitude decay caused by wavefront expansion. Thus the wavelets in Figure 12 can
be assumed to be true-amplitude data and can be used to illustrate how body-wave energy
produced by a horizontal-displacement source is segregated into P energy and SV energy as a
function of take-off angle from a source station. These model results calculate body waves and
do not account for energy that propagates away from a source station as surface waves. Visual
inspection of Figure 12 leads to the conclusion that direct-P wavelets radiating away from a
horizontal-displacement source station (Fig. 12a) are less energetic than direct-S wavelets
(Fig. 12b). This observation will be enforced when P and SV radiation patterns are calculated
for a range of VP/VS velocity ratios in the next report section.
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Figure 12. True-amplitude P and S body wavelets created by a horizontal-displacement source after
P and SV wavefronts have propagated the same distance to a semi-circular arrangement of buried
receiver stations (Fig. 1). The 180-degree range of take-off angles from the source station to each
receiver station is defined on the horizontal axis of each plot. (a) Direct-P wavelets. (b) Direct-SV
wavelets. Note that SV amplitudes are much larger than P amplitudes.

Direct-P and Direct-SV Radiation Patterns: Horizontal-Displacement Source
The true-amplitude data in Figure 12 are converted to the preferred format used to
describe P and S radiation patterns in Figure 13a. This data transformation shows the
magnitudes of direct-P and direct-SV wavelets that travel at all take-off angles away from a
source station. In this display format, the peak amplitudes of the SV wavelets in Figure 12b
are scaled so that the SV radiation created by a horizontal-displacement source appears as
a constant-radius semi-circle centered on the source station. In Figure 13, SV wavelets are
scaled so that the peak amplitude of SV wavelets traveling in all take-off angle directions has a
magnitude of 2000 units. The scaling factor that is applied to a SV wavelet at a given take-off
angle is also applied to the P wavelet (Fig. 12a) traveling in that same take-off angle direction.
The result is that the P and SV radiation patterns in Figure 13 are correct depictions of the
relative P and SV radiation strengths from a surface station occupied by a horizontaldisplacement source that generates equal-amplitude SV illumination in all take-off angle
directions.
The radiation patterns in Figure 13a apply to a medium in which the VP/VS velocity ratio
is 2, which would represent a reasonably stiff earth surface. Additional models were calculated
for a softer earth surface where the VP/VS velocity ratio is 4 (Fig. 13b), and for an extremely soft
surface where the VP/VS velocity ratio is 8 (Fig. 13c). A principle illustrated by these radiation
patterns is that the percent of source energy that is transferred into SV energy increases
significantly as the VP/VS velocity ratio of the earth surface increases. The VP/VS velocity ratio of
a medium is an indication of the stiffness of that medium, with stiffness decreasing as VP/VS
increases. In all three calculations shown in Figure 13, the amplitude of radiated SV produced
by a horizontal-displacement source is larger than the amplitude of radiated P.
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Figure 13. Direct-P and direct-SV radiation patterns produced by a horizontal-displacement source
when the VP/VS velocity ratio of the earth surface is (a) 2, a rather stiff material; (b) 4, a soft material;
and (c) 8, a very soft material. The pattern in (a) is simply a different way to express the relationship
between take-off angles and the peak amplitudes of the P and SV wavelets that are displayed in
Figure 12. The true-amplitude wavelets that were transformed into the radiation patterns in (b) and
(c) are not included in this report.

The P-wave radiation patterns in Figure 13b and 13c are difficult to analyze because of the
reduced physical dimensions of the P patterns in this display format. Zoom views of the same
P radiation patterns are displayed as Figure 14. Illumination principles of horizontaldisplacement sources illustrated by these latter displays are:
1. When the earth surface is reasonably rigid (VP/VS = 2 in Figures 13a and 14a), the
strength of the P energy produced by a horizontal-displacement source is almost the
same magnitude as the strength of the radiated SV energy. Thus the statements by
some that a horizontal-displacement source (e.g. a horizontal vibrator) is a “true”, or a
“pure”, or a “gold standard” S-wave source is far from true if velocity conditions of the
earth surface result in a VP/VS ratio that approaches a magnitude of 2 at a source
station. For such earth-surface conditions, a horizontal-displacement source is a
powerful P-wave source.
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2. As the earth surface becomes softer (VP/VS increasing from 2 to 4 to 8, Figure 14),
the take-off angle vectors added to the data panels in Figure 14 show that the highamplitude lobes of the P radiation pattern produced by a horizontal-displacement
source move closer to vertical. Thus even though the strength of P radiation is smaller
than the strength of SV radiation by a factor of approximately 10X for earth surfaces
having high values of VP/VS, the increasing amount of near-vertical P radiation tends
to maintain an appreciable level of P-wave contamination in direct-SV data.

Figure 14. Expanded views of the direct-P radiation patterns in Figure 13. (a) VP/VS of earth surface
equals 2. (b) ) VP/VS of earth surface equals 4. (c) VP/VS of earth surface equals 8. An array of take-off
angle vectors is added to each panel.
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Conclusions
This modeling study confirms that vertical-displacement sources generate an abundant
amount of direct-SV energy. All SV wavefields shown in these report figures are generated
directly at the source station (we refer to these SV wavefields as direct-SV modes). No P-to-SV
modes are involved in this modeling because the earth model used in all calculations included
no subsurface interfaces.
The most valuable graphics illustrated in this report are the direct-P and direct-SV
radiation patterns shown as Figure 7 (vertical-displacement source) and Figures 13 and 14
(horizontal-displacement source). These particular graphic formats are the most convenient
options for illustrating similarities and differences in radiated direct-P and direct-SV energies
produced by surface-based sources for a range of earth-surface stiffness.
A key principle illustrated in this modeling study is that the amount of radiated SV energy
produced by both vertical-displacement sources and horizontal-displacement sources increases
as the stiffness of the medium at a source station decreases. For soft earth surfaces, the
amount of radiated SV energy exceeds the amount of radiated P energy by an order of
magnitude regardless of whether the source is a vertical-displacement type or a horizontaldisplacement type.
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