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Abstract
There are several criteria that need to be satisfied and several investigations that need
to be done to determine if legacy P-P data at a site of interest are appropriate for SV-P data
processing. This report summarizes procedures that are currently practiced by the Exploration
Geophysics Laboratory (EGL) to determine if SV-P data processing should, or should not, be
initiated for a particular P-P seismic survey. These procedures are applied to a 3D seismic
survey acquired in Scott County, Kansas, to illustrate our data-evaluation process in action.
The failure of these particular Scott County legacy data to satisfy some key criteria required
for SV-P data processing led to a decision to not initiate SV-P processing of the legacy P-P data
available at this site.

Introduction
A 22-mi2 3D P-P survey located in Scott County, Kansas, was offered to EGL as a candidate
survey for SV-P data processing of vertical-geophone data. These legacy P-P data provided
an opportunity for the Exploration Geophysics Laboratory (EGL) to apply data-qualification
procedures to determine if it was prudent to initiate an SV-P data-processing effort with
these particular P-P data. This report illustrates the procedures that were applied to evaluate
these legacy data and the results that led to a decision to not initiate SV-P data processing.
The decision criteria that were applied to these legacy P-P data are discussed in the
following report sections and are numbered for ease of reference. This numbering scheme does
not imply any order of priority for the data-qualification requirements. The criteria that guide
EGL’s logic in deciding if a particular legacy P-P seismic survey should be subjected to SV-P data
processing are then assembled into a single-page format in Table 1 at the end of the report.
This concise spreadsheet should be a convenient document for others to refer to as they
consider the advisability of initiating SV-P processing of other legacy P-P data.
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Decision Criteria
Criterion 1 - Trace Length
When evaluating legacy P-P data for SV-P data processing, it is essential to determine
if the length of the recorded P-P data traces is sufficient to include SV-P reflections from the
deepest target of interest. If the P-P reflection from the deepest imaging objective appears at
an image time of TPP milliseconds, then the SV-P reflection from that same interface should
appear at an image time TSP, where
(1)

TSP = 0.5(1 + VP/VS)TPP.

In this equation, VP is the average P-wave velocity to the deepest target, and VS is the average
S-wave velocity to that same depth. If there are no real data (either dipole sonic logs or VSP
data) to quantify VP and VS velocities, then a person simply has to guess what the VP/VS velocity
ratio should be at the prospect of interest. When forced to assume a value of VP/VS without the
guidance of real data, it is prudent for purposes of trace-length qualification of the data to
estimate a VP/VS value that is slightly higher than what VP/VS normal behavior is expected to be.
The times TPP and TSP used in Equation 1 are 2-way vertical travel times. The length of
candidate P-P data traces should exceed this TSP vertical image time by a factor of 1/[cos(45o)]
to ensure that reflections that follow slant paths between source and receiver stations
separated a distance equal to twice the depth of the deepest target of interest can be utilized.
Raypaths involving source and receiver stations at these maximum offsets would have incident
angles of 45o at the deepest interface. Thus, the length of recorded P-P data traces (TLENGTH )
should be at least a factor of 1.4 greater than the TSP value shown in Equation 1, meaning
(2)

TLENGTH = 0.7(1 + VP/VS)TPP,

P-P trace lengths greater than TLENGTH would be even more desirable, particularly when
structural dip is involved.
Application of Criterion 1 to Scott County Data
The trace length for the Scott County P-P data was 2 sec, and the deepest P-P reflection of
interest occurred at a P-P vertical travel time TPP = 0.95 sec. Local dipole sonic log data indicated
the average value of the VP/VS velocity ratio at this legacy-data site was approximately 2. Thus
applying the equation TSP = 0.5(1 + VP/VS)TPP leads to the conclusion that this same deep target
would occur at approximately a SV-P vertical travel time of TSP = 1.42 sec in SV-P image space.
The time coordinates of reflections from this deep target at far offsets (offsets associated
with take-off angles that are 45o from vertical) would be TSP/cos(45o) = 2 sec. An alternate
calculation is 0.7(1 + VP/VS)TPP = 2 sec. Thus the trace length of the Scott County P-P data (2 sec)
is barely acceptable for SV-P processing. A trace length greater than 2 sec would be preferred.
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Criterion 2 – SV-P Data Acquisition Footprint
The source-receiver geometry used to record P-P data being considered for SV-P data
processing should be analyzed to determine if that acquisition geometry imposes undesired
data-acquisition footprint effects in SV-P data. An acquisition footprint can be defined as an
anomalous behavior of a seismic attribute that appears as a geometrical pattern across seismic
image space that matches the geometrical pattern of the source and receiver lines that acquired
the data. Some geological features may align with short segments of a few source and/or
receiver lines, but seismic attribute trends that exactly match the geometrical patterns of
source and receiver lines across an extensive area cannot be portraying realistic geology.
Such data artifacts are created by the data-acquisition geometry rather than by geological
conditions. In analyzing effects introduced into SV-P data by source-receiver geometry, the
common definition of acquisition footprint given above can be expanded to include any
erratic behavior of SV-P stacking fold that occurs in an acquisition geometry when that same
acquisition geometry produces a P-P stacking fold that is smooth and regular.
It is common for some source and receiver line geometries to not produce an acquisition
footprint in common-midpoint (CMP) data P-P data, and yet generate an obvious acquisition
footprint in converted-mode (CCP) data. This situation is encountered more frequently in
older vintage 3D seismic programs that were acquired before serious thought was given to
implementing source and receiver geometries that were more accommodating for both CMP
and converted-mode data. Although the possibility of unwanted acquisition footprint effects
in SV-P data needs to be investigated when evaluating any legacy 3D P-P data for SV-P data
processing, it is particularly important to do so for older data.
Usually the best way to recognize that an acquisition footprint effect is embedded in
recorded data is to calculate map views of stacking fold patterns across seismic image space.
An analysis of SV-P stacking-fold for a given source-receiver geometry utilizes the same seismicdesign software that is used to quantify P-P and P-SV stacking folds. The only change required
in applying this survey-design software to an analysis of SV-P data is that the VP/VS velocity ratio
used to examine P-SV imaging conditions has to be inverted to VS/VP to analyze SV-P acquisition
footprints. In other words, if a VP/VS value of 2 is used to create map views of P-SV stacking fold,
then the same survey-design software will create map views of SV-P stacking fold if the velocity
ratio is changed to 0.5.
Frequently a survey-design analysis will show that both P-SV and SV-P data have a
stronger acquisition footprint than do their companion P-P data. This outcome does not
necessarily mean SV-P data processing should not be attempted. Rather it indicates the size
of the superbin that should be used to create SV-P stacked data so that SV-P stacking fold
and offset parameters become reasonably smooth across SV-P image space. If SV-P superbin
processing has to be implemented, we often see no problem in interpolating SV-P data
constructed with modest-size superbins to create SV-P data with normal-size bins. The
decisions whether to do such interpolation and how to do that interpolation will vary
from seismic survey to seismic survey and from data processor to data processor.
3

Figure 1. Source-receiv
S
ver geometry used to acqu
uire the Scottt County P-P d
data. ΔR = recceiver line intterval,
Δr = receiver station in
nterval, ΔS = source
s
line intterval, and Δss = source staation interval.

Applicatiion of Criterrion 2 to Sco
ott County Data
D
The
e orthogonal-brick sourcce-receiver geometry
g
ussed to record
d the Scott C
County P-P d
data
is illustraated in Figure
e 1. Receiver lines were oriented eaast-west and
d were separrated by inteervals
of 660 ft in the north
h-south direcction. Source
es lines weree oriented n
north-south tto form an
orthogon
nal brick patttern, and ad
djacent sourcce-line segm
ments were sseparated 99
90 ft in the eeastwest dire
ection. Sourcce stations and
a receiver stations weere positioneed at intervaals of 165 ft aalong
these ortthogonal sou
urce/receive
er lines. The recording paatch spanneed 12 receiveer lines (nortthsouth) an
nd extended
d across 64 re
eceiver statiions on eachh of these 122 lines (east--west). An
4

example recording patch is show
wn in Figure 1 centered oon source raack A near th
he center of the
survey arrea.
Staacking fold behavior
b
will be used in this
t report t o judge the severity of aacquisition
footprintts in the Scottt County daata acquired with this soource-receiver geometryy. Azimuth
distributiions and offsset distributtions should also be calcculated in riggorous analyyses of sourccebut these additional da ta-acquisitio
receiver acquisition geometries,
g
on attributess will not be
included in this analyysis. P-P, P-SSV, and SV-P stacking fol ds associateed with the SScott Countyy
acquisitio
on geometryy are displayyed in Figure
e 2. Note a d ifferent colo
or bar is used
d for the P-P
P
data (Figure 2a) than
n for the con
nverted-mod
de data (Figuures 2b and 22c). The staccking folds fo
or
all three modes are approximate
a
ely the same
e, but their foold equivaleences can bee missed if th
heir
respectivve color bar scales are no
ot considere
ed. Note in t he large-scaale views in FFigure 2,
that areaas of low SV--P fold (Figurre 2c) corresspond to thee same areass where P-P fold is low
(Figure 2a). P-SV fold
d (Figure 2b) does not mimic P-P foldd in the wayy that SV-P fo
old does.
No attributes
a
re
elated to P-SSV data will be
b shown in the remaind
der of this reeport because
horizontaal geophone
es must be deployed to acquire
a
P-SV
V data, and o
only vertical geophones
were use
ed to record the Scott Co
ounty data. Although
A
thee “big picturre” views in Figure 2 maay
imply to some that P-P
P and SV-P stacking folds have appproximately eequivalent ssmoothness,,
detailed zoom views of these fold maps tell a different sstory.

Figure 2. (a)
( P-P, (b) P-SV, and (c) SV
V-P stacking folds
f
produceed by the acqu
uisition geom
metry defined in
Figure 1. Note
N
the diffe
erence in the scales used for
f the color bbars. The con
nverted-modee color bars d
differ
from the P-P color because small arreas across eaach convertedd-mode imagge space havee folds greater
than 50.

An example zoo
om view of the
t central area
a
of the foold maps is displayed ass Figure 3. Th
hese
detailed views show that the maagnitude of SV-P
S
fold varries erraticallly from bin to bin comp
pared
to the relatively smo
ooth behavio
or of P-P fold
d. These irreggularities in SV-P stackin
ng fold are aan
example of a data-accquisition footprint effecct that can aaffect SV-P d
data processing. In this
5

instance,, the implicaation is that although
a
P-P
P data can b e processed
d as 1 X 1 normal bins
(82.5 ft X 82.5 ft) and
d still maintaain a smooth
h stacking foold, SV-P data should be processed aas
2 X 2 sup
perbins (165 ft X 165 ft) as
a a minimum to producce a reasonaably smooth stacking fold
(and mayybe even as larger-size bins).
b
These large-bin daata can then be interpolaated to norm
malbin SV-P data (82.5 ftt X 82.5 ft). Some
S
data processors
p
m
may decide to increase SSV-P bin size to a
perbin (330 ft
f X 330 ft) or even to a 5 X 5 (412.5 ft) X (412.5 ft) superbin. However, tthe
4 X 4 sup
SV-P fold
d distribution
n in Figure 3b implies that bins of 1665 ft X 165 ftt should pro
oduce reason
nably
uniform SV-P
S
fold. No serious pe
enalty should
d be incurredd by processsing the Scottt County SV
V-P
data as 2 X 2 (or larger) superbin
n data and th
hen interpol ating to normal-size bin
ns.

Figure 3. Zoom
Z
views of
o (a) P-P and (b) SV-P staccking fold. Eacch stacking biin has dimenssions of
82.5 ft X 82.5
8 ft. These
e data window
ws are located
d in the centrral part of thee image spacee. Each Y axis
spans a diistance slightly less than tw
wo receiver-line intervals, and each X-aaxis spans a d
distance slighttly
greater th
han two sourcce-line intervaals (Figure 1).

The
e stacking fo
old maps in Figure
F
3 show
w stacking foolds for the deepest imaaging depthss.
The severity of an accquisition foo
otprint incre
eases as staccking fold is eexamined att shallower
depths. Thus
T
calculattions of SV-P
P stacking fo
old should bee done at a sshallow deptth and at a
mid-rangge depth in addition
a
to the deepest depth. If a ddrilling targett is limited tto only one
formation, then it is probably sufficient to lim
mit a footpriint analysis tto only that one target
depth. Be
ecause only one drilling target was of
o interest a t this Scott C
County site, and that tarrget
was at a deep image depth, the analyses
a
pre
esented in Fiigures 2 and
d 3 are sufficient to concclude
that the SV-P
S
acquisition footprin
nt for the Sccott County ddata is not id
deal, but it sshould be
acceptab
ble. This SV-P
P data-acquisition footprint behavioor should nott by itself dicctate that
SV-P dataa processingg should not be attempted.
It iss a judgmentt call as to what
w
magnitu
ude of acquiisition-footp
print effect iss acceptablee
and whatt magnitude
e requires a “do
“ not initiate SV-P proocessing” conclusion. Th
he decision aas
whether to go forward or to abandon an SV--P data proccessing efforrt should involve input
from one
e or more co
ompetent seismic data processors.
p
FFor example,, some data processors
may adviise that SV-P
P processing of the Scottt County P-PP data should
d not be initiated given tthe
degree of
o acquisition
n footprint th
hat will be in
nvolved in thhe data proccessing. We at EGL would
proceed with SV-P daata processing using app
propriate sizze super binss.
6

Criterion 3 - Low-Frequency Energy in the Illuminating Wavefield
EGL has found that if there is not a rich amount of low-frequency energy in an
illuminating wavefield produced by a P-wave source, there is a reduced probability that there
will be robust SV-P reflections in vertical-geophone data. If the P source is a shot-hole explosive
or a vertical impact, there is usually an attractive amount of low-frequency energy in shot
gathers. The likelihood that weak energy levels exist in the lower frequency range of seismic
field data increases when the source is a vertical vibrator because lower frequencies can then
be deliberately excluded from illuminating wavefields. The likelihood that vibrator data will be
deliberately designed to exclude low frequencies is high if data-acquisition decisions do not
consider: (1) a direct-S mode will be produced by vertical vibrators, and (2) SV-P data may need
to be utilized in addition to P-P data. Thus the comments here focus only on vibrator-source
P-wave data because vibrators were used to create the Scott County data.
Two vibrator-sweep parameters are of particular interest when deciding if vibrator-source
data are candidates for extracting SV-P reflections. Parameter 1 is the frequency assigned as
the low-frequency end of the vibrator sweep. For generating SV-P data, the optimal choice for
the low-end of a vibrator sweep is a frequency that starts at 6-Hz or lower (a 4-Hz low-end is
ideal). If a vibrator sweep starts at 10-Hz or higher, there can be a serious reduction in the lowfrequency components needed to produce good-quality SV-P reflections. Much legacy P-P data
have been acquired using vibrator sweeps that start at 10 Hz.
Parameter 2 is the sweep rate. Non-linear vibrator sweeps are not good for generating
optimal-quality SV-P reflections because the sweep traverses lower frequencies rapidly and
dwells longer at higher frequencies. Given a choice of P-P data acquired with a linear sweep
rate or P-P data acquired with a non-linear sweep rate, EGL will opt for the linear-rate data
every time. Non-linear sweeps rush through the low-frequency portion of the signal spectrum
so fast that robust low-frequency data often do not exist in the illuminating wavefield.
Application of Criterion 3 to the Scott County Data
For the Scott County data, the vibrator sweep range was 12 to 128 Hz, and the sweep
was nonlinear at a 3dB per octave rate. Both of these sweep parameters are undesirable for
generating robust SV-P data. One could decide at this point that it would be a mistake to
attempt to extract SV-P reflections from the Scott County data. However, it is prudent to
do a modest amount of data analysis to confirm if this concern is justified. One obvious
data procedure would be to compute frequency spectra for several sets of trace gathers.
A calculation of the frequency content of the Scott County P-P data is illustrated in Figure 4.
This frequency spectrum confirms that important low-frequency components are not
embedded in the vertical-geophone data.

7

Figure 4. (a)
( Trace gath
her of vertical-geophone data
d
acquired at the Scott County studyy site. The
outlined data
d
window spans bold re
eflections associated with the reservoirr target. (b) Zoom view of
target-refflection windo
ow. (c) Frequency spectrum calculated for the data inside the analysis window
w.
Critical low
w-frequency components needed for robust SV-P reeflections aree absent.

Eve
en if a frequency spectru
um calculation indicatess SV-P reflecctions will no
ot be robust,,
as Figure
e 4c indicates will be the case at the Scott Countty site, it is still importan
nt to inspectt
constant-velocity staacks of verticcal-geophone data if at aall possible. In our invesstigation, wee
requeste
ed CMP stackking velocityy panels from
m the compaany that processed the SScott Countyy
data. The
ese constantt-velocity panels allowed
d us to confiirm our conccerns that th
he vibrator
sweep paarameters used for the Scott
S
Countyy data resultted in poor-q
quality SV-P reflections.
Exaamples of vertical geoph
hone stackingg-velocity paanels of the Scott Countty data are
exhibited
d as Figure 5.
5 These dataa show a bold P-P reflecttion (APP) for the deepest target of
interest. Using local dipole
d
sonic log informaation that ideentifies the average VP/V
VS value as 2
2,
orresponding SV-P reflecction (ASP) c an be calculated. The tim
me-conversiion
the posittion of the co
equation
n relating APPP and ASP is shown
s
as the
e bottom linne in the labeel block in eaach velocity
panel. Visual inspection of the ve
elocity panels shows thaat there is att best only a faint hint off a
n event insid
de the calcullated search
h window (w
window ASP) eeven though
h the ASP win
ndow
reflection
in Figure 5b is moved
d slightly tow
ward higher velocities too enclose po
ossible reflecction energyy. The
8

poor sign
nal-to-noise quality of th
he data insid
de each SV-PP reflection ssearch windo
ow confirmeed
our suspiicion that th
he weak amo
ount of low-ffrequency e nergy in thee Scott Countty data would
not allow
w a successfu
ul SV-P data--processing effort. The ccalculation p
procedure th
hat identifiess
SV-P refle
ection searcch windows in
i CMP consstant-velocitty panel of veertical-geop
phone data
will be diiscussed late
er when Criterion 7 (Sign
nal-to-Noise Character o
of SV-P Refleections) is
considere
ed.

Figure 5. (a)
( CMP-base
ed constant-ve
elocity panel generated att CDP 2 for th
he Scott Coun
nty survey. Event
APP is the P-P reflection
n from the de
eepest target of interest. B
Based on welll log informattion that VP/V
VS = 2,
the SV-P reflection
r
from this same interface
i
should be locate d at position ASP. The abseence of reflecctions
inside the
e ASP search window
w
confirrms that the vibrator
v
sweeep parameterrs used for the Scott Countty
data acqu
uisition did no
ot produce sufficient low-ffrequency eneergy. (b) Repeeat constant--velocity paneels
calculated
d at CDP 3 witth the ASP win
ndow moved slightly to th e right. Resullt is the samee – only weak
evidence of SV-P reflecctions exists.

Criterion
n 4 - Estimating S-Wave Statics at So
ource Statio
ons
Forr some legaccy P-P data, the
t most chaallenging steep of extractting SV-P refflections is
estimatin
ng S-wave sttatics from vertical-geop
v
phone data. S statics aree needed to sset a commo
on
datum fo
or the downggoing illumin
nating SV waavefield at a ll source staations acrosss a legacy survey
area. If P-P
P data bein
ng considered for SV-P data processiing are know
wn to have cchallenging
P-wave static
s
issues, those P-P data are poorr candidatess for SV-P im
maging. If thee estimation of
P-wave statics
s
is diffiicult for a paarticular dataa set, then ddetermining S-wave stattics from thee
same verrtical-geopho
one data will be even more
m
difficultt. If P-wave d
data from tw
wo locations are
being con
nsidered forr SV-P data processing,
p
EGL
E will alwaays choose the site that has the few
wer
static-esttimation issu
ues.
9

Application of Criterion 4 to Scott County Data
P-wave static estimation was stated to not be a serious data-processing challenge for the
Scott County data. However, we could not determine if S-wave static estimation would also
be simple. Because we demonstrated that SV-P reflections would have poor signal-to-noise
character because of the weak low-frequency energy in the illuminating SV-P wavefield
(Figures 4 and 5), no effort was expended to investigate S-wave static issues at this Scott
County site. It would be impossible to investigate S-wave static issues with such poor quality
data. S-wave static estimation using vertical-geophone data will thus have to be a subject of
a later EGL report.
Criterion 5 - Construction of Synthetic Shot Gathers
If detailed VP and VS velocity information is available at a prospect where SV-P processing
of P-P data is desired, it is important to use this velocity information to do full-elastic
modeling of the wave modes that should exist in the data. EGL uses VP and VS dipole-sonic-log
information from local calibration wells to construct both 1D synthetic seismograms and 2D
synthetic shot records that illustrate if, and how, P-P and SV-P reflections interfere with each
other in vertical-geophone data. The optimal information needed for this modeling is provided
by a dipole sonic log, but detailed interval velocities can also be provided by VSP data. 2D
synthetic shot gathers are particularly important to data processors because the data allow
processors to test strategies for separating SV-P and P-P wavefields.
Significant computational resources are required to do 2D full-elastic modeling, and such
resources may not be available to some explorationists. Good-quality, full-elastic modeling
codes exist in several seismic data-processing shops, research organizations, and oil/gas
companies. Any of these modeling options can be used. EGL can also perform a reasonable
amount of 2D modeling analysis for companies that need assistance in evaluating legacy P-P
data for SV-P data processing. Simple, low-cost, 1D P-P and SV-P synthetic seismograms can
also be helpful for identifying interferences between SV-P reflections from shallow interfaces
and P-P reflections from deeper interfaces, and may in some cases be sufficient to identify
interference between P-P and SV-P reflection events. The shortcoming of 1D modeling is that
the data do not show how P-P and SV-P reflections interfere over the full offset range of seismic
data, which is important information for data processors.
Application of Criterion 5 to Scott County Data
A dipole sonic log was available reasonably close to the Scott County seismic survey.
The VP and VS velocities read from this log are shown in Figure 6a. These velocity data were
combined with a formation density log (Figure 6b) to construct a 2-D earth model that was,
in turn, used to calculate the full-elastic data generated by a vertical-displacement source
and recorded by vertical geophones. This earth model extended to approximately 4500 ft, the
deepest depth coordinate of the dipole sonic log. The shallowest log measurement of P and S
velocities and formation density was approximately 250 ft (Figure 6). Velocity and density
10

values be
etween the earth
e
surface and the de
epth of the oonset of log measuremeents were
assumed
d to be straigght-line slope
es that matcched the deppth-dependeent trends in
n log-measured
velocity and
a density across shallo
ow strata. The
T straight--line trends o
of near-surfaace VP and VS
velocitiess are shown in Figure 6aa. The final earth
e
model involved 300 velocity layers that
were 15 ft thick. The source was buried at a depth of 300,000 ft to en
nsure no surrface multiplles
d in the resu
ults. Receivers were exte
ended to offssets of ±30,0000 ft with rreceiver stattions
appeared
spaced at intervals of 10 ft. This excessive offset was ussed so reflecctions from tthe edges
of the mo
odel would not
n interfere
e with deep primary P-PP and SV-P reeflections that need to
be examined.

Figure 6. (a)
( VP and VS velocities
v
and
d (b) bulk den
nsity log that defined the eearth-model llayering
representting the seism
mic propagatio
on medium fo
or the the Scoott County daata. Intervals A and B prod
duce
strong refflection eventts.

Syn
nthetic shot gathers werre calculated
d from thesee log data, and velocity aanalyses were
then perfformed on these gatherrs using the common
c
proocedure of ccreating consstant-velocitty
stacks (Figure 7). A vertical-displacement sou
urce (verticaal vibrator) w
was used to generate P-P
constant-velocity staacks (Figure 7a),
7 and a ho
orizontal-dissplacement source (horiizontal vibraator)
was used
d to make SV
V-SV constan
nt-velocity sttacks (Figuree 7b). The sttacking veloccity function
ns
determin
ned for these
e two types of shot gath
hers allowedd a converted
d-mode staccking velocityy to
be calculated for the
e SV-P mode using the fo
ollowing relaationship pro
omoted by TTessmer and
d
988) and Iverson, et al., (1989):
Behle (19

11

(3)

(V
VSP)2 = (VPP) (V
( SS) = (VPP)2 (1/A)½,

In this eq
quation, VSP is SV-P stackking velocityy, VPP is the PP-P stacking velocity sho
own in Figuree 7a,
VSS is the
e stacking velocity shown
n in Figure 7b,
7 and A is tthe velocity rratio VPP/VSSS. The second
form of the
t equation
n is appropriate for evalu
uating legacyy P-wave daata for SV-P d
data processsing
when one can obtain
n information only about VPP and theen is requireed to either know or gueess
an appro
opriate value
e (A) for VPP/V
/ SS.

Figure 7. (a)
( P-P constaant-velocity sttacks created
d using a synt hetic shot gather generateed by a verticcaldisplacem
ment source and recorded by vertical ge
eophones. Th e red curve d
defines VPP staacking velocitty
for a layered earth desscribed by the
e log data in Figure
F
6. (b) SSV-SV constan
nt-velocity staacks created
using a syynthetic shot gather
g
generated by a horrizontal-displaacement source and recorrded by horizontal
geophone
es. The red cu
urve defines VSS stacking ve
elocity for a laayered earth represented by the log daata
in Figure 6.
6

The
e log data in Figure 6 sho
ow there are
e two intervaals of domin
nating imped
dance contraasts
in the earth layering across the Scott
S
Countyy legacy survvey: (1) a shaallow intervaal, labeled A
A,
that creaates a P-P refflection APP and a SV-P reflection
r
ASSP, and (2) a d
deep intervaal, labeled B
B,
that creaates a P-P refflection BPP and
a a SV-P reflection
r
BSPP. The princiipal target of interest at this
Scott Cou
unty site is the deep inte
erval identified as B.
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Figure 8. Shot
S
gathers generated byy a vertical-displacement ssource and reecorded by veertical geopho
ones.
(a) Shot gather after a P-P NMO is applied
a
to flattten P-P refle ctions. Key reeflections APPP and BPP are
identified. (b) Shot gather after a SV
V-P NMO is ap
pplied to flattten SV-P refleections. Refleections ASP and BSP
are depth
h equivalent to P-P reflections APP and BPP, respectiveely.

The
e shot gathers in Figure 8 were gene
erated from the log dataa in Figure 6 using a vertticaldisplacem
ment source
e to represen
nt the verticaal vibrator s ource that aacquired thee Scott Countty
data. Figure 8a show
ws the respon
nse of the ve
ertical geophhones after a P-P NMO h
has been
applied to
t flatten P-P
P reflectionss. This P-P NM
MO functionn is based on
n the P-P staacking velocity
interpretted from the
e P-P constan
nt-velocity stacks in Figuure 7a. Key rreflection evvents APP and
d BPP
are labeled. The shott gather in Figure 8b sho
ows the respponse of the vertical geo
ophones wheen
MO is applie
ed. This SV-P
P NMO corre
ection is deteermined from the VSP stacking veloccity
a SV-P NM
defined in Equation 3.
3 Reflection
n events ASP and BSP are depth-equivvalent to P-P
P events APP and
BPP in Figgure 8a.
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The key result of this modeling is that SV-P reflections ASP and BSP are reasonably isolated
from interference with P-P reflections and multiples. Thus it should be possible to extract a
good-quality SV-P image and valid S-wave attributes from the Scott County data IF SV-P
reflections existed in the data. However, Criterion 3 discussed earlier demonstrated SV-P
reflections are not present because inappropriate sweep parameters were used to operate
the vibrator sources (Figure 5).
Criterion 6 - Physical Sizes of Source and Receiver Arrays
The ideal physical sizes of source and receiver arrays used to acquire S-mode data are a
single-point source station and a single-point receiver station. Examples of a single-point source
station would be a single shot-hole or a single vertical vibrator operated with no move-up
while generating an illuminating wavefield. A single-point receiver would be only one geophone
at each receiver station. The logic involved in using minimal-dimension source and receiver
stations for acquiring S-mode data is that at some sites, S-wave statics can vary in such short
distances that one has to be concerned about intra-array variations in S statics if either sourcestation arrays or receiver-station arrays span an appreciable distance.
Intra-array statics refer to static changes that occur in distances that are shorter than the
physical dimensions of a receiver array or a source array. It is now a widely accepted principle
that S statics often vary over shorter distances than do P statics, thus the physical sizes of P-P
source and receiver arrays have to be considered in SV-P data processing even though those
array sizes may not be a concern in P-P data processing. Because the physical dimensions of
source arrays and receiver arrays have not been a serious concern in acquiring most P-P data
surveys, large-dimension source arrays and receiver arrays will often be encountered when
reviewing legacy P-P data for possible SV-P data processing. When considering P-P data options,
EGL’s philosophy is, assuming that all other factors are equal, choose the data that were
acquired with the smallest source-station and receiver-station dimensions.
Application of Criterion 6 to Scott County Data
The sources that generated the Scott County data were two inline vertical vibrators with
baseplates separated a distance of 40 ft. Although a single vibrator would be a more optimal
source for SV-P imaging, this vibrator pair is a reasonable approximation of a point source.
The receivers that recorded the Scott County data were six vertical geophones deployed
in a circle having a diameter of 12 ft. These six geophones are a reasonable approximation of a
point receiver.
Criterion 7 – Signal-to-Noise Character of SV-P Reflections
An example showing how SV-P reflections can be located in constant-velocity stacks of
vertical-geophone data has been illustrated in Figure 5, but the logic used to identify the
search-window position where SV-P reflections should appear in these velocity panels was
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not discussed in detail in the text accompanying that figure. The important fact that the signalto-noise ratio of SV-P reflections can be evaluated with common CMP-based P-wave velocity
panels now needs to be discussed and will be illustrated using better quality data than the data
that were used in Figure 5. In order to judge the signal-to-noise character of SV-P reflections, it
is essential to know how to locate those SV-P reflections in CMP-based constant-velocity stacks
of vertical-geophone data.
Application of Criterion 7 to Scott County Data
The application of Criterion 7 to the Scott County data has been illustrated in Figure 5. The
constant-velocity CMP vertical-geophone stacks shown in that figure confirm that the signal-tonoise ratio of the strongest SV-P reflection (feature labeled ASP) expected to exist at each
velocity analysis location is quite low. A valid question to ask at this point is “why should SV-P
reflections , which need to be created using asymptotic conversion point (ACP) binning, even be
seen in CMP-based constant-velocity stacks”? This question will be answered in this section.
The CMP velocity panels in Figure 5 were included in the discussion of Criterion 3 to
confirm that the decision to not go forward with SV-P processing, based only on the undesirable
vibrator sweep parameters that were used, was a correct decision. However, an important
principle now needs to be emphasized about CMP constant-velocity stacks. This principle is that
regardless of how compelling the logic is that any of the criteria discussed in this report indicate
SV-P data processing should not be initiated, it is still advisable to acquire, or to create, CMP
constant-velocity stacks of vertical-geophone data that will allow the signal-to-noise character
of SV-P reflections to be examined.
The data examples in this section illustrate EGL’s current procedure for defining the
positions of SV-P reflections in CMP-based constant-velocity-stack panels. The concepts used
to analyze CMP constant-velocity stacks are illustrated in Figure 9. First, the VP/VS ratio needs
to be known or assumed (Figure 9a). For legacy P-P data, constant-velocity panels are created
using common-midpoint (CMP) procedures (Figure 9b). Equation 3 is then used to define the
SV-P CMP stacking velocity VSP that corresponds to P-P stacking velocity VPP. The term A in
Equation 3 is the VP/VS value associated with P-P stacking velocity VPP illustrated in Figure 9a.
A second key equation that relates the image-time coordinate of P-P reflection PP1 in constantvelocity panel VPP1 to the image-time coordinate of SV-P reflection SP1 in constant-velocity
panel VSP1 is
(4)

TSP = 0.5 TPP (A + 1)

This equation is developed in Figures 9c and 9d.
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Figure 9. (a)
( An averagged VP/VS velo
ocity ratio fun
nction known (or assumed) for a prospeect of interestt.
(b) A hypo
othetical pane
el of P-P consstant-velocityy stacks createed by CMP biinning (not AC
CP binning!) aat
a CDP locaation in the seismic image
e space of that prospect. Thhe P-P stackin
ng velocity deetermined at
this CDP by
b a data proccessor is show
wn on the right side of thiss panel. (c) M
Model showingg relationship
p
between 2-way P-P and SV-P times across a target interval. (dd) Mathematical equation expressing th
he
travel tim
me relationship
ps between depth-equival
d
lent P-P and SSV-P reflectio
ons at depths Z1 and Z2. This
equation is used to deffine search windows
w
in the
e constant-veelocity stack p
panel where SSV-P reflectio
ons
d
ent to targeted P-P reflecttions should bbe positioned
d.
that are depth-equival

Beccause SV-P data
d
should be
b binned ussing asympt otic-converssion-point (A
ACP) procedures,
a key que
estion is whe
ether these two simple equations (EEquations 3 and 4) can b
be used to
confirm that
t
SV-P refflections exist in CMP-baased (not AC
CP-based) co
onstant-velo
ocity stacks.
The answ
wer is “yes”. This is a forrtunate outccome that is invaluable w
when faced with the
challenge
e of verifyingg that SV-P reflections
r
exist
e
in legac y P-P data.
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ed with CMP binning tech niques. This C
CMP imaging effort is
Figure 10. (a) P-SV imaage constructe
nt to ACP binn
ning of horizo
ontal-geophon
ne data usingg a VP/VS veloccity ratio of 1
1. (b) SV-P imaage
equivalen
made usin
ng CMP binning technique
es. This CMP image is equivvalent to assu
uming VP/VS = 1 when
performin
ng ACP binnin
ng of vertical-geophone daata. (c) P-SV im
mage made w
with ACP binn
ning and a VP//VS
value of 2.4.
2 (d) SV-P im
mage made with
w ACP binn
ning and a VP//VS value of 2.4. Taken from
m Fraiser and
d
Winterste
ein, 1990. Win
ndow F emph
hasizes a faultt the authors used to veriffy the accuraccy of each image.

An important principle
p
obsserved by EG
GL is that SV--P reflections do indeed appear in P-P
CMP-bassed constantt-velocity staacks of verticcal-geophonne data. Alth
hough these reflections aare
not optim
mal for SV-P imaging purrposes (becaause they are not based on ACP binn
ning), they aare
visible with sufficientt signal-to-noise charactter to confirm
m if SV-P refflections exist and whether
SV-P dataa processingg should, or should
s
not, be initiated.. This key facct, that convverted-modee
images can be made using CMP procedures rather than ACP proced
dures, has beeen documented
by Fraise
er and Winte
erstein (1990
0). Figure 21 from their ppaper is repeeated here aas Figure 10.
It must be
b emphasize
ed that convverted-mode
e images maade with CMP binning, as are those
in Figures 10a and 10
0b, are inacccurate image
es because rreflection po
oints are nott properly
positione
ed in image space.
s
In con
ntrast, the converted-m
mode images in Figures 1
10c and 10d
are made
e with ACP binning
b
and a proper VP/V
/ S value of 22.4 for the aarea where tthese data w
were
acquired. These latte
er images show the correct position of fault F. A principle illlustrated by
on made with
h CMP stackking proceduures has reassonable sign
nalthese datta is “if an SV-P reflectio
to-noise, when that same
s
SV-P reeflection is created
c
with ACP stackinng procedurees and a corrrect
value of VP/VS, it will have even better
b
signall-to-noise chharacter”. Th
hus the preseence of any
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reasonab
ble-quality re
eflection possitioned at the correct vvelocity-timee coordinatees in CMP
constant-velocity staacks of verticcal-geophone P-P data iss sufficient eevidence to w
warrant
initiatingg SV-P data processing
p
off those P-P data.
d
One
e way to und
derstand wh
hy SV-P refle
ections occurr in P-P CMPP velocity panels of verticalgeophone data is to view constant-velocity stacks
s
of thee data as an SV-P stackin
ng process in
n
which a data
d
processsor has simp
ply made an inaccurate aassumption aas to the vallue of the VP/VS
ratio thatt should be used to imagge SV-P dataa. In fact, thee processor has applied the worst
possible value of VP/VS, that bein
ng a value off 1. Thus if a n SV-P reflecction is reco
ognized when
1 that reflection will exh
hibit better and
a better siignal-to-noisse as the VP//VS ratio is
VP/VS = 1,
adjusted toward the proper velo
ocity-ratio vaalue for the pprospect areea where leggacy P-P dataa
have bee
en acquired.

Figure 11. (a) The posittion of an imaage point along an interfacce depends o
on the velocity ratio VD/VU,
d VU is upgoin
ng velocity. CM
MP imaging o
occurs when VD/VU = 1.
where VD is downgoingg velocity and
(b) CMP reflections and converted-mode reflections overlap in two generaal areas on a constant-velo
ocity
panel, the
e areas labele
ed 1 and 2.

The
e diagram in Figure 11a illustrates th
his concept i n terms of tthe velocity rratio VD/VU,
where VD is the veloccity of a dow
wngoing illum
minating wavvefield, and VU is the velocity of an
upgoing reflected waavefield creaated by that illuminatingg wavefield. CMP imagin
ng is just onee of
the manyy coordinate
e positions along the horrizontal VD/V
VU axis wherre an image point can bee
located in the full ran
nge of velocity-ratio posssibilities. Sppecifically, CM
MP stackingg occurs onlyy
when VD/V
/ U = 1; whe
ereas, SV-P stacking
s
invo
olves conditiions where VD/VU < 1, an
nd P-SV staccking
involves conditions where
w
VD/VU > 1 (Figure 11a).
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Figu
ure 11b defines the areaas in constan
nt-velocity-sstack data sp
pace where tthere will bee
both CMP reflectionss and converrted-mode reflections.
r
N
Note that on
nly area 1 in Figure 11b
involves SV-P data an
nd legacy P-P data. Areaa 2 involves cconstant-vellocity stackss made with
horizontaal-geophone
e data where
e P-SV and SV-SV
S
reflecttions interacct with each other.

(b)

Figure 12. (a) Constantt-velocity ACP
P stacks consttructed from horizontal-geeophone dataa. Depthequivalen
nt P-P and P-SSV reflections are shown byy connecting arrows. (b) C
Constant-velo
ocity CMP
stacks maade from vertical-geophone data. Reflections in thesse vertical-geophone data extend from the
P-P stacking function to the SV-P staacking functio
on, and possi bly even to th
n.
he SV-SV staccking function
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Real data examples of constant-velocity stacks that confirm the concepts presented in
Figure 9 through 11 are shown in Figure 12. The data in Figure 12a are constant-velocity ACP
(asymptotic conversion point) stacks of horizontal-geophone data. Although the topic of this
report is extracting SV-P reflections from vertical-geophone data, this horizontal-geophone data
example is so impressive that it needs to be shown. Two stacking velocity curves are shown.
The left-side curve is the ACP P-SV stacking velocity determined at the CDP where these data
were analyzed, and the right-side curve is the P-P stacking velocity that was determined from
CMP stacks of vertical-geophone data at this same CDP location and then inserted onto this
horizontal-data velocity panel. Visual inspection of these data allows one to conclude that the
circled P-P and P-SV reflection packages represent images of the same geology; i.e., the P-P and
P-SV reflection pairs linked by connecting arrows are depth-equivalent reflections. This example
shows that both P-P and converted-mode reflections can be seen not only in constant-velocity
CMP stacks, but also in ACP constant-velocity stacks. This fact is particularly impressive because
it is often assumed that P-P reflections cannot be seen in horizontal-geophone data, but
obviously in some instances, this assumption is not correct.
Returning now to the topic of this report, the data in Figure 12b are constant-velocity
CMP stacks constructed from vertical-geophone P-P data. The P-P velocity function is on the
right, the SV-P stacking velocities determined at this CDP are shown by the curve in the center,
and a tentative SV-SV stacking velocity function determined from horizontal-geophone data is
shown on the left. The positions of the depth-equivalent SV-P and SV-SV data windows drawn
on the velocity panel were calculated using Equations 3 and 4 and a VP/VS value of 1.9. These
calculated positions of expected SV-P and SV-SV reflections imply that these particular SV-P and
SV-SV stacking-velocity curves “may” be slightly too fast. Even so, this real-data example
verifies the principle that SV-P reflections, and sometimes (but not always) SV-SV reflections,
exist in CMP constant-velocity stacks made from vertical-geophone data.
In summary, once good-quality P-P reflections are identified at image times PP1 and PP2
in a panel of CMP-based constant-velocity stacks of vertical-geophone data (Figure 9), the
2-step procedure for identifying the search windows where depth-equivalent SV-P reflections
SP1 and SP2 should be found is:
1. Move horizontally along the stacking velocity axis from velocity panel PP1 (or PP2) to a
slower velocity panel defined by Equation 3, and then,
2. Move vertically down the image-time axis to a later image time defined by Equation 4.
Although this procedure defines the expected location of the depth-equivalent SV-P reflection
in a suite of CMP constant-velocity panels, a modest sized search window should be centered
on this calculated SV-P reflection location as illustrated in Figures 9 and 12b to allow for some
estimation error.
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Criterion 8 – SV-P Reflections Embedded in VSP Data
If vertical seismic profiling (VSP) data are available at a legacy P-P data site of interest,
analysis of those data can provide valuable evidence of the presence of SV-P reflections and
the quality of those reflections. However, the effort to process VSP data approaches the effort
required to process surface-based data so a decision to process VSP data before processing
surface data is not to be taken lightly.
A second point is that no one other than EGL has ever extracted SV-P reflections from
VSP data. Thus VSP data-processing assistance is only beginning to emerge across the industry
because of the technical advance in VSP data processing that is just now being publicized by
EGL. Rather than consume space here to explain the nuances of VSP SV-P data processing,
readers are referred to the paper by Li and Hardage (2015) that discusses how SV-P reflections
are extracted from VSP data. This paper is available by request or can be found by going to the
EGL Web site – http://www.beg.utexas.edu/egl/ - and clicking on Publications.
Application of Criterion 8 to Scott County Data
No VSP data were available local to the Scott County study site. Criterion 8 could not be
applied to the Scott County P-P legacy data.

Conclusions
This report summarizes the criteria that need to be considered when deciding whether a
particular P-P legacy data set should be reprocessed to create SV-P data. These criteria were
applied to a real P-P legacy seismic survey acquired in Scott County, Kansas, to decide if
those data were candidates for SV-P data processing. These particular P-P data had serious
shortcomings. First, the trace length was not sufficient. Second, there was inadequate lowfrequency energy in the SV illuminating wavefield created by the vertical vibrator source. This
inadequate low-frequency energy was caused by a vibrator sweep that started at 12 Hz, rather
than at 4 Hz or 6 Hz, and that then proceeded through the low-frequency range of vibrator-pad
motion at a rapid rate of 3dB per octave. The direct-S mode created by this sweep had
inadequate low-frequency energy to produce robust SV-P reflections that would image geologic
targets.
Considerable attention is focused in this report on analyzing constant-velocity CMP stacks
of vertical-geophone data to recognize SV-P reflections in legacy P-P data. This data criterion –
examining constant-velocity CMP stacks – is one of the most definitive of all the criteria that
can be used to decide if SV-P data processing should be initiated. After applying all of these
data-evaluation criteria to the Scott County data, we found no evidence that SV-P reflections
had sufficient signal-to-noise to justify SV-P data processing.
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All criteria discussed in this report are condensed into a concise tabulation appended as
Table 1 at the end of this document.
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