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ABSTRACT

- The objective of this study was to compare the relative merits of shear-wave (S- -
wave) seismic data acquired with nine-component (9-C) technology and with three-
component (3-C) technology. The original proposal was written as if the investigation
would be restricted to a single 9-C seismic survey in southwest Kansas (the Ashland
survey), on the basis of the assumption that both 9-C and 3-C S-wave i 1mages could be
created from that one data set. The Ashland survey was designed as a 9-C seismic
program. We found that although the acquisition geometry was adequate for 9-C data
analysis, the source-receiver geometry did not allow 3-C data to be extracted on an
equitable and competitive basis with 9-C data. To do a fair assessment of the relative
value of 9-C and 3-C seismic S-wave data, we expanded the study beyond the Ashland
survey and included multicomponent seismic data from surveys done in a variety of
basins. These additional data were made available through the Bureau of Economic
- Geology, our research subcontractor. '

Bureau scientists have added theoretical analyses to this report that prov1de
valuable insights into several key distinctions between 9-C and 3-C seismic data. These
theoretical considerations about distinctions between 3-C and 9-C S-wave data are
- presented first, followed by a discussion of differences between processing 9-C common-

‘midpoint data and 3-C common-conversion-point data. Examples of 9-C and 3-C data are
~ illustrated and discussed in the last part of the report.

The key findings of this study are that each S-wave mode (SH-SH, SV-SV, or p-
SV) involves a different subsurface illumination pattern and a different reflectivity
behavior and that each mode senses a different Earth fabric along its propagatlon path
because of the unique orientation of its particle-displacement vector. As a result of the
distinct orientation of each mode’s particle-displacement vector, one mode may react toa
critical geologic condition in a more optimal way than do the other modes. A conclusion
of the study is that 9-C seismic data contain more rock and fluid information and more
sequence and facies information than do 3-C seismic data; 9-C data should therefore be
acquired in multicomponent seismic programs whenever possible.
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INTRODUCTION

;Several concei)ts involved in> gene‘rating,ieltbcquiring, and processing -
,muiticomponent seismic data are essential for understéinding ciistihcﬁons between 9-
componenf (9-C) and 3-comp.onevnt'v(3-C) data. The basic prijnciplé,fhat hés to be
'emphasized is that the physics of any mﬁlticomponent seiémic technglogy c’annolt, be
understood until. the data are vieWed in terrhs of the displacement Veétor éssociated with |
each bmovde of the seismic wéveﬁeld that is being ckonside_vr,ed. This report therefore bévgins.f
with a discussién of seismic vector-wavefield behaviof to set the stage for all subsequent
,discussions:. |

There are three arguménts that can be used to explain why‘each S-wave mode of
9-C and 3-C seismic data carriés a different amount anc‘l‘ a different type of roék_/ﬂuid :
~ information. These érgumenté were developed by s‘cie.ntistsvsubcontracted to this study at
‘the}Bureau of Economic Geology (Bureau). One d:gument is :designed to appeal to people
who have limited iﬁterest iﬁ mathemafiqs. Thé second épproéch is structured for people
who have an appreciétion of'the méfhématics of wavefield reflectivity. The third option is
~ to illustrate the ﬁlﬁdamental differencés in the‘ Sf-Wave radiation patterns and S-wave

target illuminations associated with 9-C and 3-C seismic sou'ijces.



 EXECUTIVE SUMMARY
This investigation suminarizes the baéic physics of nine-component (9-C) and
| three-cemponent (3-C) shear-wave (S-wave) data and illustrates selected physie'al
coneepts of 9-C and 3-CS_-we§es with real date examples. The're are fundamental
differenceslin the P-SV S-wév'e mode provided by 3-C ‘seibsmic data and the SH-SH and
SV-SV» S-Wave (11-10des available with 9-C data. Key distinctions among these S-wave
modes are explained by describing differeﬁces in fhe sources that g_enerate the modes,
illustrating how the downgoing aneﬁelds of the modes resuit in different illumidation‘s
of a target, showing differences in. the reflectivity behaviors of the modes, and stressing
how different source-receiver geometries and different data-processing strategies are
required for 9-C data and for 3-C data. A prihciple that is stressed and illuétrated
repeatedly is that each mode of a multicomponeht seismic wavefield ﬁlay seﬁse a
different Earth fabric along its propagation path because the‘ particle-displacement vector
of each mode is oriented in a different direction. We conclude that'because cach wave | )
mode hae the potential ef sensing an Earth fabric that its eompanion modes cennot, that
optimal eeismic evaluaﬁon of hydfocarbon proSpecfs cvan Qecur ohly When 9-C seismic
data are acquired. 9-C seismic data p'rox‘fide»all possible wave modes and all possible
faBric-sensing options;'VS-C seismic data provide only two fabric-sensing options: the P-P

mode and the P-SV mode.



BASIC CONCEPTS THAT DISTINGUISH 9-C AND 3-C S-WAVE DATA

The nonmathematical approaeh‘ used to distingﬁish 9 -C and 3-C S-wave data will
be considered first. The-IOgi‘c of this argument emphaSizes how di‘ffel;envtly Earth fabric
can Be’sensed when a sfnall feck voiume embedded iﬁ,a layered, spatiallvy; variant Earthis -
~ deformed in a different directien by the ortho gohel displacement vectors associated with |

~ various seismic wave modes. Estimation of Earth fabric obtained from individual seismic
wave modes can differ, and yet each estimafe can be correct, because each mode deforms
the test volume of rockina diffefenf direction. These deformatiOns sense different Earth
resistance in directions parallel to, and nermal to",'varielis symmetry planes in real-Earth
medi_a. The logic kof this nonmathematical model :appeels in particular to people, who are
interested in only the geologic and petrophysical information thet multicomponent
seismic data may provide.

The second approach 'ﬁeed to distinguish 9-C and 3-C wavefield behavior focuses
“on the math_ematics of the reflectivity equation associated with each mode of the full-

elastic seismie weveﬁ_eld. The mathematical structure of the reflectivity equation
asseciated with each seismic wave mode describes why and‘how petrophysical_' properties
of the prdpagatien medium affect different wave modes in different ways. The logic of
this model is appreciated by} geophySicists, engineers, end others Wilo are comfortable
with mathematics.

The third and last argument used to emphasize differences in 9-C end 3-C 'seismic v
data focuses on the S-wave illumination pattems"’produced by 9-C and 3-C seisfnic -

sources. The physics of the S-wave radiation associated’ with these sources is explained



graphically, not numerically, to again have greater appé_al to 'th_at large coﬁmmity of
mﬁlticomponent seismic users who prefer not fo be burdened by mathematical analyses.
All of théée concepts led fo the developmeﬁt of a new seismic in_terbretétiOn
science called elastic-wavefield seismic stratigraphy, which will be briefly described. The
ﬁmdamentél principle of elastic-wa?eﬁeld seismic stratigfaphy is that any mode of the |
elastic waveﬁeld may provide unique rock, ﬂuid, or seque;ﬁce information across some
stratigraphic intervals thaf canﬁot be obtained with the other Wavé modes of the élastic

wavefield.
Concept 1: Vector-Based Technology

A special thought process based on vector concepfs has to be usedehén-
developing and applying multicomp'onent seismic technology, regardlesé of whether the
effort involves 9-C data or 3;C daté. Previous seismic-téchnoiogy has béen scalar based.
For scalar data, 1t is’no_t necessary to know the direction that each seismic wave mode
moves the Earth. In multicomponent seismic technology, it is mandatory to know the
direction of Earth displaceménf (vecfor—based thinking) when any step is taken to create,
process, or interpret niulticdmponeﬁt data. | |

- If the objective is to conduct a multicompo’nent $¢ismic survey that will produce
all possible wave modes, then‘each SOurcc station must be occupied by sovurces‘ that
generate three orthogonal soﬁrce—diéplaccment’ vectors. ‘These three vectors must then
propagate through the Earth as three _independent illuminating wavefields. Such sources
are called vectorrsources (Fi g 1. Fﬁli-veétor source illumination requireé that 'one

illuminating wavefield (designated as wavefront 1) has a displacement vector oriented



normal to its wavefront, and that th§/0 illuminating waveﬁelds (designated as wavefronts 2
and 3) have orthogonal displacement vectors that are tangent to the respective wavefronts
(Fig. 1). The displacemént vector that is normal to wavefront 1 generates compressional
(P-wave) data. The displacement vectors that are tangent to wavefronts 2 and 3 create

shear (S-wave) data.

a, b, ¢ = Displacement vectors
X
i

"
0l
Ve

Scalar
source

Vector Propagation
source - direction

QAd2506x

Figure 1. Distinction between vector and scalar seismic sources. A full-vector vector
source should cause three orthogonal displacement vectors to propagate through the
Earth. Two seismic properties are measured for a vector seismic source: the time-varying
magnitude and the time-varying direction of the displacement of the Earth. A scalar
source creates at least one displacement vector, but the seismic property that is measured
is only the time-varying change of the magnitude of Earth movement, not the direction of
that movement. ' '



An ¢xample of three vector-based vibrétor souféés positiongd to ‘create orthogonal
source-displacement vectors kis shown in Figure 2. Invth.is eXample; a single VibfatOr is
v used to produce each of the three ortho’gon‘al source-displaceﬁent Véctors illustrated f&r’ a
vector source in Figure 1. A single-vibrator source is satisfactory in this insfande because
the déta being acquired:ar‘e 9-C veﬁical seismic profile (V SP) data, which do notvrequirge
~ extreme, robust éources to produce good data qﬁality. In large-scale 3-D seismic
programs, arrays of vibrators may bé needed to produce good-quality sourcé- “
displédement vectors at Iarge offset distances. An example of 12 “vibrat'o;'s. assem‘blgdvfor_ B
a 9C3D seismic sﬁrvey is shown in Figuré 3.In fhis instance, an array of fdur vertical
ViblfatOI‘SF produced the veﬁicél-displaoement source vector, an array of four horizgntal-
Vibr:ators: produc':ed‘ the inline ‘horbizc")ntal-displacemervlt source ‘Vector, and a Second array
of four horizontal vibrators produced the qro‘ssline horiZontal-displacemént source vector.
If the sources do not create these thr.ee ortho gonal soufce;displacenient véctors, some |
- seismic WaVe modes of the fﬁll—elastic wavefield will not propagate into the Earth. The
illuminating wavefields associated with the three 6,rth0"gonal displacement vectqrs are'
| produced and recorded in a time-sequencé manner, v‘vith time delays of minutes to hours
between generation of the vertical displacémént vector, the inline horizontal-
disp_‘lacvel‘nent vector, and the crossline horiZontéil—displacement Veétor at e#ch source

_station.
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" Lt TV > 'l 2 ! ' QAcS5391¢
Figure 2. An example of three orthogonal seismic vector sources working to produce
nine-component vertical seismic profile data. These three vibrators create the three
source-displacement vectors illustrated for a vector seismic source in Figure 1 in a time-
sequence manner, not simultaneously.

QAd3013x

Figure 3. Twelve vector sources ready to deploy across a large 9C3D seismic survey. In
this instance, four vibrators work as an array to produce a vertical source-displacement
vector; four vibrators work in an array to produce an inline horizontal source-
displacement vector; and four vibrators work in an array to produce a crossline horizontal
source-displacement vector. These three source-displacement vectors are produced in a
time-sequence manner, not simultaneously, at each source station.



Equally important, if there are not three orthogonal vector sensors at all receiver
stations, then svome wave modés produced by these three orthogonal source-displagemcnt
Véctors will not be recorde&. Three-cémponent gebphones are the oldest and most
common type of vector sensor used to acquire multicompone‘ntb seismic data across
onshore seismic prospects. A typical 3-C geophone is illustrated in Figure 4. This sensor
package has one vertical moving-coil geophone element and two orthogonal and
hbrizontal, moving-cdil elements. A second vector-sensof téchnology based on solid-state
accelerom.‘eters.is'nbw available and is being used in more and more multicompdnent
surveys. These sensors are called Micro-Electro-Mechanical System (MEMS) devices.
The MEMS technology developed by Input/Output is illustrated in Figure 5. Sercel also
offers MEMS 3-C vector sensors. Sercel’s cqncept for papkaging MEMS vector-based

sensors is illustrated in Figure 6.

(a) } (b)
Crossline

horizontal
geophone

Inline
horizontal
geophone

Inline

horizontal

geophone
QAc1014(c)c

Figure 4. Standard three-component moving-coil geophone.



Input/Output MEMS VectorSeis Sensor

Sensor
Height: 13.5 cm
Diameter: 5.4 cm

X Accelerometer

Z Accelerometer

Figure 5. Micro-Electro-Mechanical System (MEMS) three-component seismic sensor
available from Input/Output. The basic sensor element is a solid-state accelerometer.



Connectors
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32 mm Courtesy Sercel
Weight = 580 grams QAd3620x

Figure 6. MEMS three-component sensor package available from Sercel.

If each source station is occupied by sources that create three orthogonal source-
displacement vectors (typically three different sources) and the Waveﬁeld produced by
each source is then recorded by 3-C vector-based sensors, the reéult is a 9-C seismic
vector wavefield. If the source station is occupied by a source that generates only one -
source-displacement vector (for example, sources such as a vertical vibrator or an
explosive in a shothole in an onshore environment, or anrair gun in a marine
| environment) and that single waveﬁeld is then recorded by 3-C vector-based sensors, the
result is a 3-C seismic waveﬁeld. Distinctions between 9-C seismic wave modes and 3-C

seismic wave modes will be emphasized throughout this report.
Concept 2: Componenté That Make Multicomponent Seismic Data

Three independent, vector-based, seismic wave modes propagate in a simple
homogeneous Earth: a compressional mode, P, and two shear modes, SV and SH (Fig.7).
These are the three modes we try to create with three orthogonal source-displacement

vectors and then record with three orthogonal vector sensors. Each mode travels through

10



the Earth at a different velocity, and each mode distortsﬂthev Earth in a different -direqtibn |
as it propagates. The propagation vvelocities of fhe SH and SV-shear modes differ by only |
a few percent, but both shear velocities '(Vs) are si_gniﬁ:cénﬂy.less_‘than the P-wave
velocify (Vp). The Velzocity ratio Vp/Vs can vary by an order of ‘mégnitudc in Earth
media, from a {zalue of 15in _de'ep-water, uncqnsolidated; Asetéﬂ‘oor ‘sedim.ent to a value of
1.5 in a few dense, Well-coﬁsblidated roést The orientatidns‘ of tﬁe. P, SV, and SH
dlsplacement vectors relative to the propagatlon direction of each mode are defined in
Figure 7. A convenient way to dlstmgulsh between SH and SV shear modes is to 1fnag1ne | ‘

a vertical plane passing through a source station and a receiver station. SV vector

displacement occurs in this vertical plane; SH vector displacement is normal to the pIahe

(Fig. 8).

Particle-

a displacement
vector

Direction of
wave propagation

QAb9145(b)c

Figure 7. Full-elastic, multicomponent seismic wavefield propagating in a homogeneous
Earth consisting of a compressional mode P and two shear modes, SV and SH. A key
distinction among these modes is that each mode distorts the Earth in a different direction
along its propagation path. The direction in which each mode distorts the Earth is
indicated by the double-headed arrows.

11



Source point
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Figure 8. Distinction between SH and SV shear wave displacements. SV displacement
occurs in the vertical plane that passes through the source station and the observation
point; SH displacement is normal to this plane.

- Argument 1: Sensing the Earth Fabric

We discuss now.the ﬁrst argument ‘that can be used to distinguish how 9-C and 3-
C S-wave data sense pétrophysical properties of the seismic 'propagationmvedium. This
argumeﬁt is baséd‘ on thé cohcept that the Earth’s 'fab»ric’ isa vdirect‘ion-dependent quantify.

In real Earth media, the physical character and elastic prol‘)erties‘ of the internal
- fabricof a sméll Earth volume depend on the direction in which the internél faBric of that
volume is tested. Diffefent elastic constants (fabric) are sensed when the Earth is |
distorted péfpehdicular to its bedding planes versus being displaced parallél to these
planes, or when the Earth is displaced’perpéndicular to ﬁacturés versus parallel to
fractures. For decades, the iny seismic data used in oill and gas applications have'b’eenvP-
wave (scalar) data. The'partigle-displaceﬁlent vector of a P-Wavé' mode senses the Earth

fabric in only one direction—the direction in which the P mode is propagating (Fig. 7).

12



The advantage of multicomponent seismic datzi is that vP SH, and SV wave modes |
i sense the Earth’s fabric i 1n three orthogonal drrectlons (F ig. 7) Each wave mode thus
carries unique Earth-fabric 1nformat10n such as d1rectrona1 dependent information about
elastic constants, cementation quahty, pore geometry, am‘sotropy axes, and lateral
\rariations' 1n rock and fluid types, as 1t leayes a target interval and travels to rec.erver
stations. The technology chejrllentges‘ are to preserve this increased \amount of ge_ologic
information when proCessing multicompon_ent seismic .data and then to correctly interpret

the geologic messages contained in the P, SH, and SV data volumes that are created.
Terminology

- Anew VocabUIary is ‘reqnired to discussi‘multicompo'nent seiemic technology. As
previously etated, if three ortnogonal sourceedisplacement vectors are created at a source
station (F igé. ‘2- and 3) and three orthogonal vector sensors record the distinct \xlzav'eﬁel‘ds ‘
associated With each of these soUrce'displacements F igs. 4 thr’ough6) th.e result is nirze-
component data. Nme component sersmlc data contam all possrble wave modes. In thrs |
discussion, these wave modes will be des1gnated as P-P, SH- SH SV-SV P SV, and SV- | ~
~ P. In this nomenclature, the term precedlng the hyphen de‘ﬁnes’,the downgoing wavefre_ld,
and the term following the hyphen speciﬁes the upgoing wavefield. T hree-componenr;(.?-

C) data are generatedFWhen three ortho gonal Vector sensors o.ccup;)/ the reCeiver stations
‘but only a P-wave (1 C or single dlsplacement) source is used to generate the
illuminating waveﬁeld Only two wave modes are provided by 3-C data: the P-P mode

- and the P-SV mode.
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‘A shear wave kthat nfOpagates in an Earth that has verﬁcal fractures, or that has a
consistent tectonie oﬁentation of tne maximum horizontal stress Veetor, will segregate
into two daughter modes called the fasz-S mode and the slow-S mode. These daughter
modes tra’velﬁ at different VeIocities, as their names imply, and they haveorthogonal, not
parallel, displacement nectors; The displacement vector of fhe fa_st-S mode is oriented
parallel to the symme&y piane that is parallel tothe vertical fractures (or parallel to the

 maximum horizontal vstre‘ss 1f a stress condition is used to desCribe the nr'opagation
medium)._ The d_isplacement ve‘ctor of the slow-S mode is oﬁented normal to this
symmetry plane; ‘This wave physics is mentioned here only ?to compiete this diScussion of
9‘tern1inology.” Examples of fast—S and slow-S data will'l not be included in this 'report.

The various optlons for acquiring multlcomponent seismic data and the specific
wave modes that are a55001ated Wlth each acquisition optlon are tabulated in Flgure 9.
Note how many S-wave modes are 1nvolved,1n multlcomponent seismic data, particularly
in fractured Eafth' ‘media where S-wave splitting occurs. One »termindlo gy error
encountered in multicomponent seismic apnlications is that"people someﬁmes use the
term “shear wave” and do not speeify which particular shear fmode is being considered.

: Eaeh shear mode listed in Figure 9 is unique and oommonly provides geologic
infor_mation not available in its companion shear modes. Accnrate terminolo_gy requires
that we deﬁne the speciﬁe shear mode(s)- We are dealing with in any multicomponent

seismic operation.
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Data-

acquisition option ' Captured mode(s)
9-C P-P, P-8V, SV-8V, SV-P, SH-SH
6-C P-P, P-SV, SH-SH
4-C P-P, P-8V
3-C -P-P, P-8V
1-C P-P QAd2532x
Data-
acquisition option Captured mode(s)
9-C P-P, P-8V4, P-SVp, SV4-SVq, SVo-SVo
, - SV¢-P, SV2-P, SH¢-SH4, SHy-SHy
6-C “P-P, P-SV{, P-SV5, SH{-SH4, SHo-SHo
4-C P-P, P-SV1, P-SV2
3-C P-P, P-8V4, P-8V5
1-C PP

QAd2533x

Figure 9. Options for acquiring multicomponent seismic data and seismic modes
- associated with each option. The top list applies to an isotropic Earth. The bottom list
applies to an anisotropic medium in which S-wave splitting occurs. Subscript 1 defines a
fast-S mode; subscript 2 indicates a slow-S mode.
- In fact, our use of correct terminology matured during this investigation. For
_example,v because the terms “SV,” “SH,” and “C-wave” were used in the title of the
proposal that was submitted to DOE; those terms are used in the title of this report. We

would now replace those terms, respectively, with the more accurate nomenclature “SV-

SV,” “SH"SH,” and “P-SV.”
Marine Environments

Shear waves canndt propagate in ﬂuidsb, or in any media in whiéh‘the shear
modulus, p, has a value of zero. For multicomponent seismic data to be écquired in
marine environments, sources and receivers need to be on the seafloor where they are in
contact with sediment that has a nonzero value of . To date, no vector-based sources

function efficiently on the seafloor. The only source option for marine seismic data
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acquisition is an air- gun array suspended or toWed in the water column. Such air- gun
sources will prdduce only P-Wave (scélér) seismic wavefields iﬁ their_water medium.
~ Because the illuminating quéﬁéld ina marin¢ environrhent is limited to the p (scalar)
mode, the ohly 's;:attered wavefields that can be recorded are the P-P mode and the P-SV'
mode. |

Séveral 'fy‘pes of mﬁltiéompdnent, Vectd_r-'based sensors can be deployed on the‘
seafloor. One populér option is illustratedin Figﬁre 10; As shown 1n thjts .illus‘tratipn, }
marine seafloor sensors confain three orthogonal, vectbrésenSing geophones, as Wellias a
scalar-sensing hydrophone. Marine multicomponent s‘eisrﬁic data éré called four- |
component data because the fhree éompohents of geojahone data are combined with thé
pressure data (scalaf data) provided by thevhydrophorie. The fourth data_ éompone‘nt, ‘

pressure, is important because water-column multiples can be bétter suppressed by

combining the vertical geophon¢~ response and hydrophone response.

Figure 10. One type of multicomponent seismic sensor that can be deployed on the
seafloor to record multicomponent marine seismic data.
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Argument 2: Multicomponent Reflectivities

We now move‘tQ the second argument that will be used to distinguish 9-C and 3-
C S-wave modes. This argumént focuses on the reflectivity equations of multicomponent
wave modes ahd invélves some mathematics.

Each wave mode listed in Figure 9 has a unique reﬂectivity eciuation that relates
the reflection amplitude and phase of that mode to elastic impedanées of the Earth. These
differing reflectivity equations are often the most compélliﬁg evidence to convince
physicists, mathematicians, geophysicists, and other mathematically oriented
investigators that elastic-wavefield seismic stratigraphy is bﬁilt on a sound premise aﬁd
that different Earth fabric is often sensed by each vector of the thfee 6rthogonal particle-
displacement vectors invol‘vevd‘il‘i Iﬁulticomponent seismic imaging.

Developing expressions for reﬂeétivity equations of the various modes of a
‘multicomponent seismic wavefield involves cumbersome and tedious algebra. The
- mathematics of reﬂectivity calculations is not particularly complex because it is
essentially basic trigonometry and algebra. Yet many published analyses of reﬂectivify
equations contain errors because the equations are lengthy, contain many terms, involve
numerous petrophysical parameters, and provide multiple oppbrtum'ties for making
simple blunders, such as writing cosine wilen sine should be used, forgetting to include a
parameter in an expression, inadvertently alteriﬁg fhe algebraic sign of a term, or writing
an incorrect subscript on parameters. Some of these published errors have persisted in the
literature for years.

Because th_ese types of errors are easy to make when reﬂectivity equations are

calculated, most researchers copy the equations from a source that has proven over time
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to be error free. That approach Will be‘followe_d in this discussion, using the widely
accepted reflectivity equations published by Aki and Richards (1980).

A distinct reflectivity equation is needed for each of the wave modes listed in
Figure 9. \The simplest reflectivity equation is the oné associated with the SH-SH mode, -
whjéh is‘ defined in Figure 11 Also shown in the figure is an illustration of »the"singlve- |
interface Earth modeif that will be 1used in'the derivation of éil reflectivity equat"ions."This
- model and the SH-SH reflectivity équatiqn incbfporate the notation for petrophysical
properties used by Aki and Richards (1980). In Aki and Richérd’s nomenclature, alpha
band beta represe’ﬁt P-wave and S-wéve velocities, respectively. The terms Vp and Vs are
used for vthese‘ quantities in all other parts'of this report. Additioﬁél p’etrqphysical |
parameters are bulk density (tho), P-wave angle (i), S-wave angle (j), and horizontal

slowness (p). Horizontal slowness is defined as
p = sin(i)/Vp = sin(j)/Vs. R N Y

Snell’s law requires the horizontal slowness of every féﬂected and transmitted =
mode to be identical,‘ to the horizontal slowness of the incident wa\}e thaf caused the
reflection and transnﬁssion. Indices 1 and 2 attached fo parametérs refef,‘respectively, to
the’ layer above the interface and t§ the layer below the iﬁterféce. In Figure 11 and
subseéuent figures, subscripts R vand T refer, respectively, to reflected and‘ tfarismitted
modes. The notation for these scattered SH modes is the same as the nomenclature used

in Figure 9, except the hyphen is omitted.
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_ P1b1 c08j3 = pyBycOS Jp-

SHSHg = p1B4 €OS jj + o COS o

SHSH;

—> Raypath @ Particle displacement (normal to raypath)

Aki and Richards (1980)
QAd3395x

Figure 11. Reflectivity equation for the SH-SH seismic mode. .

The developmént of reflectivity equations associated with seismic modes other
than the SH-SH mode requviresﬂthat‘ a polaﬁfy conyention be established for incident and
transﬁitted P and SV particle—displacemént vectors at an iﬂterface. The particle-
displacement polarities assumed by Aki and Richards for P and SV modes are defined in
Figure 12. If the partivcle-'displacement vector of an incident; reflected, or transmitted P or
.SV mode points in the direction indicated for that mode in this illustraﬁon, the
displacement vector has a positive algebraic sign. If the partiéie—displacement vector for a
particular mode points in the bpposite diréctioh indicated by this model, that

‘ displacement vector has a negative algebraic sign.
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ASVsV,

—¥- Raypath ===3Particle displacement
Aki and Richards (1980) - QAd3396x

Figure 12. Analysis of P and SV reflectivities requires that a polarity (algebraic sign)
convention be assumed for the particle-displacement vectors. The formulations for P and
SV reflectivities that follow are based on the polarity convention shown here.

The Aki and Richards fonnulati§n of reflectivity equations alllows Both downgoing-
and upgoing-P and SV modes to be incident on the interface between two elastic layers.
For each incident mode, four Scatteréd wave modes are generated: upgoing P, downgoing
P, upgoing SV, and downgoing SV (Fig. 13). Relationships between the directions o‘f P
and SV wavefield propagatién and the orientations of P and SV particle-displaceﬁent

vectors that have positive algebraic signs are defined in this illustration.

Incident ‘ ‘Scattered
SV,

N

SV,
/p 1
V2
»SVQ Aki and Richards (1980)

—Raypath ==PParticle displacement
QAd3397x

Figure 13. Each incident P and SV mode (left) creafes four scattered modes (right) at an
interface.
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By allowing four scattered modes f§r each of the four incident modes, Aki and
Richards (1980) developed 16 equations to deécriBe the total reflection/transmission
physics of P and SV wavefields at an interface. Only 4 of these 16 equations are of
interest in this discussion—the two réﬂectivity equations associated with a downgoing-P
mode and the two reflectivity equations resultihg froma doanoing-SV mode. To
shorten the mathematical description of the reflectivity equatibns, Aki and Richérds
introduced the ﬁine terms listeld,in Figure 14. With thesekter’ms being used, the réﬂectiv.ity
equations aésociatéd with a downgoing-P-mode illumination wavefield are then defined
in Figure 15, and the two reflectivity equatiohs produced by a downgoing-SV-mode

illumination waveﬁeld'are given in Figure 16.

Variables: ‘
a = py(1 = 2p3p%) — p4(1 = 2B7p?) b = po(1 - 2p2p?) +2p4p%p?
¢ = py(1 = 2p7p?) + 2p,B3p? d = 2(p,B3 = p4B7)

Cosine-dependent terms:
E=p08it,  Co8i F=pCo8it, ,C08k

CPa ) B4 B2
o qC0sSi{COS]) N < PR
G =2 d—a1 B H=a-d = B
D = EF + GHp?2
Notation: )
i =Pangle - j =SVangle p = Horizontal slowness

1 =Top layer . 2 =Bottom layer . p = sin(i)/a. = sin(j)/p

Aki and Richards (1980)
QAd3398x

Figure 14. Mathematical terms needed for P and SV reflectivity equations.
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.PPR’= [(bﬁc’—s-‘i c%ﬁ)F-(aw"—"%‘—'%)w]ﬁ |

cos | cos i, cos
PSVg = -2 1(b.+cd s ) e /(p1D)

i =Pangle

j =SVangle p = Horizontal slowness
1 =Top layer 2=

Bottom layer p = sin(i)/a = sin()/B

Aki and Richards (1980)
QAd3399x

Figure 15. Reflectivity equations for downgoing P-mode illumination. These two }
reflectivity equations are the ones of interest in 3-C and 4-C seismic imaging. Terms a, b,
¢, d, D, F, and H are defined in Figure 14. Horizontal slowness is defined by Equation 1
in the text. Note how complicated these expressions are compared w1th the reflectivity
equation for the SH mode in Figure 11. :

SVPy = 2 ﬁ’ (a +bg °‘;3s’1) pBal(e:D)
= [(wcosi _ 08 jo cos |1 cos j
svave = [(b T2t - 0% ) +(ara 22 520 o
i =Pangle j =SVangle p-Honzonta! slowness

1 =Top layer 2 = Bottom layer p = sin(i)/e. = sin()/p
Aki and Richards (1980)
QAd3400x

Figure 16. Reflectivity equations for downgoing SV-mode illumination. Terms a, b, c, d,
D, E, and H are defined in Figure 14. Horizontal slowness is defined by Equation 1 in the
text. Compare the complexity of these expressions with the simpler express1on for the
reflectivity equation of the SH mode in Figure 11. : :

All wave modes listed in Figures 15 and 16 have a subscript R because we are
interested in only reflected wavefields in this discussion. The notation used to identify
' tﬁese reflected modes is identioai to the nomenclature in Figure 13 and in Figure 9 (with
the hyphen omitfed). The reflectivity equations in Figure 15 kare of particular interest '
because they describe the PfP aﬁd P-SV modes involved in 3-C and 4-C s‘éismic

technology (Fig. 9).
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Any downgoing-wave mode could be used to acquire 3-C seismic data, but in this

report, 3-C and 4-C seismic technology will be restricted to "data'produced by only P-

wave illumination. This definition of 3-C and 4-C seismic data is standard practice in the

seismic industry; The reflectivity equations

seismic technology, not 3-C seismic techno

in Figures 11 and 16 thus apialy to 9-C

logy, because fhey are produced, réspectively,

by SH-mode and SV-mode illumination, not by P-mode illumination. To simplify the

comparison of the reflectivity physics associated with each 3-C and 9-C seismic mode,

“the foregoing equations _are positioned in a side-by-side format in Figure 17. The left

column describes 3-C (or 4-C) reﬂectivity: The right column describes 9-C reflectivity.

3-C technology

9-C teéhnology

_ (. cosi,
PPg = [(b ek o2
PSVg = —2 2220 (ab +cd °°S iz °°ﬁs ’2)pu1/(B1D)

o) _ (s 2 081

LN ATETET N

PSVg = —2 22k (ab +cd

COSI cos
2 B ’2>p<‘t.1/(B1D)

cos jp
B2

SVSVg = [(b“”";;_h

cos |, €os j

1) p/0)

) e oS

SVPg = 2

(ac +bd

P11 €08 js = paPa €OS Jp
P1By €O jy + pyPia €0S J

SHSHg =

i=Pangle
1 = Top layer

j=8Vangle

2 = Boltom layer = p = sin(i)lo = sin(j)/p

.p = Horizontal slowness’

Aki and Richards (1980). QAd3790x

Figure 17. Side-by-side comparison of 3-C and 9-C reflectivity equations.

Key principles illustrated by these equations can now be noted.

1. 3-C seismic data are a subset of 9-C seismic data (P-P and P- SV modes: top

box of both columns).
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2. Only one S-wave mode (P-SV) is provided by 3-C data; 9-C data provide
three S-wave modes (SV-SV and SH-SH, as well as P-SV).

3. The reflectivity equa\tionsifo‘r the three S-wave modes (P-SV, SV-SV, SH-SH)
differ from each other. Each S mode may thus result in a different image of

the subsurface, even though all three images can be correct in terms of their
reflectivity physics.

4. The SV shear mode and the P cdmpressibnal mode are linked to each other,
and energy is exchanged between these two modes during reflection.

5. The SH shear mode is not linked to either P or SV, and no energy exchange
between SH and these modes occurs during reflection.

6. The only way to generate a reflected SH mode is to use an SH source for
illumination. An SH mode is thus never available in 3-C or 4-C seismic data
- because the data are generated by a P source.

7. SH-SH reﬂect1v1ty is simpler (mathematically) than SV-SV and P-SV
reflectivities. This fact implies that SH shear-wave data should be easier to
process and interpret than SV-SV and P-SV data.

8. Only one P-wave mode (P-P) is available w1th 3- C data 9-C data prov1de two
P-wave modes (P-P and SV-P).

This analysis leads to the conclusion that differences in mathematical structure of
- the reflectivity equatio_ns for the various seismic wave modes cause these modes to react
to changes in elastic constaﬁts in different ways. Tha result}is‘ that one mode sametimes
images stratal surfaces and produces seismic seqluenvcevs.and facies that are different from
those of the other modes. This:fact, is particularly important when assessing the relative
value of 3-C and 9-C waave imagiﬁg. Bécause 9-C data allbw three tndépe,ndent SQWave _
imagés to be made but 3-C data provide bnly one S-wave image, 9-C S-wave data should
always prdvide more petrophysical, stratigraphic, sequanCe, and facies information than ‘
should 3-C data.
The complex »reﬂectivity equations associated with illuminating P and SV modes -

can be simplified when the petrbphysical properties of the two Earth layers at an interface
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are “similar.” The déﬁnition of “similar” Earth parameters is ’arbitfary, but in most
instances it is reasonable to assume that a variation of leés thar_iv20 percent in bulk density
(rho) and in velocities Vp and Vs across a boundary satisfies the apprdximation of
similarity between the two Earth layers at that boundary. In such insténcés the lengthy,
tedious mathematlcal descnptlons of reflectivity equatlons for an illuminating P mode
(Fig. 15) 51mp11fy to the expresswns in Figure 18. The reﬂectwlty equatlons for an
vlllummatlng SV mode reduce to the simpler expressions in Figure 19. These simplified
equations are adequate for most multicomponent seismicvmod»elin-g exercises and for
most multicompoﬁent séismic data analyses. They also allow density-coﬁtrast and
velocity-contrast éontributiohs to reﬂe'ctivibtjy 'fo be éompared mofe easily than do the
equationé in Figures 15 and 16.

1

A
- PPg =;—(1 —4[32P2) p 20082I e

Ap
4ﬁ22£’>

; _ -pa ' cosicosjy Ap
PSVR = 5008 i [(1 - 2B2p2 M B ) P

- (432,3.2 —4p2 C% 21) A&]

B /P
«, B, p = Mean values Aa, AB, Ap = [(Value 2) - (Value 1)]
i=Pangle \ p = Horizontal slowness
j=SVangle p = sin(i)/c. = sin()/p

Aki and Richards (1980)
QAd3401x

Figure 18. Slmphﬁed formulation for P-wave reflectivity that can be used when two
~ elastic media at an interface have “similar” petrophysmal propertles Horizontal slowness
is defined by Equation 1 in the text.

_cosj B
SVPg = o SosT ~E PS8V,

. A 1 A
SVSVg = - (1 - 49269 - (g ~ )

o, B, p = Mean values Aa, AB, Ap = [(Value 2) = (Value 1)]

i=Pangle p = Horizontal slowness
j=S8Vangle p = sin(i)/w = sin(j)/p

Aki and Richgrds (1980)

QAd3402x

Figure 19. Simplified formulation for SV reflectivity that can be used when two elastic
media at an interface have “similar” petrophysical properties. Horizontal slowness is
defined by Equation 1 in the text. '
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Argument 3: Multiéomponent Ilumination

The preceding séction discussed distinctions between the reflected S-wave modes
involved in 9-C and 3-C seismic data acquisition. To further appreciate how 3;C and 9-C
S-wave data differ, it .is equally important to consider distinctions betWeen the
downgoing illuminatioﬁ patterns of 9-C and 3-C S-wave modes. The reflectivity
equations. develbped in the previous section assume that the illuminating wave mode,
~ whether it is a'P; SV, or SH mode, is a plane wave. In diScussjng this ﬁnél érgument, We
will consider S-wave radiation patterns generated by finite sources.

A map \}iew of the particle-displacement wavefield produced by a horiz§nta1—
displacement vector source is illustrated in Figure 20. It is assumed that the source
introduces a horizontal displacement oriented from left to right ovér the finite Earth-to-
source contact area, labeled S. This source-displacemént vector converts into the particle-
displacement vectors shownbdivstributed over the image space. All particle-displacement
vectors are drawn with equal length because the intent of this illustration is to show
orientations of the vectors across the image space, not their relative mégnitudes. The key
point is thaf at every image coordinate ven‘cii'cling the source station, the pafticle—
displacement vector is always oriented in the direction of the vsource-displacernvent vector.
Bold arrows G1 through G4 indicate the positive orientation direction of a horizontal -
vector sensor at four locations around the sdurce station. The particle-displacement vector
at each sensor station is oriented in the direction of positive sensor response. The
pﬁnciple illustrafed in Figure 8 will be used to deﬁne SV and SH shear modes produced

by this vector source. If a vertical plane is constructed through source station S and
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sensor stations G2 and G4, the propagating particle-displacement vector is constrained to
that plane. Thus sensofé G2 and G4 measure SV shear motion (Fig. 8). Ifa Verticél plane
is constructed through the source station and sensor stations G1 and G3, the particle-
displacement vector is normal to that plane. Sensors G1 and G3 thus measure SH shear
motion (Fig. 8)', If a vertical plané is constructed through the source station and arbitrary
point A, the part_icle-displacément vector has components parallel to, and normal to, the
pléne. A sensor at point A would thus record a mixture of SV and SH shear motion. This
exercise démonstrates that a ‘single horizontal-displacement source produces both SH and
SV modes, and that these modes radiatc away from the source station in asymmetrical
patterns. The proportions of ‘SH and SV energies that arrive at an image coordinate vary

with azimuth from the source station to the image point.

Horizontal e
displacement  .¢*
— P —P sOlurce _’,:"_’ —_—>

> Horizontal geophone. —> Particle displacemeht

:> Source displacement

QAd3797(a)x

Figure 20. Map view of particle-displacement wavefield propagating away from a
horizontal-displacement vector source.
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Nﬁmerous people have developed nﬁatheniatical expressions that describe the |
geometrical shape of P, SV, aﬁd SH radiation patterns prodﬁced by seismic sources in an
isotropic Earth. One of the rcspectéd references on this topic is White (1983). These
published analyses show that in map view, SH and SV radiation pattéms produced by a
horizontal-displlalcvemeht source have the appearance pf that shown in Figure 21. Viewed
from direétlﬂy abové the horizontal-displaéement source, SV and SH m_ddes pfopagate
away from the source station as expanding circles. Because SV radiation from a
horizbntal-diéplaceméﬁf source is more eriergeﬁé than SH radiation, SV radiation circles
arev'drawn larger than_ SH radiation circles. These circles indicate which parts of the
image space each mode affects and the magnitude of the mode illumination that reaches
each image coordinate. For éxample, a hoﬁzontal source-displacement Véctor oriented in
the Y direction (left side of figure) causes SV modes to radiate in the +Y and -Y
directions and SH niodés to propagate in the +X and -X directions. A horizoﬁtél source-
displacement vector oriented in the X direction (right side of figure) causes SV modes to
radiate in the +X and —X directions and SH modes to propagate in the +Y and =Y
directions. If a line is drawﬁ from the source station fo intersect one of these radiation
circles, the distance to the iﬁtcrsection point indicates the magnitude of that particular
mode displacemeht in the azimuth directioh of that line. The orientaﬁoﬁ of the particle-
displacement vector remains constant across the image space, as indicated in Figure 20,
but the magnitude of the SH and SV partigle—displacement vectors vary with azimuth és

shown, respectively, by the SH and SV radiation circles in Figure 21. :
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Y horizontal vector source X horizontal vector source

C:> Displacement vector in medium

sV —>» Source-displacement vector QAdITE1IX

Figure 21. Map view of SH and SV illuminatibn patterns for orthogonal (Xkand Y)
horizontal-displacement sources.

The shear-wave radiation associated with P-to-SV mode conversion is much
different from that produced by a horizontal-displacement source. Section and map views
of P-SV radiation patterns are provided as Figures 22 and 23, respectively. The section
view (Fig. 22) indicates an air gun operating in a water environment (a scalar soilrce);
The converted-SV radiation patterns in this diagram apply equally well to land-based
operations where the energy source is a vertical vibrator or an explosive in a shot hole. In
both 3-C (land) and 4-C (marine) data acquisition, the SV radiation pattern associated
with the P-SV mode is prodliced in the subsurface at the P-to-SV conversion point, not at
the surface-based source station, as is the case for a horizontal-displacement source (Figs.
20 and 21). The map view in Figure 23 shows the downgoing-P mode propagating away
from the source station, with SV radiatiOn patterns being produced at subsurface
interfaces at every poii;t along‘ the P wavefront. The dotted patterns indicate the

geometrical shape of the converted-SV radiation that is created at each subsurface P-to-
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SV conversion point. A key point to note is that the orieﬁtatibh of thé SV particle-
displacement vector is not in a fixed direction, as it is for a horizontal-displacement
source (Fig. 20), but varies with azimuth direction. The vector orientations shown in this
diagram are correct for an isétropic Earth where the total SV displacémént is oriented in
the radial direction in which the P wave is propagating. In an anisotropic Earth, the SV

particle-displacement vector has both radial and transverse components.

Sea level

Seafloor

s, /« ) \\ ’/ . /' . \\ 5
. P source Iﬁ P displacement vector ——— P wavefront

@ SVsource A '~ =» SV displacement vector benmans SV wavefront
QAd3107

Figure 22. Section view of P-SV radiation,patter'n;
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Figure 23. Map view of P-SV illumination pattern.

Distinctions between 3 -C and 9-C S-wave target illuminations are easier to
visualize if SV and SH radiation patterns associated with eacih type '6f data are viewed in
a side-by-side format as’in Flgure 24. These radiation pattems are descrlptlve of S-wave

| propagatlon in an 1sotroplc Earth not an anlsotroblc Earth. Analysis of these 111um1nat10n

behaviors leads to several conclusions.

1. A3-C, SCalar; P-wave source generates only an SV S-wave mode. A 9-C
horizontal-displacement source creates both SH and SV modes. .

2. An SH S-wave mode can be created by only an SH source, which by definition
isa9-C honzontal-dlsplacement source.

3.A9-C honzontal—dlsplacement source creates SH and SV modes in the Earth
volume immediately around its surface-station coordinates. A 3-C, scalar, P-
~wave source creates a converted-SV mode at subsurface coordinates remote
from the source station. o

4, In 9-C illumination, all SH and SV particle-displacement vectors throughout
the propagation medium are oriented in the same direction as the horizontal
source-displacement vector that created the modes. In 3-C illumination,
“orientation of the SV partlcle displacement vector varies w1th azimuth
direction away from the source station.
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5. In 9-C target illumination, SH and SV particle-displacement vectors have a
constant algebraic sign (polarity) throughout the propagation medium. In 3-C
illumination, the particle-displacement vector of the converted-SV mode has
an opposite algebraic sign (polarity) for any two propagation azimuths that
differ by 180°. ' . |

6. In 9-C data acquisition, SH and SV modes illuminate the subsurface with a
different intensity in each azimuth direction. In 3-C data acquisition, the
converted-SV mode illuminates the subsurface with the same intensity in all
azimuth directions.

3-C illumination _ 9-C illumination
SH

SV

B P source
@ SVsource

% P displacement vector
A - P-SV displacement vector

> S-wave displacement vector ’
. QAd3792x -

Figure 24. Side-by-side comparison of 3-C and 9-C S-wave illumination patterns.

A final observation about 3-C and 9-C S-Wave illuminaﬁon is based on the
pﬁnciples shown in Figure 25. This diagram illustrates distinctions between the
polarizations of SV modes in 3-C and 9-C seismic data'," as seen in map Qiew around a
source station. SH-mode polarization is not included in the illustration because a 3-C
source cannot create an SH mode. For each source, polarization behavior of the SV modé
~ is defined in terms of inline and crossline vector components in each of the four

quadrants that encircle the source position. When a P-wave source occupies the source
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station, its downgoing-P waveﬁeldiillumir'iates all four quadranfs with e@ual.intensity
(Figs. 23 and 24). However, iﬁline and croesiine vector sensors measure 5 different
-polariz‘ation for one or bofh of the hOﬁzontai, P-generated, SV displaeements in each

- quadrant, as illustrated 1n the left diagaﬁ. A single horizontal—diSplacement source will
not illuminate all four quadrents afound a source station with equal intensity (Figs. 21

and 24). Two ortho gonel herizontéll-‘di'splacement sources must therefore’occupy a source
statioﬁ in 9-C dafa acquisition to creete eqﬁivaleht SV (and SH)_illumination intensify
throughout the propagation medlum These ortho gonal sources create the same SV
polanzatlon in all quadrants (right dlagram) which is s1gmﬁcantly dlfferent from 3-C SV

polarization behavior.

P-to-SV conversion ' 'Orthogon'al SV vector sources

Inline

Crossline ) Crossline

QAd2423x

: Source station

Figure 25. Distinctions between 3- C (left) SV-mode polarlzatlon and 9-C (nght) SV-
mode polanzatlon

Elastic-Wavefield Seismic Stratigraphy
Multicemponent seiSmi_c data, whether 9-C or 3-C data, provide an importan_t

new method for interpreting subsurface geology called elastic-wavefield seismic
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stratigraphy. The fundaméntals of this interpretation technique are discussed here
b‘ecause several concept‘s'documented‘in this fepott are critical ‘to this emerging
technology. First, seve'rallk»ey terms used in the methodology fnust be defined. A séismic
sequence a succession 0f reiatively conformablevéeismi.c reflections bounded by
unconformities or their correlative conformitie_é (Mitchum, 1977). The bounding surface
ofa seismié sequence commonly occurs as .a horizon that follows a trend of reflection
terminations. A seismiév fdcfes is defined as any seismic attribute.fhat distihguishes one
succession of réﬂections from another succession of seismic reflections (Mitchum, 1977).
The science of seismic siratigraphy 1s based on réc‘ognizing seiSinic_ sequences and
seismic facies and then using the spatial geometries, arrangements, dnd distributions of
these sequences and facies to inferbdepositionalvenvironments and lithofacies patterns.
The concepts of séismic Stratigrlaphy have dominated the science of seismic intgrpretation
“ever since the fundamentals of seismic stratigraphy were made public by Exxon
researchers in the mid-1970’s (Payton, 1977).

Historical,. or traditional, »se}ismic étratigraphy is based on P-P seismic data.
Multi;:omponent seismic data now expand seismic stratigraphy into a new science
referred to as elasﬁc-waveﬁeld seismic s»trdtigraphy. The Baéic premise of elastic-
wavefield seismic ’stratigraphy is that any mode of a multicomponent Seismic wavefield
may provide unique seismic sequence information and/or unique seismic facies
information across some stratigraphic intervals that cannot be observed in the other
modes of the Waveﬁeld. Seismic stratigraphy analyses now‘ do not need to be limitéd to

P-P data, as they have for decades.
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The logic for the fundamental prenﬁsé: of elastic-wavefield seismic stratigraphy
is based on the principles discussed in the preceding sections. First, the particle-
displacement vectors of a ﬁiulticofnponent seismic wavefield téS_t the‘p'ropertie‘s of the
Earth in different directions (Fig. 1). As a result, the displacement vector of ohe mode
may detect seismic facies (Earth fabric) tﬁat are differént from what other displacement

~vectors detect and may be affected by stratal surfacés that are different from those that
affect the displacement vectors of 6ther modes. Second, each wave modé illuminates a
target with a unique radiation patfem geometry, which may cause one mode to reveal a
térget feature not seen Witﬁ other modes. Third; all wave modes have disﬁnct reflectivity
behaviors at an Earth interface, which sometimes causes one mode to empheisi‘ze a suite
of stratigraphic .interfaces differently than do its companion modes.

If 9-C seismic data‘are used, Earth fabric can bé measured using five
indepehdént partiole—displacement veétors (P-P, SH-SH, SV-SV, P-SV, SV-P). If 3-C
seismic data are used, Earth fabric can be tested using only two pértiole-displacement :
vectors (P-P and P‘-S‘V). The increased number of independcrit fabric-sensing
displacement véctofs associated with 9-CJ seismic data leads to the conclusion that more
rock, ﬂuid,‘ and general Eaﬁh—fabﬂc informatioh shoﬁld be provided by 9-C seismic data
than by 3-C déta. Similarly there is a greater 1ikelihbod that 9-C seismic data can image a
stratal surface that is not imaged by 3-C data, and that 9-C data can reveal a seismic

sequence or a seismic facies that is not revealed by 3-C data.
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DATA-PROCESSING DIFFERENCES BETWEEN 9-C AND 3-C S-WAVE DATA

Software that transforrns S-wave medes of 9 C seismic data into S images differs
in fundamental ways from software that produces S-wave 1mages from 3 C data
Common- mzdpomt I( CMP) data—processrng concepts, whlch have been used in oil and gas
apphcatlons for decades, can be used to produce S-wave 1mages from 9-C data. A
different data-processmg strategy,c,alled commonfconversron-po;nt ( CCP)‘ imagi ng. is
redﬂired“fer constructrng S‘:-wiaveimages from 3-C .data. Kejr differences between theSe

two data-processing technelogies (CMP and CCP) are ~des'eribed in this section.

Common Midpoint (CMP) _Irnaging: |

The baéicreqnirement for CMP'imaging is that the propagation vyvelo'city of the
reﬂected upgomg Waveﬁeld be the same as the: propagatlon veloc;1ty of the downgomg, N
111um1nat1ng wavefield. In the P-P selsmlc imaging that the 011/gas 1ndustry has done for
approx1mately 50 yeare downgomg and un gomg waveﬁelds both travel at P—wave
velocity Vp. CMP software Wasv.devel‘oped ‘originally to make only P-P images and has
been used for this restricted,_ seismic-mode imaging until recently. HOWeyer; CMP : |
imaging can be applied in any situation in whieh the downgoing and upg’eing wavefields

. have equivalent prOpagatiqn. velocities. Thusy, When 9-C data are aeciuired, SH-SH and

SV-SV images, vin addition to P-P images, can be made With CMP'software. Downgoing- G

and upgomg _SH wavefields that travel w1th ve1001ty Vspare segregated from the 9- C
wavefield and are used to make an SH—SH 1mage Downgorng- and upgo1ng-SV
waveﬁelds that travel with velomty st, which drffers’shghtly fro‘m SH velocity Vsu, are

then extracted from the 9-C data and used to make an SV-SV image. Many versions of
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CMP software are available thfough_out the seismic data-processing industry. Any of
these software packages can be used to process 9-C seismic data to create SH-SH and |
SV-SV shear-wave images, in addition to fﬁe sfandafd P-p compressional-wave image
that has been made for decades. The raypaths involved in CMP imaging are shown in
Figure 26. This diagram showé that in a flat-layered Earth, CMP reﬂectiOn points
generated at different reﬂeetor depths stack vertically above each other at coordinate Xm,
- the common midpoint,llocated halfway between the source stetion and the receiver

station. The image-point trend labeled CCP is discussed in the following section.

Source Receiver
B __m {

CMP | ‘L-ccpP
|

QAC7139(a)c

Figure 26. Distinction between 9-C CMP image points (vertical dash line) and 3-C CCP image
points (curved dash line). Raypaths Show_, the propagation paths involved in CMP imaging.

Common-Conversion-Point (CCP) Imaging

Common-midpoint (CMP) imaging concepts cannot be used when the
propagation velocity of the downgoing, illuminating wavefield differs from the
propagation velocity of the upgoing reflected wavefield. The most common situation

where this wave physics is encountered involves the P-SV mode, which is created when a
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vdowrylgoing-P illumination :Wa\ieﬁeld‘ converts tQ an upgoing-, reﬂecfed—SV wavefield via |
I"-to-SV mode Conversion ata reﬂeéting interface. As has been stressed in the preceding
sections, a P-SV mode is thé o‘nly’- S-wave mode fhét can be extracted fr_Om 3-C seismic
data. The ihverse mode, SV-P, which is created by a downgloingv-,r illuminating-SV
wavefield convértiﬁg to an upgoing-, reﬂécted-P wkaveﬁeldxvi»a SVQto-P tnode_ conversion
at a reflecting iﬁferface, is éﬁoth,er SituétiOn where CMP data-:processing éoncepts cannot f
be used. An SV-P mode is javailable only with _9-C~ seismic data becausbe an SV source is
required to produce the downgoing illumination wavefield. - e

| For each of these cbnverted-S modes (P-SV and SV-P), the image point does not
occur af cbmmon—midpoint coordinate Xm, as in CMP imaging. In 3-C (or 4-C) P-SV
imaging, the downgoing wéﬁeﬁeld’ has a faster velocity (Vp) than the upgoing wavefield
(Vsv). As a consequenée of ‘Snel‘l’s law, the image point does not occurr;étt midpoiﬁt Xm
but at a coordinatc that is closer to the receiver station than to the source station; This ‘
image coordinate is called the common-conversion point ( ‘CCP).. The raypaths involved in
CCP imaging of a P-SV mode are depicted in Figuré 217. This diagram shows that in é
flat-layered Earth, CCP image points generated at different depths >cllo’not stack Vértiéally_
above ‘each other, as do CMP image points, but fnove closer to the receiver staﬁon as

reflecting interfaces are imaged nearer the Earth surface.
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Figure 27. Distinction between 3-C CCP image coordinates (curved dash line) and 9-C

- CMP image point coordinates (vertical dash line). Raypaths illustrate propagation paths
involved in CCP imaging.

In 9-C SV-P imaging, the downgoing waveﬁeldpropégafes ata yelbcity (Vsv) |
slower than that of the upggin_g wa{feﬁeld (Vp). Now asa résult of Snell’s law, the irﬁagé
point ocours closer to the source station than to the receiver _statio._ri.‘ This image point is

still called a cofnmonjconvérsion poiht even though itis 1’§Céted_ at a subsurface
coofdinate different from the CCP coordinate associated wit_h 3-C P-SV imaging. The
raypath involved in 9-C CCP imaging of SV-P data is illustrated in Figure 28. Again, the

image points generated at different depths will not stack vertically above each other. In
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contrast to 3-C P-SV imaging, SV-P image coordinates move closer to the source station,

not the receiver station, as reflecting interfaces approach the Earth’s surface.

Source station o Receiver station

A = CCP coordinate for P-SV. mode B= CCP coordinate for SV-P mode QACT994(c)x

Figure 28. Distinction between a 9-C SV-P CCP raypath (dash line) and a 3-C P-SV CCP
raypath (solid line).

CMP and CCP Velocity Analyses

The stacking and migration velocities needed for 9-C (CMP) and 3-C (CCP) S-
wave imaging héve to be determined by different analyticai procedures. The fundamental
reason that an approach to velocity estimation has to be done for 9-C data that is different
from that for 3-C data can be explained by referring to the simple Earth model in Figure
29. In this model there is a change in rock facies along the imaging raypaths. P-wave
velocity Vp and SV velocity Vsv in Facies 1 are éssumed to be different from the values

of Vp and Vsv in Facies 2.
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Figure 29. Traveltimes for positive offsets are the same as traveltimes for negative offsets
in 9-C CMP imaging because the lengths of the travel paths in Facies 1 and 2 are the
same for both offset options. ‘

The offset between source and receiver stations now has to bé defined in terms Qf
the direcﬁ'on that the faypéth takes to propaigate’ from: the soui'ce to the receiver. A
 receiver offset to the right of the source will be defined arbifrarily asa positive offset;
receivers to the ‘left.of the source station will then be in the hegative offset direction. In 9- -
C CMP S-wave imaging (Fig. 29),‘ the same raypath velqcity and traveltime occur in both
negative and positive bffset directions beéause the lengths of the travel paths iﬁ Facies 1
and in Facies 2 are the same when B is the source station and A is the receiver station
(négative offset) as they are when A is the source station and B is the receiver station
(positive offset). The same stacking and migration velocities are therefore calcuiated in

positive and negative offset directions when 9-C SH-SH and SV-SV data are processed.
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A different conclusion is reached in 3-C P-SV CCP velocity analysis. The
raypaths involved in 3-C CCP ifnaging of the P-SV mode arevshov'vn in Figure 30. IfAis
the source station and B is the receiver staﬁon (positive offset), the velocity of the
downgoing-P mode is controlled by Facies 1 and bthe upgoiﬁg-SV-’mode velobify is
determined by Facies 2. The imége coordinate is CCP A. When B is the source station and
A is the receivér station (negative offset), most of the P-wave velocity ié controlled by
Facies 2, and all of the upgoing-SV raypath is in Facies 1. Thé image coordinate is now
CCPB. Assuming that velocities Vp and Vsv in Facies 1 differ from those of Vp and Vsv
in Facies 2,CCP staéking and migration velocities calculated for i:)ositive offsets and
negative offsets are not the same. That diffefent velocity beh‘avior\s, are observed in
opposite offset directions for 3-C P-SV imaging is a fundamental distinction bétween the

wave physics of 9-C and 3-C seismic data.

Positive offset
Negative offset

D T T T T i

el

QAC7994(a)c

Figure 30. Traveltimes for positive offsets are not the same as traveltimes for negative
offsets in 3-C CCP imaging because the lengths of the P and SV raypaths in Facies 1 and
2 change when the offset direction changes.
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CMP and CCP Stacking

For a seismic image to be created, the image space bretween' all source and
receiver pairs is segregated into small subvolumes called stacking bins. Dur.ing' data
processing, data traces ére positioned adross’this image space by calcﬁlating the: bin
locations where successive imaée points occur. In CMP (9-Cjimaging in a flat-layered
Earth, image points occur at the tnidpoint between source and receiver regardless of the
depth of tﬁe reflecting interface (Fig. 26). A CMP trace is shifted inbtime (source-static _

| correction,vfe‘ceiver-stat,ic correction, o‘ther‘ static correc}tions,f and bn‘ofmal moveout
correction), and then the entire dafa tface is positioned vertically at the ‘comon midpoint
for the source-receiver pair that produced the trace. This type of imaging is_ indicated inj
Figure 31 by the vertical data trace in stécking—bin column A lobated at the common -
midpoint for the indicated source and receiver. That data trace is qreafed at the indicatcd
sourcé station and recorded at the labeled recéive; station. In CMP i'magebspace, however,
the trace is positioned in stacking bin A af the midpoint between source and receiver

coordinates.
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Figure 31. Comparison of 9-C CMP image trace (vertical in stacking bin A) and 3-C CCP
image trace (curved across stacking bins 1 through 7). N

Robust CMP stacking algorithms are widespread acfoss”the seismic industry,
and most commercial seismic data-precessing shops have extensive experience in CMP
processing. Numerous seismic data-processing companies can therefore create good-
quality SH-SH aﬁd SV-SV images from 9-C data because CMP concepte that they
understand and have applied countless times are all that are required to create these S-
wave image options. The basic requirement is that a horizontal-displacement vector

source be positioned at the source station to create downgoing-SH and -SV illumination
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modes. The raypath nofation }i_n Figure 31 indicates only downgbing- and upgoinngV
modes because the obj ective is to distinguish betWeen SV-S‘V and P-SV imaging..

The curved wiggle tréce in Figure 31 shows where thé data trace woﬁld b¢
distributed across the image _spaée if a P-wave source occupied the source station, a 3-C
vector sensor occupied the recé_iver station, and the data werevacquired accordihg to 3-C
P-SV imaging constraints. In this case, the downgoing raypath is a P ane, and the |
upgoing raypath is an SFV mode. Now the Stétic ahd normal-moveout time adjustments

“made to the image trace affect data in several columns of stacking bins. Segments from
severai CCP traces have to be patched together to create a vertically stacked trace in each
column of stacking bins. For example, three 3-C CCP-processed datei traces that are
offset from each other by one bin di’mension in seismic image space are shown in Figure
32. That part éf trace A betweén points 1 and 2 has to be combined with the data window
extending from 2 to 3 in trace B and with the dafa window extending between points 3
and 4 in trace C tb, create a vertical wiggle trace cxfending from point 1 to point 4 in the
shaded column of stackiﬂg bihs. 3-C CCP stacking is thus fuﬁdamentally different from
9-C CMP stacking. As a consequence of the more complex requirements of CCP
stacking, some seismic dgta—processing shops do nof have software or experience needéd
to do 3-C P-SV imaging. Even data-processing shops that have established themselves as
reputable CCP data imagers are still developing some critical software and improving

older algorithms.
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Figuré 32. Single vertical image tracé in one stacking bin of CCP image space (shaded
column) must be constructed by summing data from dlfferent time windows of all CCP
traces that traverse the bin.

The ’p'arameter that controls the Qufvature of a CCP trace in ‘CCP-i‘mage space is
the Vp/Vs velocity ratiyotin‘ the propagation medium. A model that illustrates this fact for
~ small angles of incidence is presented as Figure 33. This simple, straight-raypath model
shows that a 3-C P-SV image coordinate is defined by offsets Xp and Xgv from the
source and receiver stations and that these“ offsets are pfOportiOnal to the Vp/V s velocity

ratio in the propagation medium. The top equation listed in this illustration is Snell’s law



of reflection, the middle equation is a statement of the raybath geometry shown in the
model, and the bottom equation is valid when the incid¢nt angles are small enough that
sine is the same as tangeht. For larger angles of incidence and reflection in a layered |
Earth, the rélationship between CCP image codrdinatés and the Vp/Vs velocity ratio is
more complicated than the simple equation in Figure 33. In real Earth média,,a key
requirement of 3-C CCP processing is to create accurate Vp/Vs iinaging functions across
seismic image space by first stapking P-SV data with a large number of Vp/Vs valuevs‘ and
then determining which Vp/Vs value produces optimal-quality stacked data at each image
coordinate. The concept is simillar' to thé time—vari-ant, space;{fériant, ve_ldcity—semblance

technoiogy that is used to stack CMP data.

Source ‘ - Receiver
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‘ » ' : Xsv Vev :
JTT7 77777777 877777777
CCP ) QAcT7260c

Figure 33. Simple, straight-raypath model showing that the velocity ratio Vp/Vs in the
propagation medium controls the position of a 3-C P-SV image coordinate in seismic
image space. ' ‘

Although construction of 3-C P-SV images concentrates on determining»accurate

values of Vp/Vs over the total image space, some data processors take shortcuts. The
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most common shortcut is to do ésymptotié binning. In asymptotic binnihg, the CCP
coordinate for the deep part of the image .space, where the CCP image trace is almost
vertical (Figs-. 31 ‘and 32), is ‘c‘alvculated, and then the entire data trace is aésumed to bé
vertically aligned at that coordinate. This approx’imation would éausé all of the curved
trace in Figure 31 to be positioned in‘ stacking bin 7, the'asyl‘nptoti(v: Bin for that trace. The
deep part of the image would be éorrect, but the upper part Would be incorrect, with the

* imaging error increasing as the reflecting interface apprdaéhes the VEarth’s\ surface. For
deep targets, asymptotic binning is accepfable. For shallow térgéts, itis nét'.

More advanced data-processing shops have abaﬁdonéd asymptotié binning and
replaced that shortcut technidue with procedures that célculate timedebendent aﬁd space-
dependent estimates of Vp/V s': over the total CCP image spéce; In éo doing, however, |
they still often take shortcuts, sﬁch AS' giving little 'at'te’ntiovn tb detefmining accurate
values of Vp/Vs in shallow data windows if there is no: exploration‘intereét in shallow
targets. This imaging philosoﬁhy is a practical procedu;re' in th¢ low-ﬁroﬁt-margin
buéinéss of seismic data procéssing. There is no financial reifvard for work done to make

the shallowest part of a CCP image correct if no one is interested in shallow geology.
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EXAMPLES OF 9-C AND 3-C SEISMIC DATA

Data frona several multicomponent seismic surveys Will be‘presc‘nfed in this
section to illustrate selected concepts that distinguish 9-C S-wave data frofn 3-C S-wave
data. The ideal way to evaluate distinctions between 9-C and 3-C seismia data is to have
both 9-C and 3-C data acquired at the same location. However, two sepafate seismic
surveys are required to satisfy this same-lo,cation‘. objective Without biaéing the analysis of
the data toward one or the other of the multi'component technologies. Such bias will
- likely occur if analysis is limited‘ toa singlé seismic survey because 9-C CMP imaging
' - geometry differs from thirhal 3-C CCP imaging geometfy (Figs. 26»? 27,29, and_30). 'v |

Source-receiver geometi‘ies that resuit in high, unifonnbstackirvlg fold of 9-C CMP data
rarely produce optimal image-fold conditions for 3-C CCP data. Similarly, most 3-C
seismic survey geometries are riot optimal for 9-C CMP data acquisition. These
comments should not be construed to mean that a single seismic acqﬁisition program
cannot be designad that will produce optimal-quality data for both 9-C and 3-C imaging.
We think that as multicomponent seismic technology gains acceptancé, such surveys will
“be done. The real-world situation for this study, however, was that no single s@ey using
a geometry that was optirhal for both 9-C and 3-C data was available for our analysis. We
are not aware that such a survey exists aﬁywhere.
We began this project with the rather naive assumption that- a 9C3D seismic
survey we called the Ashlandv Survey would be an ideal database for comparing 9-C and
3-C data. However, as we pursued the study we came to the conclusion that because the

Ashland Survey geometry was designed for CMP imaging, our findings would probably
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- be biased toward the advantages of SH-SH and SV-SV CMP modes, and the P-SV CCP
mode would not be judged on a fair basis; We thus decided to satisfy our research
objectives by explainin’g distinctions between 9-C and 3-C seismic data from theoretical
and data-processing points of view and then showing S-wave data acquired using surveys
in which the acquisition geometry was opﬁmal for either 9-C or 3-C data, but not for

both. That decision dictated the content and format of this report.
Distinctions between SH-SH and SV-SV S-Wave Modes

The fundamental thesis of this investigation is that segzeral S-wave modes can be
extracted from multicomponent seismic data and that each of these modes can provide
different geologic infonhation about the Earth than can its cempanion modes. A concept
that has been stressed throughout this report is that the greatest differences between S-
wave modes occur when 3-C P-SV data are compared with 9-C SH-SH and SV-SV data.
However, we will depdrt from this thesis temporarily and start this section with an
example that illustrates the principle that even 9-C SHfSH and SV-SV S-wave data differ
in- fundamedtal ways. |

Data from the Ashland 9C3D seismic survey are displayed in Figure 34. These
datd are prestack super gathers constructed to show distinctions between SV-SV and SH-
SH data in field-record format. The data-processing procedures used to transform the 9-C
data from ﬁeld-coordinete data space (where SH-SH and SV-SV modes are mixed
together) to the radial-transverse data space used in this display (where SH-SH and SV-
SV modes are separated) were discussed by Simmons_ and Backus (1999) and will not be

repeated here.
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A, B = Refraction distances at 1.5 and 2.0 seconds QAd3796x

Figure 34. 9-C SV-SV and SH-SH super gathers shown in field-record format (Simmons
and Backus, 1999).

Two distinctions between SH-SH and SV-SV shear-wave modes can be illustrated
with this data example. First, the downgoing-SV mode converts to two upgoing modes,
SV and P, but the downgoing-SH mode converts to only one upgoing mode, SH This
wave physics is demonstrated by the presence of both SV-SV and SV-P refraction events
in the SV-SV data but only SH-SH refraction events in the SH-SH data. These refraction
events are labeled on the data to ensure that there is no misunderstanding about what is
being viewed. We see in this SV-SV field record (left) the exact wavefield behavior

described by the SV dual-reﬂectivity equations in Figures 16, 17, and 19 and in the SH-
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SH field »re}cord (right) the behavior indicated by the s:ingle-‘reﬂectivity equation in Fi gme
11. The fact that a downgoing-SH Iﬁode creates only é reﬂected;SH mode, buta
dowhgo'ing-SV mode creates both reflected SV and P is why the SH mode is sometimes
called a “pure” shear mode. Said another Way, SH-SH field records contain only shear-
wave information, but SV-S‘V field recorc_ls contain both S-wave an d P-wave information
" mixed to gether in- a rather complicated way, aé the SV‘reﬂectivity- equations imply (Fig.

| i7). This distiﬁctién between SH-SH and SV-SV data is fundanieﬁtal.

The events that curve across the data pahels of Figure 34 between 2 and 3 seconds

are SV-SV reflection events (left paﬁel) and SH-SH reflection events (right panel). It is

| rare to see SV-P reflections in ﬁéld-r_ecprd formats. None is obvious in the left data panel
of the figure. However, SV-P reﬂectioné should contaminate the SV-SV reflections in’
almost the same proportion as the SV-P refractions contaminate the SV-SV refractions.

The second distinction to note between the SV-SV and SH-SH data of Figure 34
is that there is a significant difference in SV and SH propagation velocities. This fact is
i‘llustrated by marking the distances A and B that S-wave reﬁacﬁon evenfs propagate
after 1.5 and 2 seconds of traveltime. As shown in the figure, distances Avand B for the
SH-SH data are greater than ciistances A and B for the SV-SV data, vSH Veloéity parallel
to bedding (the direction of refraction travei) is therefore greafer than SV velocity.

To further demonstrate diffefences between SH and SV propagation velocities,
the super gathers in Figﬁre 34 are proces‘sed to emphasize primary reflection evehts in the
time window between 2 and 2.5 secénds. These processed data are shown as Figure 35.
The normal-moveout corrections used to flatten reﬂectionvevents in both thé SH-SH and

SV-SV data were done using SH-derived stacking velocities. The SH-SH events are
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flattened, as expected (right panel), but the SV-SV events are overcbrrecte_d (left panel).
This test is a compelling derﬁonstration that SH stacking velocities are larger than SV
stacking velocities. Beqause stac_:king velocities ére horizontél velocities, the test also
confirms that differences between SH and SV velocities exist at dee_pl interfaces where

primary reflections originate, as well as at shallow refracting interfaces (Fig. 34).

S-wave time (s)
N

5000 15,000 5000 15,000
Offset (ft) ‘ Offset (ft)

QACc5540(c)ex

Figure 35. 9-C SV-SV and SH-SH trace gathers after processing to emphasize primary
reflections between 2 and 2.5 s. Reflection events in both modes are corrected to
horizontal events with SH-derived velocities to demonstrate that SH and SV stacking
velocities differ (Simmons and others, 1999).
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Distinctions betweeﬁ SH and SV propagafi§n veldcities iﬁ a layered Earth were
published by Levin (1979, 1980) niore -than 2 decédeé ago. A piart of Levin’s work is
»repeated as Figufe 36v. This diagram shows that SH and SV velocities are equal when |
modes trével vertically in a transverse isotropic (flat layered) Earth and when they
propagate away from their coincident point of origin at one particular takeoff angle
(where Yelocity curves cross). The velocities differ at all other propagation angles, Withb
the difference being greatest aloﬁg the horizontai propagation axis. In the horizbntal
direction, SH Veiocity is significantly greéter than SV Qelbéity, which is what the data in |

Figures 34 and 35 confirm. .

2

Vertical distance (arbitrary units)

1 .
2 ‘ -3

Horizontal distance (arbitrary units) O

Figure 36. Wave mode velocities calculated for transverse isotropic (TI) media showing

that 9-C SV and SH velocities differ in a flat-layered Earth (Levin, 1979; Levin, 1980).

All wave modes propagate from a station positioned at the origin. The vertical axis

- represents downward, vertical propagation into the Earth. The horizontal axis represents
propagation along the Earth’s surface. o
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In summary, tyvo key bconcepts are described by tlies»e‘l Asilland data: SV-SV data
are contaminated with SV-P data bﬁt SHaSH datai are not, and SH velocity is different'
from SV velocity. These two fundafhental distincfiohs sometimes cause one of the 9-C_ S-
- wave modes, either SH-SH or SV-SV, to react to geologic conditions in a Way different
from that of the other mode. It is rarely apparent which mode, SH-SH or SV-SV, will
provide more valuable information about abpa‘rticular target. The best policy is to acquire

data that allow both S-wave images to be created.
3-C Data Polarization

A keyv distinction between 9-C and 3-C S-wave data is that the polarizaﬁon of the
P-SV mode provided by 3 C technology is ﬁmdamentally different from the polarlzatlon
of the SH-SH and SV-SV modes provided by 9-C technology. These dlstmctlons are
emphas1zed in the discussions of the 3-C and 9-C radiation patterns illustrated in Figures
21 through 25. We use data from a good-quahty 3C3D se1sm1c survey here to
demonstrate that the preceding theoretlcal descriptions of P-SV polarlzatlon are correct.

For this demonstration, we select a source station at the center of the survey and
then show the 3-C resporise obsewed‘at each of the four corners of the survey grid. Data
acquired at‘receiver station 5.0 in the southeast corner of the sﬁrvey and at receiver station
488 in the northwest corner are displayed in Figuré 37. Because thevazimuths from the
source station fo these tyvo receiver stations differ by approximately i80°, the ‘v
polarization of the P-SV data at these two receiver coordinateé should differ by 180°.

Positions of the source station and receiver station and orientations of the orthogonal

inline and crossline vector sensors, Ry and Ryy, are shown in the map views of the
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seismic grld accompanying each data display. These horizontal vector sensors, Ry and
RXL, are deployed with the same orientation at every réceiver station. Directions of the
‘sensor arrows in the figure ihdicate the Earth-displacement difections that will producé
positive responses for each sensor. The data trace labeled V is the response of the vertical

vector sensor.

0.7 - Z ,RI&L RT: if | \2 R{L ‘R{'(Lv R(:
é 5 } Rg = Radial receiver ,{ 5 /i 5

0.8

)
(o] ]
£
E
11 j /) ) i’
As recorded ) Rotated
ViR, Ry Vi R Ry Rg
0.8
;, Rg = Radial receiver ) ) ;
=z <
° .
E
=

As recorded o Rotated © QAd3T8TX

Figure 37. Example 1 of polarities of 3-C P-SV data measured in azimuth directions that
differ by 180°.
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Raw, unprocessed 3-C data are shown in the panels on the left. Comparing the top
and bbttom panels shows that data recorded by ortho gonal horizontal s_eﬁsors at receiver
station 50 have the opposite algébraic sign >to that of the data recorded at receiver station
488. Thus the P-SV data exhibit a 180° change in polé‘rization forbazimuth propagation
directions that differ by 180°,‘ as Figure 25 indicates. The data pénels on the right show
the P-SV data after processing steps have been taken to make the data appear to have |
been created by a 9-C horizohtal—displacement source. For a horizontal—displacement
source, there is no 'change in S—Wavé data polarity across the illuminated area (Fig. 25).
That constant-polarity cqndition ekists for the P-SV data in the right panels, and P-SV
imaging can proceed only after this type of polarization correétion has been made to all
of the 3C3D data. |

For completeness, data acquired in the other two corners of the 3C3D survey are
shown in Figure 38. The principvles illustrated here are the same as thos§: that have been
discussed for .Figufe 37. First, P-SV daté acquired at receiver station 537 iri the northeast
corner have polarity opposite to the P-SV data acquired at receiver station 4 in the
southwest corner (left panels). Second, the data cén be altered to represent constant-
polarization S-wa\}e data similar to what would have been producéd by a 9-C horizontal-
displacement source (right panéls). The adjusted data in the right panels céﬁ now be used

for image construction.
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Figure 38. Example 2 of polaritieé of 3-C P-SV data measured in azimuth directions that
differ by 180°. : ” :

This P-SV data polarization discussion has been éxpanded to cover a larger
number of receiver stations by using an example from a second 3C’3D seismic survey.
These data are shown in Figure 39. The data in this figure are a 2-D proﬁlc extracted
from the 3-D survey in which the receiver stations are inline with the source station. The

source station is between receiver stations 269 and 270 at the center of the profile. The
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display documents response of the inline horizontal vector sensor along the profile. Data
in the top panel confirm that inline horizontal displacements measured to the right of the
source station (positive offset) have polarities that are opposite to the polarities of the
horizontal displacements measured to the left of the source station (negative offset). This
phenomenon is documented by comparing data polarities within data window A and by
comparing data polarities between data windows B and C. The bottom panel shows the
data after they have been polarity-adjusted to simulate 9-C horizontal-displacement
source data. The adjusted data in this bottom panel can now be processed to create a P-

SV image.
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Figure 39. 2-D field record shbwing polaﬁty behavior of the inline-horizontal component
of P-SV data. ' ‘ ’
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Making 3-C and 9-C Images Depth Equivalent

When multicorﬁponént seismic daté afe pfoc,essed to make stacked and migrafeci
- images, S-wave images made from 9-C and 3-C data have différent ivmage-timek axes
because the two-way traveltime of a“ P-SV mode for aparticular target depth is different
from SH-SH and SV-SV traveltimes to and from thaf same depth coordinate. As a result,
9-C and 3-C S-wave modes positio‘n the reﬂection from a‘speciﬁc' geolog‘ic interface af
different traveltime cobrcllinate's‘. The principal prOblem that confronts interpretérs who
compare 9-C and'3-C S-wave data is the repeated dilemma of deciding which reflection
events 1n each image are deptﬁ equivalent acrqss*the seismic image:space.

Probably the _mdst rigorbus fnethod for depth registexing 9-C and 3-C S-wave data
is to acquire and process multicomponent vertical seismic profile (VSP) data in a well
inside the irﬁagc space spanned by a multiﬁomponent seis_mic suwéy. ‘Because VSP data
are acquired in the depth domain, ‘éach mode of a multicomponent VSP wavefield can be
converted directly into either a deptlbx-vbyased image or a traveltime image (I{ardage, 2000). -
An example of multicomponent VSP data being ﬁsed to define depth-equivalent SH-SH
and SV-SV reflections was pﬁblished by Hardage and others (2003).Depth registration
techniques for 9-C and 3-C seismic data afe also being'- 'deveibped that are ihternally self-
consistent Within the niulticomponent data themselves and do not have to rely on external

calibration data such as a multicomponent VSP (Fomel and others, 2003).
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CONCLUSIONS

Multicomponent seismic techhold gy cannot b}ev properly unde’rstood or applied
until all aspects of data generation, acquisition, processing, and interpretétiOn are
structured on vector-based principles. When vector-based thinking is ‘used, it becomes
more obvious why one S-wave mode may sense the Earth fabric differently than other S-
wave modeé because the particle-displacement vector of each modé distorts the Earthin a
different direction relative to the bedding pianes, laminae, fractures, and other physical
discontinuities that exist along the seismic propagation path. This concept that each S-
wave mode senses a different E‘arthfabric‘ at a given sﬁBsurface coorcﬁnate is
fundamental to understanding why all S-wave modes should be used in prospect
evaluation rather than dépcnding on only one S-wave mode to provide néeded
information.

Nine-component (9-C') seismic data provide three S-wave modes (SH-SH, SV-
SV, and P-SV). Of these three modes, the SH-SH mode is the simplest in terms of its
reﬂectivity beﬁavior aﬁd its lack of contamination from other modes. In contraét, three-
compbnent (3-C) seismic data provide only one .S-wave mode (P-SV). Each S-wave
mode (SH-SH, SV-SV, and P-SV) invoives a different subsurface illumination pattern, a
different wavefield polarization, and a different reflectivity behavior. These distinctions
mean that one S-wave mode may provide a critical piece of geologic informaﬁbn about a
particular target that th»ey other modes cannot. It is not possible to say that one S-wave
modé will be more valuable than the other modes in all types of geological imaging
problems. What can be said With confidence is that all infonnation options are provided

by 9-C seismic data because all S-wave modes can be extracted from such data. In
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éitﬁations where:"the SH-SH niode abnd/or:bt;he SV-SV mode @ofh béing 9{C ‘data)‘ carﬁes
more valuable ipformqtion’ than that of the P-SV méde ('3;C data), it is unwise to restrict
S-wéve imaging to only 3-C techholbgy. | | o B

In some cases; ﬁumeﬁcal modeling rhay'indicaite which S-Wa_\;e Ym'obd,e will be the
more valuable optiqn for evaiuating a partiéular geolbgic target. vHowéver, riumerical. | |
modeliﬁg can sometimes be misleading. The safeét céurse of actid‘h séenis to bé élWays to
acquire 9-C seiémic data if at all pq'ssible. ‘In-those caées where budget co‘nsiderat‘ions ahd
equipment constraints allow only 3-C data to be aéquired, itis better to ‘acquire 3-C data

than to be conterit with 1-C P-wave data.
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