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Abstract

The multicomponent seismic method has been recednas a useful tool to
enhance the traditionaP-wave seismic method for hydrocarbon exploratiord an
exploitation. In this dissertation, a workflow ofuiticomponent seismic interpretation
has been proposed. Using multicomponent seismie, dato oilfields (Ross Lake
heavy-oil field in Canada and Cantarrel/Sihil cari@ oilfield in Mexico) are assessed.
Checking theV,-Vs relationship and other rock properties and calefabrrelating
synthetic seismograms, VSP (zero-offset and offaet) surface seismic data for both
PP-wave andPSwave are essential for interpreting multicomporsismic data. In the
Ross Lake heavy-olil field, a traveltime-derivéglVs map clearly delineates the channel
sand and shows a shale-plug in it which is supddote the result from the horizontal
well. On theVy/Vs map derived from impedance inversions of the pasitdPP andPS
data, the channel sand is also suggested by &by anomaly but not as crispy as that
of the traveltime-derive®,/Vs map. In the Cantarell/Sihil carbonate oilfielde S data
provide more continuous reflections in the areagrelgas effects are visible in the
P-wave sections (as noted elsewhere, especialljgnNorth Sea), which may provide
useful refinement of the structure. In additiorerthmay be fluid contacts visible in the
upper reservoir. Several new structures are irgeggron thé>S data.V,/Vs values could

be interpreted as showing shaliness or less calamn in some areas.

An empirical V,-Vs relationship has been established for deep-walieecus
shale using well dat&Q, determined using spectral-ratio method from the-péfset
VSP in Ross Lake oilfield presents an inverse limeationship withv,/Vs derived from
P-wave andS-wave source VSP, which may help to predict attéangrom Vp/Vs. An

index for indicating the quality d estimation from VSP data has been proposed.
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Chapter One: Introduction

1.1 Overview of the multicomponent seismic method

The multicomponent seismic method has been inipeaftir resource exploration
and hydrocarbon exploitation in the oil and gasusidy for about 30 years. Numerous
efforts by dedicated researchers in geophysicalicgercompanies, oil companies,
universities and research institutes have been nmadstigating the full range of this
geophysical method -- from geophones and instruatient of acquisition, data
processing to data analysis and interpretation.r Qee years, the multicomponent
seismic method has been industry-widely recogneased very useful tool, in additional
to the conventionaP-wave seismic method, to understand the subsuiacth better
and characterize different types of oil and gasmasrs more precisely. It's also widely

used in earth-quake seismology and occasionalheaaogy (see Appendix).

Definition of multicomponent:

The multicomponent seismic method records vibrafi@mergy using more than
one sensing element. On land, this normally amotmtgeophones containing three
orthogonal (three-component or 3C) motion sensslsch differs from the traditional
single motion sensor geophone, to detect and rettedsurface particle movement
caused by a wavelet traveled down from an artifecarce like dynamite or vibrator and
reflected back to the ground surface. It directtgards the full wavefield or elastic

wavefield.

For marine surveys, it could be a geophone witleghmotion sensors plus a

hydrophone (four-component or 4C) receiving the ewdiottom vibrations from an
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airgun. Usually those geophones and hydrophonespatren either a cable (Ocean
Bottom Cable or OBC) or an individual seismomet®cdan Bottom Seismometer or

OBS).

If oriented sources (e.g. vertical and horizonibatators) are used, the recording
of 3C sources by 3C geophones would generate ratteeig for each shot, and called
nine-component or 9C survey. There were discussiarthe acquisition, logistics, statics,
signal to noise ratio (S/N) to compare the 3C v&r8CG seismic surveys (Cary 2001,
Simmons and Backus 2003, Gaiser and Strudley 26@yever, the 9C survey is not in

the scope of this dissertation.

Definition of converted-wave:

The term converted-wave implies a particular wawelenconversion in the Earth:
a down-goingP-wave incident to an interface and reflect backamoup-goingS-wave,
which is commonly denoted &Swave orC-wave. In this dissertatiol,Swave is used

to represenP-to-Sconverted wave.

Modeling and field measurements show that the pgnmR-to-S reflection
generally has much higher amplitudes than othersiréited or multiple conversions
(Rodriguez, 2000).

Reflection coefficient

For a plane wave homogeneous isotropic elastic aneith the discontinuity in

welded contact on a plane boundary, Aki and Rich#&i®80) simplified the Zoeppritz
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equation for the reflection coefficients of the ident P-wave to reflected”-wave and
reflectedSwave, by assuming the two half-spaces have sinpitaperties so that the
ratios of Ao/p, Aa/a and 4B/ have magnitudes much less than one (wiimeda and

A4p are the difference, ang a andf are the mean values of density, compressional and

shear velocities of the two half-spaces):

The reflection coefficient of incideff-wave to reflectedP-wave is:

:l a2 2\Ap 1 2 zA,B
Ree 2(1 45 p’,o 2c032| a ~4Ap B €D

And the reflection coefficient of incideRtwave to reflecte®wave is:

- pa 2 2 , COS COS]j , COSi cosj \AB
Ros = 1-2 +2 4 -4 ,
& 2cosjﬁ ForaTa ﬂJp (ﬂ r ﬁjﬂ}
(1.2)
where the ray parametep——:—J(SneII’s Law), i is the incidence angle of

a B

P-wave,j is the reflected angle &wave.

Equation (1.2) shows that tiRSreflection coefficient is not directly relatedttze
P-wave velocity change but onrwave velocity and density changes. Also, when the

incident angle is zero, there is no conveagave, andR,q0) = 0

There are two basic aspects BSwave propagation: asymmetric ray path
governed by Snell’'s Law (Figure 1.1), and sinusoalaplitude variation with offset

described by the Zoeppritz equations.
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Figure 1.1 (a) A converted-wave (PS) reflection atts conversion point (CP),
compared with a pure PP-wave at its middle point (W) in a one-layer model. (b)
The location of the P-S conversion point moves fronthe receiver towards to the
Asymptotic Conversion Point (ACP) with increasing @pth. (after Stewart et al.
2002).

Why multicomponent seismic or converted-wave sefsmi

The conventional seismic methoB-Wave reflection seismic) has dramatically
changed the way of petroleum exploration. Therecarginuous needs to require crisper
and more informative geological information of tleubsurface. Stewart (2009)
summarized a list of those needs: a better straicpicture; further Stratigraphic details,
indications of rock type; petrophysical propertiagjescription of faults/fractures/cracks;
a notion of the stress regime; an estimate of litnd tontent; an idea of rock and fluid
changes with production. Using orffrwave seismic data is unlikely to fulfill all those
needs. Multicomponent seismic, which measuresSthave information, can be a help

to meet the challenges.

Stewart (2009) also states that “the goal of theshmod is to more fully generate
and record complete vibrations in the earth; these these recordings to enhance

traditionalP-wave arrivals and create complementary shearsarfdce-wave pictures.”



Where we've been to and where are we now?

In late 1980s and the entire 1990s, consortia fumiversities and government
(CREWES project of University of Calgary, Edinburghisotropy Project, the Delphi
project of Delft University, etc), and some geopbgkservice companies (CGG, Veritas,
WesternGeco, Sensor Geophysical, etc) establisheédl@veloped variety of algorithms
and full flow of converted wave processing. Frone #nd user’s point of view, the
unquestionable examples that the PS-wave proviged asmformation on top oP-wave
are imaging through gas clouds in the North Seag[BE94), imaging sand channels and
OWC (oil-water contact) at the Alba field in the o Sea (MacLeod et al., 1999), and
delineating channels in the Blackfoot field in &estern Canadian Sedimentary Basin

(Margrave et al., 1998).

In 2000, SEG/EAGE held a summer research workshopmalticomponent
seismic method in Boise, Idaho (Gaiser et al., 206tom the poll of evaluating the
attendees’ assessment of the applications, most preven and possible, particularly on
imaging below gas cloud, imaging targets of p@Brreflectivity, lithology delineation in
clastics, and increasing shallow resolution. Ndwadetss, it also concluded that much
work still remained before it became financiallyabie for both contractors and oil

companies.

Stewart et al. (2002, ibid, 2003) wrote an exceltletorial and mid-term review
of the method and applications. They summarizelteitpjor applications supported by
examples, which are: see through gas zone; steudtnaging; near-surface imaging;
discriminate sand/shale; discriminate anhydrateftdk; anisotropy analysis; describe

formation fluids: flat spot oRP but not onPSindicates OWC; monitor reservoir.



In 2005, the second SEG/EAGE summer research wopkeh multicomponent
seismic methods was held in Pau, France (Lynn guitd,2006). In addition to the fact
that the list of issues in 2000 workshop had bestessfully addressed and further
established, one of the changes was that both rmuanldedata quality of case histories far
exceeded those on the 2000 workshBpwvave image had been improved through
multicomponent data by de-multiple (PZ combinat©BC) and ground roll filtering
(land survey). However, it's noted that “it is quievident that the full potential from
these data is not yet fulfilled in practice, prithadue to bottlenecks in processing and
interpretation” (Lynn and Spitz, 2006). In 2006,n@dian SEG published a special issue

of Recorder on the multicomponent seismic methagioto foresee the future.

Stewart (2009) recently gave another review. Logkihthe road ahead, he stated
that the further advance would be to link rock pbygo the multicomponent seismic
expression and vice versa. Also, better staticssotmopy, Q compensation, noise
reduction, suppression or use of multipaths andtimates, and more general

anisotropic prestack depth migration need to beovgx.

Interpretation of converted-wave seismic data

Under the background of all the rapid developméimsirumentation, acquisition,
processing and application of multicomponent sesamethod in the research and service
providers side, the interpretation and applicaiiothe data user side become the weak
points in the chain, which may be partially duelte limited relevant training on theory

and practice on multicomponent seismic method antioag@nd users.



7

There are a number of reasons that increase theeadegf difficulty for
multicomponent seismic data interpretation. Fiste interpreter would deal with
multiple data volumes, which literally increasese ttwork time. Second, the
converted-wave has different travel time ti&mvave. Third, the reflection oRS data
could be different tharP-wave’s, because the rocks may have differBawvave
impedance an&wave impedance. Forth, tlf®wave information, likeSwave log and
offset VSP, may not be available. All above factorald affect the interpreter’s ability to

correctly describe the subsurface fremvave and®Swave together.

PP and PS event registration

Swave travels with a different speed th&wave in the Earth. The same
formation at certain depth will appear at RS two-way time different from thé&P
two-way time. Therefore, to determine the same &irom on botHPP andPSsection is a
critical step of multicomponent seismic interpretat which is called event registration.
Several event correlation techniques have beenlafsme to do the automatieP-PS
event correlation. Lawton et al. (1992) used foovarodeling to create thBP- and
PSwave offset stacks from velocity and density laogen correlate them, followed by
the correlation betweeRP seismic andPP synthetic stack, and correlation betwd&s
seismic andPS synthetic stack. Gaiser (1996) developed a rolmglticomponent
correlation analysis to obtain average and intevgéls values. Chan (1998) suggested a
method of log-stretching thHeP andPStime into the logarithmic time, and search/apply

a bulk shift. Those techniques are good for longedength component &f/Vs.

Although, under some circumstances, event registratould be done or partly
be done by automatic program, in many cases, ilsée be interpreted manually by

interpreters using synthetic seismograms and V& da



1.2 Some fundamentals of rock physics

The variation of seismic reflection amplitude wifiset is dependent on intrinsic
rock parameters such as compressional-wave vel@¢gy share-wave velocity\g),
density and attenuation. An understanding of theerirelationships among these
parameters and rock properties such as lithologypgity and pore fluid content is
needed for the quantitative extraction of rock grdps for formations (Castagna, 1993).
To utilize seismic waves fully, it is vital to und¢and what seismic waves can tell about

reservoir rocks and how to extract such informafrom seismic waves.

Rocks are usually considered to be low-loss, amust elastic media. When
vibrations travel through the rocks, their defonmatwill be small and can be restored
after the wave passes. The compressional-wave ityeldé), shear-wave velocity\g),
density ) and attenuation() are the basic rock parameters.

1.2.1 Velocity and elastic moduli

Common elastic properties of rocks are definedaste moduli:

V. = (1.3)

v.= | (1.4)
0
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where V, is compressional-wave velocity/s is shear-wave velocityk is rock bulk
modulus (incompressibility), the ratio of volumetstress to volumetric straig, = rock

shear modulus (rigidity), the ratio of shear stitesshear strain.

As k=4 +§,u, equation 1.1 also has the form of

A+2u
Vp = , (15)
\ p

whereA andy are the Lamé parameters.

Equations 1.3 (or 1.5) and 1.4 provide the funddaieinks between seismic
velocities and rock properties. The rock bulk moduinay be strongly dependent on the
pore fluid bulk modulus while the rock shear modutnay be less affected by the fluids.
Hence, when a compressible free gas replaces $igunithe pore space, the roelkwave
velocity will decrease significantly, whereas tloek S'wave velocity might be slightly
increased due to the decreasing bulk rock dengiignsequently, the ratio of
compressional- to shear-wave velocitg/i/s) is expected to be an excellent indicator of
free gas in the pore space. The rigiditgives us information about the rock matrkx;

gives us additional information about the poredlui

For a rock’s mechanical properties, the elasticstamts are related by:
E=20(1+V)=%k(1-2), (1.6)
whereE is Young’'s modulusy is shear modulug is bulk modulus an@ is Poisson’s
ratio. Combining with equation 1.3 and 1.4M§, Vs and densityp are known, all the

elastic modulik, E, A, 1, v) can be calculated.
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Poisson’s ratio ) is another important rock property which measures
incompressibility in porous rocks. For a homogersedasotropic material which is
deforming elastically under uniaxial compressionjsBon’s ratio g) is defined as the
negative fractional change in width divided by thactional change in length (ratio of

transverse to axial strain). Poisson’s ratio igatly related td/y/Vs by

VP
0§ | -1
VS
p=— (1.6)

Poisson’s ratio mostly varies from 0 to 0.5. It dasnnegative for some materials. The
value O corresponds to\g/Vs = 1.41. Water, which is incompressible, has thissom'’s

ratio of 0.5 ad/,/Vs is infinity due to fluid having no shear strength = 0).
1.2.2Vy-Vs relationship

TheV,-Vs relationship can be theoretically derived by camrig equation 1.3 and
1.4 as:

V2=5+ng- (1.7)

p
However, a linear empiricaly-Vs relationship has been established from lab exyaris
and wireline logging measurements which holds wesll in different sedimentary
lithologies. GenerallyVs is nearly linearly related t&, for sandstones and shales in
clastic environment. The mudrock line obtained esitlely from in-situ measurements

by Castagna et al. (1985) predicts fairly realistiéor shales:

Vs =0.86206Y, - 1.1724 (1.8)



11

where the units fov, andVs are km/s.

Further more, Castagna et al. (1993) show a seinoifar trend equations but
separated for sandstone and shale, which is
Vs =0.8042/, — 0.8559 (2.9)
for sandstone, and
Vs=0.7700/, — 0.8674 (1.10)

for shale. The/, andVs are in km/s.

For carbonate rocks, Pickett (1963) suggested \that 1.9 Vs. Castagna et al.
(1993) also described thg-Vs relationship for limestone as a second-order pmiyial
fit:

Vs (km/s) = -0.05509,2 + 1.0168/, — 1.0305 (1.11)
And a linear fit is adequate for dolomites ovemated range:

Vs (km/s) = 0.583%, — 0.0776 (1.12)

They observe that fovs greater than 1.5 km/s, Pickett’s relation holdsemxely
well. At low velocities, there is a substantial téwn from this trend a¥, approaches
1.5 km/s (water velocity) whil&s approaches zero. Also, from laboratory experiments
they observed that gas sands hav¥p/s varying from under 1.4 to over 1.8 with

average of about 1.5, which matches Gregory (18%%)}Vs = 1.5 for gas sand.

Based on the abstracted composite plov#¥s versusV, (Figure 1.2), Castagna
(1993) concluded about the use Wf/Vs to ascertain lithology that “Lithology
discrimination is best at high velocities where thke of thumb thaW,/V;s is equal t01.6

for sandstone, 1.8 for dolomite and 1.9 for limastés most nearly correct ... At high
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velocity the difference iV,/Vs between gas- and brine-saturated rocks will batively
small. For low velocity rocks, lithology discrimitian is also difficult; however, the
difference inVy/Vs between gas and brine saturated rocks will beivels large. As a
consequence, AVO analysis for hydrocarbons willnbere robust for lower velocity

targets.”

Another conclusion from this more conceptual plaggre 1.2) is that usingy/Vs
to discriminate sand from shale is relatively efmyboth low and high velocity rocks,
because the shale line is always above the samdditom which suggests that shale
always has highey,/Vs than sandstone under the condition of sheffelgave velocity

being close to sandstone’s.
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Figure 1.2 A composite plot oiV,/Vs versusV, trend for various lithologies (after
Castagna, 1985), modified by adding the grid lines.
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1.2.3Attenuation

Seismic waves traveling through the subsurfacé@®Barth are attenuated by the
conversion of seismic energy into heat. The atteowmaproperty, associated with
anelastic absorption, is a fundamental rock prgpé€jartansson, 1979; Johnston and
Toksdz, 1981). Attenuation is most commonly measimethe attenuation coefficient

and/or quality factof) (or its inverseQ™). High Q value corresponds to less attenuation.

By definition, the intrinsic quality facto@ is a measurement of the amount of

energy lost per cycle or a ratio of stored eneoggissipated energy:
W _ «E

AW  -dE/dt’

whereW is the elastic energy stored at maximum stressaat and\W is the energy

Q=2

(1.13)

loss per cycle of a harmonic excitati@is the instantaneous energy in the systegidd

is the rate of energy loss.

The attenuation of a seismic plane wave can beeszpd as
AKX = A(E™ (1.14)

whereA(x) is the amplitude as a function of positimy(x) is the initial amplitudeg is

attenuation coefficienta can be rewritten as:

1 A __d
A dx dXln A(X) . (1.15)

For two different positions; andx,, with respect amplitude&(x;) andA(x.), we have

g=—1 |n{A(X1)} (1.16)
X, =% A(Xz)

The attenuation coefficiernt is related to the quality factq by:
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a=—, (1.17)

wherev is velocity and is frequency.

Theoretical models of attenuation mechanism haven hgroposed, e.g., Biot
global flow model (1956), Squirt local flow modéMavko and Nur, 1975, O’Connell
and Budiansky, 1977, Dvorkin and Nur, 1993). Cams@ theory (Kjartansson, 1979)
considered a linear description of attenuation imcw Q is exactly independent of
frequency. In fact, we might expect a fairly comstéevel of attenuation over wide

frequency bands, i.e. attenuation is independefregtiency in seismic frequency bands.

Attenuation (seismic waves are always attenuatetheg travel through rocks)
and velocity dispersion (velocity increase withgiency) are considered to be related
(Futterman, 1962). Velocity dispersion associateith \&ttenuation can cause up to 7.0
ms/1000 ft delay of the VSP traveltimes with resgedhe integrated sonic log (Stewart
et al, 1984).

Comparing with elastic properties, the anelastapprties — attenuation — is much
more complex in terms of explicit analysis, meckani laboratory and field
measurements. Small amounts of condition change resnlt in big change in
measurement (Johnston and Toksoz, 1981). It has Wwekely accepted that the VSP
experiments are the best for a reliable in-§testimation (Stainsby and Worthington,
1985, Tonn, 1991). The accuracy Qfestimated from downhole seismic is generally

higher than that from surface seismic (White, 1992)



15

The quality factorQ can be used for applying inver€g filtering to surface
seismic data to minimize the effect of dispersiod attenuation, and hence to increase
the seismic resolution (Hargreaves and Calvert1198ang, 2002). Another application
is that, because seismic attenuatiq) ctrongly depends on lithology and pore fluid
properties (Batzle et al, 1996), it might help ttatt gas or the change of pore fluid.
Klimentos (1995) used the ratio of compressionashear attenuations as hydrocarbon
indicator based on well log data. Seismic attelmmaéinomalies can help to monitor the

steam injection from time-lapse seismic (Hedlin delvhort, 2002).

1.3 Dissertation objectives and structure

The objectives of the dissertation are to continasessing the multicomponent
seismic method in hydrocarbon exploration and atation, to develop a more complete
structural and stratigraphic picture of the sukstefvia multicomponent seismic data, to
present the integration of the well log, VSP andltimamponent seismic data for
assessing the oilfield, and to use seismic atwhtid predict rock properties. They are

accomplished by:

* Propose and optimize a practical work flow for rpteting the multicomponent
seismic data — Chapter 2.

* Investigate and verify th&-Vs relationship using three data examples from
clastic sand-shale, carbonate and deep-waterailcehale — Chapter 2, 5 and 6.

* Interpret the Ross Lake multicomponent seismicsgatiom Western Canadian
Sedimentary Basin — Chapter 2.

* Use two methods — traveltime and impedance ratio estimate th&/,/Vs from
Ross Lake multicomponent seismic data, then comgadediscuss the results —

Chapter 2 and 3.
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In-situ attenuation calculation from VSP — optimibe algorithm to reduce the
error and uncertainty of attenuation estimationhajier 4.
Interpret the Cantarell/Sihil multicomponent seisrdataset from offshore Gulf
of Mexico — Chapter 5.

Interpret a land 2D multicomponent dataset from-UShapter 6.

1.4 Data used

Ross Lake 3C-3D project:

Processed 3D multicomponent seismic datasets,dimgypost-stack time
migrated vertical componerPP) volume and post-stack time migrated
horizontal radial componenP§ volume;

Zero-offset vertical vibrator sourced VSP

Zero-offset horizontal vibrator sourced VSP

Multi-offset vertical vibrator sourced VSP

Well logs withV, andVs

Cantarell/Sihil 4C-3D project:

Processed 3D multicomponent seismic dataset, imgyare-stack time migrated
vertical componentRP) volume and pre-stack time migrated horizontalaiad
componentRS volume;

Zero-offset VSPs

Well logs withV, andVs

The US 3C-2D project:
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* Processed 2D multicomponent seismic datasets,dimgjypost-stack time
migrated vertical componerPP) volume and post-stack time migrated
horizontal radial componenP§ volume;

* Well logs withV, andVs

1.5 Hardware and software

The work presented in this dissertation is mainlpnel on a SUN
MICROSYSTEMS network operated by the CREWES Profcthe Department of
Geoscience at the University of Calgary, and P@siged by the CREWES Project.

Hampson-Russell's (now a division of CGGVeritas)og®eysical application
software suite has been used to accomplish the wadt in this study.GeoViewis a
well database tool to show the log&oMC is the package to do the multicomponent
seismic interpretation, includingP andPS synthetic seismograms creatiR? andPS
event matching, horizon picking, attributes mapeagating etcStrata is used to do the

seismic impedance inversion.

ProMAX from Landmark Graphics Corporation (a divisionHdlliburton) has
been used to do the seismic data processing relatecedures, mainly for VSP

processing, i.e. to separate downgoing and upgeawgfields using median filter.

MATLAB programming language is used to estim@téactor from VSP data
using adapted spectral-ratio method. A number of TMAB codes by Dr. Gary

Margrave from University of Calgary are also uglizin this research.
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Chapter Two: Interpretation of Ross Lake 3D multicanponent seismic data

2.1 Introduction

Multicomponent seismic data, combinii®P-wave andPSwave wavefields,
provide independent measurement of rock and fluidpgrties. Unlike P-waves,
converted RS waves are minimally affected by changes in porgd$. Rapid
advancements in multicomponent acquisition methant processing techniques have
led to numerous applications for converted wavea dhat are increasingly used for
exploration and exploitation of oil and gas. Howevthe increased prevalence of
multicomponent seismic applications means thatrpnéters must face many difficult
challenges: how to registePSwave time to PP-wave time, determine the best
methodology for interpretingSwave data, and how to apply tR&wave interpretation

in assessing the risk of exploration and explataprospects.

In this chapter, an approximate 7.5%8D multicomponent seismic dataset from
Ross Lake oilfield in Saskatchewan, Canada is pné¢ed and analyzed guided by well
logs and VSP. The purposes of this study are:dIjropose a practical work flow for
multicomponent seismic data interpretation usirgjRoss Lake data as an example; (2)
to assess the Ross Lake oil reservoir, achievdl eeervoir description and evaluate the
potentials for further development by combining Meds, VSP and the 3C-3D surface

seismic data.

2.2 Work flow for multicomponent seismic data intepretation
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Although, thePP-wave andPSwave seismic data are actually reflections of
different aspects of the same subsurface objediventerpreter has to face two separate
data volumes — thEP volume and th&Svolume. The obstacles for interpreting PS data
mainly arise from three complexities: (1) differétandPP travel time; (2) sometimes
different P-impedance andsimpedance, and impedance contrast; and (3) differe
apparent frequency contents. All mean that, in masesPSsection is NOT just simply
a stretched version d?P seismic section. A lot of times, visual correlasocould be
misleading the horizon identification &t data because of the above reasons combining

with the time-varianVy/Vs.

The general work flow for multi-component data mptetation is schematically

shown in Figure 2.1, for either 2D or 3D seismitada

PP data interp.

PS data interp.

€

- Geological model
-Well logs

- synthetics

-PP VSP

- PP surface seismic

- Geological model
- Well logs

- synthetics

-PS VSP

- P8 surface seismic

|

PP data
horizons
Isochrons

AVO, inversion

..-.ﬁ.------@----

N g

!

PS data
horizons
Isochrons
AVO, inversions

®

VpiVs maps

PP-PS joint inversion

Figure 2.1 The work flow for multi-component seisnt data interpretation.
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The conventionalPP data interpretation is conducted first. To identthe
geological formations on seismic sections, thelsstnt seismogram is generated (at well
location whenP-wave velocity and density logs are available)i¢owtith seismic traces
around the well. Whenever possible, the VSP, eiteeo-offset corridor stack or offset
migrated profile, should be used to correlate wsilrface seismic to have more
confidence in time-depth relationship and recognitof seismic character for certain

formations.

Based on a reasonable correlation of synthetiove@jsam, VSPs and surface
seismic at well locations, the key horizons andjeplogical markers are picked on
P-wave seismic data to build the framework of thesre& interpretation. Hence, the
P-wave time structure map of certain horizon, tithiekness (isochron/isochore) map
between horizons and other horizon-based attribatess mapped and computed.
Amplitude inversion for impedance (and velocity)yn@so be conducted. This is a fairly

routine job.

Next, the same set of steps as BReinterpretation is followed but with theS
seismic data. When interpretirRS data, the most difficult part is often tiRS event
registration, which is to match/tie thS seismic events witRPP seismicevents. This is
the result of a few complexities including tAE time domain versuBStime domain and
difference inPSreflection character anéP reflection. Different statics solutions BP
and PS data in processing of land surveys may put tha dat different datum, partly
because the near surface shear-wave velocity iswalable. In the interpreter’'s mind,
thePSimage could be in vast difference wRlI? image in terms of the seismic character,

i.e. a peak orfPP data may correspond to a zero-crossing or a slogeS data. For the
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above reasons, the correlationR8 seismic traces witRS synthetic seismogram (and/or

with PSwave VSPs) is more critical fé(tSseismic interpretation.

Guided byPS synthetics andPS VSPs, the same set of horizons definedPén
data is picked oPSvolumes. Then, thBStime-structure maps and time-thickness maps

can be extracted.

The PP andPStime-thickness maps are used to calculatg/ss map. It is this
map that typically provides an indication of theikontal variation of lithology. For two
given formations, the traveltime differenceRfP andPS data comes from th¢, andVs
difference between them. Because different lithplbgs its ownV,/Vs, the Vp/Vs map
derived fromPP andPS time-thickness (isochron/isochore) maps indic#tesvariation
of lithology between these horizons. And this imfiation is more helpful to distinguish

sands from shale background for a typical clastjgasition environment.

2.3 Geology background of Ross Lake Qilfield

The Ross Lake oilfield, owned and operated by HUskgrgy Inc, is located in
south-west part of Saskatchewan, Canada in Town%BipRange 17, west of 3rd
Meridian (Figure 2.2). The producing formation idoaver Cretaceous incised valley
(channel) sand in the Dimmock Creek member of that@ar formation of Mannville

Group.
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& sz,  CANADA

Figure 2.2 The location of Ross Lake oilfield.

Up until the end of 2003, there are 4 vertical sjelamely 10-25, 11-25, 14-25
and 15-25, and one horizontal well that have bedled and produced. The reservoir
sand is over 30 m thick in well 11-25 with 12-13ofmet pay, and has porosity of about
30% and very high permeability -- in the 3 Darcgge. In the middle of the sand, pyrite
cement giving low porosity is resulting in high eeity and density. This pyrite cemented
layer is varying in thickness (absence in well Bj-ix different wells, and seems not a
maker. The produced oil is heavy, about 13° APkréhs no gas cap. The pool is on its
primary production and hasn't had enhanced recovagthods applied. Husky is
observing the horizontal well to see if it is econcally feasible. If so, there would be

more horizontal wells to drill.

The regional stratigraphic column in south-west8askatchewan is displayed in

Figure 2.3.
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Figure 2.3. Stratigraphic chart of southwest Saskahewan (from www.ir.gov.sk.ca)

In the upper middle and lower upper Jurassic, dhméation above the Shaunavon
limestone is the Vanguard Group, consisting of ltheal Rush Lake shale, the middle
Roseray sandstone and sandy mudstone, and the Mam=field shale. Above the
unconformity between Jurassic and Cretaceous isimville Group, which is the main
hydrocarbon bearing formation over almost all thestérn Canadian Sedimentary Basin.
Three sub-divisions in Mannville Group, from olddst youngest, are the Success
Formation, Cantuar Formation and Pense Formatitee. Tantuar Formation also has

three subdivisions (oldest to youngest): McCloudder, Dimmock Creek Member and

Atlas Member.
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A high-relief erosion surface is carved throughadsic and Mississippian strata
and is in turn filled in with Cantuar sediments.eTMcCloud Member occupies the base
of the erosional relief, the Dimmock Creek Memid@€M) infills much of the remainder,
and the Atlas Member forms the regional blankegfFe 2.4, Christopher, 1974, and
Figure 2.5Vanbeselaere, 1995).

The Dimmock Creek Member comprises “olive-green dark grey, argillaceous
sandstones, sandy mudstones and shales, localyedhatith red, inter-bedded, and
interrupted by massive quartzose sandstones exgdadearly the full thickness of the

member.” (Christopher, 1974)

One important marker in the following study is edllIHACM, an acronym for
the hdex Hbrizon Above Gantuar Marker. On the conventionBtwaveseismic sections,

it is a stable and spatially wide spread small pmak regional sense.

By correlating the wireline logs from about 370 lseh a study area of about 12
townships, Li et al. (2004) constructed ten crosstisns displaying the stratigraphic
complexity of the Cantuar incised-valley fill andterfluves. The resulting regional
isopach map of Cantuar Formation is about 30-50hitktin the Ross Lake seismic
covered area. They concluded that the major hydoocatrapping mechanism is the
valley sediments of relatively low permeability ke@ the permeable flanks of the

Roseray-Success buttes and mesas.
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Figure 2.4 Diagram illustrating the stratigraphic relationship of the upper Jurassic
and Lower Cretaceous, southwestern Saskatchewan ¢im Christopher, 1974).
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Figure 2.5 Diagram showing the stratigraphic relatonship of the formations within
the Mannville Group. (from Vanbeselaere, 1995).
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2.4 Data available: seismic data, wells logs and ¥S

2.4.1 Surface seismic data

A 3D multi-component single station VectorSeiseismic survey was shot by
Veritas Geophysical in Ross Lake area in May 200% total 13 receiver lines are in
east-west direction with 180 m line spacing. Theeieer point interval is 50 m. The shot
lines are in north-south direction with 325 m Ism@acing. There are 11 shot lines in total.
The shot point interval is 50 m. The source typ@.&skg dynamite at 15 m depth. There
were about 484 shots and 858 receivers in thikmb3D survey. The seismic natural

bin size is 25 m x 25 m with the nominal fold of. 4%e record length is 5 second at 2

ms sample rate.

Veritas Canada processed this 3C-3D data. A paskd€irchhoff time migration
has been applied to the vertical, radial and trarsescomponent. The migrated vertical

(denoted ad?’P) and the migrated radial (denoted RS datasets are analyzed in this

thesis.



TheP-wave processing flow was as follows:

Demultiplex
High amplitude and ground roll noise attenuationpbtude recovery
Minimum phase surface consistent deconvolution
Amplitude equalization structure statics (short @jav2 layer drift
Datum: 950m replacement velocity: 2000 m/s, wedatlgerelocity: 950 m/s
Interactive trace edits

Preliminary velocity analysis - NMO from surface

Statics - automatic surface consistent (2 passes)
Final velocity analysis - NMO from surface
Spectrum balance, first break mutes
Structure statics (long wave) - 2 layer drift stati CDP trim
Stack, FXY poststack noise attenuation
Post-stack Kirchhoff migration: 100% stacking vetyc

Filter: time variant

Scaling: 600 ms window

Table 2.1 Ross Lake 3C-3D seismRP data processing flow.
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The converted-wave processing flow is as follows:

Demultiplex
High amplitude and ground roll noise attenuati®8amplitude recovery
Minimum phase surface consistent deconvolution
Amplitude equalization structure statics (short @)av2 layer drift
Shot (P-wave) statics applied
Interactive trace edits
PreliminaryV,y/Vs analysis - NMO from datum
Statics - automatic surface consistent (2 passes)
Final V/Vs analysis - NMO from datum
Tau-p shot-based noise attenuation
Spectral balance, ACP trim
CCP depth variant binning
Stack, FXY post-stack noise attenuation
Post-stack Kirchhoff migration

Filter: 2/4 - 50/70 Hz.

Mean scaling: 500 ms window

Table 2.2 Ross Lake 3C-3D seismieSdata processing flow.

2.4.2 VSP survey

In June 2003, a multi-offset Vertical Seismic Pio{VVSP) survey was conducted
in well 11-25-013-17W3 by Husky Energy in partngostvith the CREWES project,
University of Calgary. The source locations arevamon Figure 2.6. The survey

parameters are in Table 2.4:
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Zero-offset

Offset

Walkaway

#1

#4

#6 #2

#3

#5

#7

Offset (m)

53.67

399.12

698.72

149.99

250.66

558.08

996.8¢

Azimuth

N16.3¢

N337.2:

N301.5¢

N336.1¢

N337.6:

N310.5(

N319.5:

Source type 1

Sweep

Litton 315 P-vibe

8-180Hz, 12s, linear

Source type 2

Sweep

Inline VI

S-mini-vibe

N/A

5-100Hz, 12s

linear

N/A

Table 2.3 The source parameters of the multi-offse{SP survey in well 11-25.
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Figure 2.6 Source location map of the VSP survey
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Four vertical wells, 10-25, 11-25, 14-25 and 15-@%¢ one horizontal well has

been drilled in this pool. The typical well loggirguite includes SP, gamma ray,

resistivity, sonic, density and neutron porositynfdftunately, no open-hole shear

velocity has been acquired in these wells.

Vertical depth 11-25-13-17W3 ABANDOMED GAS WELL Time (m=)
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Figure 2.7 Logs from well 11-25. Thé/,/Vs curve is derived from theP-source and
S-source VSP in the same well.

A dipole sonic log (DSI) was run in the cased-hocbadition in well 11-25 in

attempt to acquire shear wave information throuaging. However, the logging results

were quite poor and largely unusable.
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Shear-velocity logs are helpful in interpreting eerted-wave data through the

construction oPSwave synthetic seismograms. Unfortunately, nonghefwells within
this 3C-3D seismic survey had a shear-wave log. é¥aw there are four regional wells
having shear velocity log, shown in Figure 3.1Btb4. The nearest well is 2-33-13-19,
about 24 km west of well 11-25-13-17.

Vertical depth 2-15-19-18w3S ABANDONED GAS WELL Time {m=)
from surface {m}) *=682885,10, y=5608741.50 m Elevation; kb=649 87 m, surface =645 27 m
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Figure 2.8 GR log and measured/,, Vs from the dipole sonic log in well 2-15-19-18.
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Vertical depth 2-33-13-19w3 ABANDONED GAS WELL Time (ms)
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Figure 2.9 GR log and measured/,, Vs from the dipole sonic log in well 2-33-13-19.
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Figure 2.10 GR, density and measuretf,, Vs from the dipole sonic log in well
3-16-17-21.
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Figure 2.11 GR log and measured,, Vs from the dipole sonic log in well 9-33-16-19.

To generate a converted-wave synthetic seismogsang wvell logs, knowledge

of the shear-wave velocityv{) is necessary. The direct measurement of formatipn

usually comes from the dipole sonic logging. Veocasionally, the shear-source VSP

could provide the average shear-wave velocity betwdownhole geophones over a

relative large interval compared with the wirellngging.

When there is no measur¥d available, empirical equations are commonly used

to estimateVs values fromP-wave velocity or sonic log. A thorough study orcdb

petrophysical model and geostatistical method usmge logs, i.e. GR, resistivity,

porosity, etc, could reveal more accurdiwave velocity estimation.
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Mentioned in Chapter 1, the mudrock line (Castadt@85) predicts a fairly

reasonabl®/s from V, in the most cases of a sand-shale clastic envieattm
Vs=0.8621V, —1.1724 (2.1)
or, V,=1.16Vs+ 1360 , (2.2)

where the units fov, andVs are km/s.

Thus, we need to utilize or develop an empiricétrenship betwee, andVs,
which can be used to deri¥g from V, in wells in the Ross Lake 3C-3D seismic survey
covered area. Those four regional wells with measMp andVs logs are used to verify
the empiricalV, -Vs relationship (Figure 2.12). The channel sands fRaw@ve velocities
in the 3000 m/s range. A regression line (redinfitthe points (excluding the unreliable
grey zones which came from a very shallow regioonrie well) gives us the loc&-Vs
relationship as:

V, = 1.416Vs + 1070 , (2.3)

where the units fo¥, andVs are m/s.

The reservoir sands generally shayiVs values between 1.7 and 2.0. The shallow

formations have/,/Vs from 1.8 ~ 3.0.
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Figure 2.12 Crossplot of measure®,, and Vs from four regional wells. The linear
regression (red solid line) is calculated excludinthe colored zone (grey and light
yellow) due to questionable spikes of shear log wmell 2-15-19-18. The mudrock line
(pink dash line) and three constan,y/V; lines (1.5, 2.0 and 3.0) are posted.

2.4.4 Examine seismic frequency content

The PS data usually have a low frequency content compé#oe@P data for a
number of possible reasons: the longer travel tiniigally, shorter wavelengths and
absorption. Known frequency is a guide for wellss@c correlation andPP-to-PS

seismic tie.

The PP data show an average signal bandwidth of about08-H@ in the
800-1400 ms time window (Figure 2.13, upper pariéte radial component &S data,

in the window of 1000-2000 ms of its nati#&time domain, has a narrower frequency
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bandwidth of about 10-60 Hz (Figure 2.13, lowert lp&nel). Notice that there is a
platform at 60-100 Hz possibly caused by an oversbing in the spectral balance
process and most of which may be noise. The trassveomponent oPS data in the
samePStime window shows a narrower bandwidth of 10-40(Hgure 2.13, lower right
panel). OnlyPP andPSradial data are interpreted here as the transweensgonent data

were without a great deal of signal.
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Figure 2.13 Average amplitude spectrum of verticaPP (upper panel), the radialPS
(lower left panel) and transversePS (lower right panel) data volumes of Ross Lake
3C-3D seismic.

2.5 Correlation of P-wave synthetic seismograms, \PS and PP seismic data
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To establish the well-seismic tie is always an ingat step, probably the most
critical step for any seismic data interpretationorder to mark the geological formation
tops from a well on seismic sections, and to knbat vhat seismic response a certain
formation or formation combination would corresppral good and reasonable tie

between the well synthetic seismogram and seisati id essential.

Well 11-25 is used to conduct the procedure of weismic tie. The wavelet used
here is extracted from nirl&P seismic traces around well 11-25. Thereatfter, yimthetic
seismogram is created by convolving the extractadelet with the reflection coefficient

series which is calculated from the impedancehemroduct of velocity and density.

VSP data usually have higher frequency contentspeoimg with surface seismic.
The frequency difference sometime could make thmeetation ambiguous. To reduce the
VSP frequency bandwidth by bandpass filtering totamathe seismic frequency
bandwidth can be quite helpful. To do so, a 5-18UMz bandpass filter is applied to
the zero-offset VSP corridor stack to match thefemar PP seismic data frequency

bandwidth. We see the correlation is very good.

The PP synthetic seismogram from well 11-25 and the zdfseb PP corridor
stack are used to develop the correlation betwesmiogical formations and seismic
events (Figure 2.14). THeP seismic data display a good correlation with thetlsgtic

seismogram and zero-offset VSP.
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Figure 2.14 GR, density andV, Logs, PP synthetic, PP seismic and zero-offset VSP
corridor stack (a 5/10-70/80 Hz bandpass filter apleed) in well 11-25. There is no
stretch or squeeze applied to the synthetic seisntagn.

2.6 PP seismic data interpretation

2.6.1 Interpreting horizons on PP seismic

The quality ofP-wave seismic data is high. There is no structaegure. All the
seismic events are flat and nearly parallel witbheather, partly due to the size of this
3D. There seems no obvious strata thinning or #@mclg. The reservoir of the channel
sand is a stratigraphic play. A number of key hamiz on théPP data volume have been
interpreted by the staff of Husky, which are Milkv&, 2ndSpeces, Viking, IHACM,
Rush Lake, Bakken and Devonian (Figure 2.15, Figuté). The zone of interest, which
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is the Cantuar incised channel, is in between barlHHACM and Rush Lake, shown as a

broader trough on top of a strong peak but disooetl from surrounding events (Figure
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Figure 2.15 East-west xline 11 crossing well 11-2&th P-velocity curve inserted at
the well location.PP data horizons are interpreted.
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Figure 2.16 North-south inline 41 of PP data across well 11-25 with interpreted
horizons.
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the well 11-25. The bI I d h eseoir sand.

The seismic feature between IHACM and Rush Lakihas (from east to west):
among the two peaks starting from east, the uppak s pulled upward and the lower
peak remains similarly but stronger when get ihi® $and body. Continuing to the west,
there are more broken events. The signatures ofetbervoir sand are that there is no
reflection inside and longer travel time. The pydlbulge on top of the channel sand may
be caused by the compaction differentiation betwssmd and shale. The west broken
seismic feature might indicate it is an abandoneahoel (most likely shaly due to no
pull-ups) and may cut deeper down to Rush Lakesshal
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Three time slices oPP seismic data are shown in Figure 2.18. The slice a
1120ms shows the gentle structure at top Manniellel. The slice at 1140ms cuts the
channel. The slice at 1160ms is at Rush Lake dleakd and also shows the lateral

variation, which might be the combination of stiuetand incised features.

R
- Time slice
1120 ms

Time slice = © 3

1160 ms b . P

-;;Ef‘.ime slice L
[ 1140ms

3 2kl -y

Figure 2.18 Time slices oPP data: 1120 ms (top), 1140 ms (bottom left) and 1160s
(bottom right). Red color is positive value and ble color is negative value.

2.6.2 Time-structure map and time-thickness map

The structure map for both horizon IHACM and Rusiké are similar, showing a
gentle dipping trend from northwest to southeastation within about 30 ms amount (~
50 m) in a distance of 3 km (Figure 2.19). The nmsdHACM map as a structure high

shows the top-horizon pull-up, which indicates shape of the sand body.



RushLake {Time) — Time
(ms)

17W3
1188.9
1187.4
1184.3
1181.9

1179.8
1178.1
1177.0
1175.8
1174.4
1173.7
1172.3
1171.2
1169.9
1168.2
1166.8

I | a.o 1630
Figure 2.19PP Time structure map of horizon IHACM (left) and RushLake (right).
Red color is structure high, and blue color is strature low.

IHACM (Time) ~ Time

From PP seismic data, the time thickness (isochron) mapwvéxn horizon
IHACM and Rush Lake clearly shows a northeast tattseest bar shape anomaly with
an increased travel time (Figure 2.20). This thaclomaly is interpreted as a sand-fill

channel.

rasslkddic_migration_v — Color Ke
Event Time Stiucture of Tmethickness_IHAZRushLk

Jt1s2, 1)

Figure 2.20PP time thickness map between the horizon of IHACM andRush Lake
with color bar. Hot color means thick, and black céor means thin.
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2.7PSseismic data interpretation

2.7.1 Estimation of S-wave velocity

Although there is no dipole sonic log in Ross Lakea, the zero-offset VSP in
well 11-25 was conducted using two types of souveetical vibrator P-wave source)
and horizontal vibrator§wave source, inline), which makes the direct messent of
Vs possible but with a larger interval compared viatging sample rate. By picking the
P-wave andS-wave first-break time on the zero-offset VSP tea@®m 130 downhole
geophones (at a 7.5 m depth interval), the intevyend Vs are calculated then which
leads to theV,/Vs curve. Next, we divide th€-velocity log by the VSP-derivedly/Vs
curve to generate a pseutlg log for well 11-25. This log is input to an elastiave

synthetic seismogram package to generat®8wynthetic.

2.7.2 PS synthetic seismogram and tie with PS sesnd PS VSP

A PSwavelet is extracted from tHeS seismic traces around well 11-25. T8
synthetic is generated in its nati?&time domain, using 0 - 30 degree incident angle to

stack up.

In general, there is a reasonable correlation bEtwbePS synthetic andPS
surface seismic (Figure 2.21). As often seems tthbease, however, the tie is not very
obvious within the reservoir sand, especially fog PS data. Some stretching or further

calibration of the logs may be useful.
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By looking at the logs and comparing wRtP synthetic andPP seismic, we find
that the marker IHACM orPS seismic is neither a zero-crossing nor a troughs in
between on the slope. The top of Rush Lake is e-a@ssing from positive to negative
on PSseismic. This observation gives the guide and eontwn to pick horizon IHACM

and Rush Lake oRSseismic volume.
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Figure 2.21 Composite display of log$?P synthetic seismogramsPP seismic,PS
synthetic seismograms andPS seismic section for well 11-25.

!Al n o .rl4i amm

= 1350

2.7.3 PS time to PP time, a gross match

To directly compard®S data withPP data, we need a mapping frd?® time to
PP time. As estimated from the log and VSP data, fos flat and shallow clastic
deposition, a constai,/Vs = 2.35, or a compressing factor of (1 + 2.35)/R26&75 forPS

time is initially used here, which provides us gprximatePSto-PP data correlation.
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It's been found that an additional 125 ms timetspipward) is also needed for
the time-compressddS data. This may be the result of the I&wave velocities of the
near(ish) surface layer giving rise to an additicstatic shift, or the impropeswave

replacement velocity being usedR”$ datuming.

In addition, this gros®S-to-PPtime mapping using a constawy/Vs=2.35 and
125 ms time shift (up) is assisted by comparingt@@ m offset VSP images to tRé
and PS surface seismic sections RP time domain (Figure 2.22). Two products result
from large offset VSP: the CDP (common-depth-pomgp forPP-wave and the CCP
(common-conversion-point) map fd?Swave. Usually the VSP-CCP file out from
processing is ifPP time domain. A 5/10-50/60 Hz bandpass filter hasnbapplied to
VSP-CCP data and botRP and PS seismic data to reduce the frequency difference
among them. The VSP-CDP data is not bandpassefilters its correlation witlPP
seismic data is obvious even when leaving the frigdjuency component there. It shows

a compelling correlation among all the four dataset
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Figure 2.22 The correlation betweerPP seismic, PS seismic, 700m-offsePP-VSP
and 700m-offsetPS'VSP. All data are plotted in PP time. The surface seismic data
and VSP-CCP data have a 5/10-50/60 Hz bandpasséditapplied.

2.7.4 Picking horizons on PS seismic data

Guided byPS synthetic seismogram at well 11-25 (Figure 2.21¢,PS horizon
of IHACM and Rush Lake are interpreted &% seismic volume (Figure 2.23). The
horizon IHACM is obtained by picking the upper resdrpeak and shifting down 20 ms.
To have a reference, the correspondiyhorizons are converted inRStime by T,s =

1.675 {Tpp + 125) and displayed as red lines for cross-cimectie general trend.

It's noticed that on this east-west line, the s&®eand PS horizon have about 10

— 20 ms difference on the left half while they &aily close on the right half. This may
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indicate that thePSwave data have slightly different solutions of raetion or

long-wavelength statics th&P-wave data.
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Figure 2.23 Crossline 11 oPS seismic inPStime. The blue horizons are picked on
PS data while the red horizons are the same horizonsn PP data but converted in
PStime using the constant/,/Vs=2.35 and a bulk shift of 125 ms.

2.7.5 PS time-structure map and time-thickness map

The structure maps iRStime for horizon IHACM and Rush Lake are shown in
Figure 2.24. Compared with structure map®mtime for same horizons (Figure 2.19),
they show the similar northeast to southwest digpiend in general, but the upper left

corner becomes a relative high.
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Figure 2.24PStime structure map of horizon IHACM (left) and RushLake (right).
Red color is structure high, and blue color is strature low.
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Similar to thePP data, thé®?Stime-thickness (isochron) map between the IHACM
and Rush Lake is calculated (Figure 2.25). Compuwiddthe PP map (Figure 2.20), the
PSisochron map has a larger time variation: 60 +84(40% change) versus 40 — 50 ms

(25% change).

rosslk3dic_migration_hi — Color Ks
kochron between IHAGM_PS_sm_dn20and RehLake_PS_sm

Xim)

Figure 2.25PS time-thickness map between the horizon IHACM and Rsh Lake
with color bar. Hot color means thick, and black ctéor means thin. Note thicker
interval but higher Vs are fighting each other respecting the traveltime.
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2.8V,/Vs map and lithology interpretation

We use the standafdP and PS time-ratio method (Equation 2.4) to create the
average intervalp/Vs map between the IHACM and Rush Lake horizons (feigu26).

V. 2AT,
R (2.4)
AT

S pp
whereATp, andAT,s are the time-thickness (isochron) between twozoms forPP and

PSdata, respectively.

timethickness_PSX2_DNV_v_sub1 — Color Key

1 (82,1

M

Aim)
Figure 2.26V,/Vs map between the horizon IHACM and Rush Lake. Hot olor is low V,/Vs
and black color represents high value. The yellowral green colors are interpreted as sands
while the black and grey as shale or shaly sands.

From Figure 2.26, we observe a I&yVs anomaly, trending to the northeast (in
the upper central area), that corresponds to thetatal thick anomaly indicated on the
PP time thickness map (Figure 2.20). This anomaly \(jongsly interpreted as the
reservoir sand body) witl/Vs about 2.15 ~ 2.25 is divided into two parts by a
horizontal stripe withv/Vs about 2.3 ~ 2.4. This high&f/Vs value is interpreted as a

shale cut or shaly-sand. The interpreted sand appealso have an eastern extension.
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A low Vy/Vs value (1.7 ~ 2.0, bright yellow color) with a noeitouth trend at the
left half and upper right corners may be thickhtigands or possibly other incised
features not belonging to the Dimmock Creek MemBeur blackish areas with high

Vu/Vs value (> 2.4) are interpreted to be shale or shaly

In summary, for this high-porosity, high-permedgilsand play saturated with
heavy oil, the hydrocarbon accumulation is coreslawith: (a) largePP time thickness

and (b) a middle rangé,/Vs value of about 2.15 ~ 2.25.

Considering reading errors, for example, +2% ford@ka isochron and 4% for
PS data isochron, the error fd§/Vs is no greater than +6% (Figure 2.27). RVs=2,
6% error means that,/Vs could range from 1.88 to 2.12. Although the absolalue has

a range, the spatial trend would be same.
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Figure 2.27 Xline 11 error analysisAT,, and AT are the isochrons in ms between IHACM

and Rush Lake with £2% and +4% error, respectively.=6% error for V,/Vs.

2.9 The horizontal well result

Husky drilled a horizontal well 5-25-13-17W3 in Augg 2002, based on tirP
time-thickness anomaly. This well has a 600 m lomtial reach and stays within the
Dimmock Creek Member sand (Figure 2.28). We conpana traveltime-basew,/Vs
map (Figure 2.29, created before we had any dyillesults) to the actual drilling results

(as indicated by the gamma ray log).

o
1140 —E-i-

TVD depth 1150 -—ﬁh
im) i fe_Egl-
1160 —:T-

180 =
GR (API) E:TI[ ’L,*.“ i j
D

MD:1870 m ) MD:1840 m
Figure 2.28 The “striplog” of the horizontal well 525 with GR log showing the sand.
Seismic bins along the trajectory of the horizontal portion of the well are
schematically illustrated.
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Figure 2.29 Seismid/p/Vs map with tracé bins containing the trajectory of he
horizontal well (small squares filled by grey coloy. Hot color is low V,/Vs (sandy)
and black color is highV,/Vs (Shaly).

One way to compare the GR value from log WiiiVs from seismic is to do a
local normalization, just to highlight the relatighange and trend regardless the absolute
value and unit. Equations (2.5) and (2.6) show thisulation. The results are shown in
Table 2.4. Figure 2.30 displays the normalized atemn of the gamma ray log (a
shaliness indicator) and ow/Vs value along the well’'s trajectory. Thé,/Vs map
predicted a shaly interval that was indeed encaedta the well. This suggests that the

V/Vs maps could have been useful in the drilling desigad economic predictions.

GR_GRnin

GRnax - GRnin (25)

G Iaworm =
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V, IV, =V, IV,
(2.6)
-V, IV

smin

Vp /VSHOI'IT\ =
V, 1V,

Smax

Seismicinline Xline Seismic  MD in GR (API) NormalizedNormalized
Bin # Vp/Vs well (m) GR Vp/Vs
1 44 12 2.15 1270 65 0.58 0

2 45 13 2.18 1300 60 0.50 0.17
3 46 14 2.23 1335 90 1.00 0.46
4 a7 15 2.27 1370 75 0.75 0.71
S 48 16 2.29 1400 70 0.67 0.84
6 49 17 2.30 1435 85 0.92 0.88
7 50 18 2.32 1470 75 0.75 1.00
8 51 18 2.32 1500 60 0.50 1.00
9 52 19 2.28 1532 60 0.50 0.76
10 53 20 2.24 1570 75 0.75 0.54
11 54 21 2.21 1600 45 0.25 0.35
12 55 21 2.20 1635 45 0.25 0.29
13 56 22 2.20 1670 37 0.12 0.29
14 57 23 2.22 1700 36 0.10 0.37
15 58 24 2.25 1732 37 0.12 0.55
16 59 25 2.27 1765 30 0 0.68
17 60 25 2.28 1800 32 0.03 0.78
18 61 26 2.30 1830 40 0.12 0.86

Table 2.4 Average GR value of the horizontal portio of well 5-25 in each projected
seismic bin and the seismi¥/,/Vs in the same bin.
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Figure 2.30 Comparison of the normalized average GRrom the horizontal well
5-25 in the well trajectory passed seismic bins anskismic traveltime derivedV,/Vs
in the same bins.

2.10 Conclusion

A 3C-3D seismic dataset over the Ross Lake oilfiehd south-western
Saskatchewan has been analysed. We find a reasonabikelation among the logs,
synthetic seismograms, VSP, and surface seismiomes.P-wave source an&wave
source zero-offset VSPs provide an integVs curve in the well 11-25 which, in turn,
helps estimate a pseudo shear-velocity log. FBesynthetic seismogram increases the
confidence oPSseismic event identification and provides an esaleguide to pickPS
horizons. The far-offset VSP-CCP map helps to iflenhe events on th®S seismic

section and is another bridge in correlatffandPSseismic data.



56
On thePP time-thickness map, the target sand body cledayds out as a thick

anomaly. Combining th®P andPS horizon time-thickness maps provide¥#/s map
between the IHACM and Rush Lake horizons. Relagil@lv V,/Vs values are interpreted

as a sand indicator. A break in |ay/'Vs values suggests that there is a shale-cut or shaly
part within the target sand body. This interpretatis supported by the gamma ray log
from the horizontal well. Other anomalies from tWig'Vs map also suggest further

drilling targets.
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Chapter Three: Inversion of Ross LakePP and PS data -- Poststack

3.1 Introduction

Inversion, in the seismic sense, is a transforrmfrthe observed wave
propagation to the underlying Earth’s physical mmes. Under the assumption that
seismic trace can be modelled using a wavelet deewegith vertical incidence reflection
coefficient, the post-stack inversion is a robusicpss to extract the acoustic impedance

information from stacked seismic data (Russell ldathpson, 1991).

Stewart and Bland (1997) find that in a small iecide angle th@S reflectivity

and pure-shear reflectivity can be related as

Res(6) = 42 sinORL(0) (3.1)
where @ is the incidence angley is P-wave velocity andB is Swave velocity. This

relationship can be used wigSseismic data to infer the zero-off&tvave reflectivity.

To accomplish the post-stadkS data inversion, we make the simplifying and
quite approximate assumption that #8 reflectivity is linearly proportional to th€S
reflectivity. In reality, the relationship is moocemplicated and is dependent on the trace
offsets comprising the stackd&® seismogram as well as the time-dependent incidence
angle. Nonetheless, relative changes inRBeeflectivity over a small depth interval may

be highlighted by the inversion procedure.
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In Chapter two, botlPP- andPSwave volume of the Ross Lake 3C-3D seismic
data have been interpreted by correlating the syictiseismograms, VSPs with surface

seismic dataPP andPShorizons are also properly registered.

In this chapter, the post-stack migrate® and PS seismic volumes will be
inverted intoP-impedance and-impedance individually. Then, ®,/Vs value/map is
obtained by combining thig andls around the reservoir interval, and compared with t

Vo/Vs map derived from thEP andPStraveltime in Chapter two.

Hampson-Russell Software’s inversion package STRAWAIich is generalized
linear single trace inversion, is used to conduw post-stackPP- and PSwave

impedance inversion.

A zoom-in look of the logs in well 11-25 is shownFkigure 3.1. An approximate
4 m thick possible pyrite cemented layer (in thedljwdivides the Cantuar channel in two
parts: the ~12 m thick upper channel is more shaly fining upward indicated by the
increase of GR, increase of density, and decreag®rosity upward; the 15 m thick
lower channel has much cleaner sand indicatedidgcky low GR value (about 25 API),
low density (about 2.12 g/cc) and high porosityo{@30%). The upper channel is the net
pay while the lower channel is wet. As mentionetble the pyrite cemented layer is
varying in thickness (absence in well 15-25) irfadént wells, and seems not a consistent

layer in a large areal extent, which indicates imlikely a reflector on seismic section.

As mentioned in Chapter two, there is Wiplog available in this 3C-3D seismic
covered area. However, in well 11-25, the zeroenffgSP has both verticaP{wave)

source and horizontaS{wave) source. The shear wave information at eamsfntole



59

geophone level is directly measured. By pickingftte arrivals on recordeB-wave and
Swave train from each level, the interx4/Vs is determined, and then used to derive the
Vs log from theV, log. The reservoir sand shows/Vs about 1.8. Below the bottom of
the lower channel at 1175 m, thg/Vs is set to 2.0 and extended to TD due to no VSP

geophone below it.

The table 3.1 lists the reservoir properties initlgd/, and derived/s of channel
sand, the shale above, and the Rush Lake shalev.b&leating the upper and lower
channel sands as one unit, in general, the sanddaaly samé-impedance as the shale
above, and loweP-impedance than Rush Lake shale below. Bhmpedance of the

sand is a little higher than the shale above bgity lower than the shale below.
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Figure 3.1 Logs in well 11-25. Th&/,/Vsis derived from zero-offsetP-source and
S-source VSP. ThéVsis calculated from the measured/, and VSP-derivedV,/Vs.
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GR Vp Vs Rhob Phi Ip Is
Well 11-25 VelVs 3 3
(API) (m/s) (m/s) | (g/cc) (%) (m.g/s.cm”) | (m.g/s.cm”)
Shal
“® 1 110 | 2700 | 1180 | 2.35 | 22 |2.30| 6350 2770
(above)
Upper sand 40 3100 | 1720 | 2.20 30 | 1.80 6820 3780
Lower Sand 25 3000 | 1620 | 2.12 32 1.85 6360 3430
Rush Lake
Shale 55 3500 | 1750 | 2.45 15 2.00 8580 4290

Table 3.1 Summary of rock properties of the channetand and shales aroundvs is
calculated from measuredV, and VSP-derivedV,/Vs.

3.2 Acoustic impedance inversion oPP data

3.2.1The initial P-impedance model

An initial P-impedance model is required to be the startingtp@is usual, the
model is made by extending tReimpedance from well log of a well or a few welts t
the entire 3D seismic covered area, spatially caimsd by seismic horizons. In this case,
out of 3 vertical wells, only the well 11-25 is aglely away from the edge of the 3D.
Therefore, constrained by four seismic horizons ingk IHACM, Rush Lake and
Gravelbourg, thd>-impedance curve in well 11-25 is spatially intdgted to build the
P-impedance model. The upper limit for the model@® ms above horizon Viking. The
lower limit is 100 ms below horizon Gravelbourg.efh a 20 Hz low-pass filter is

applied to make a smoothed initRlimpedance model (Figure 3.2).



61

Trace Data; rosslk3ddc_final_stack_v — Color Key
Color Data: Model-P-4h P-Impedance
Inserted Curve Data: P-impedance
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Figure 3.2 Crossline 11 of théP-wave data (wiggle traces) with the smoothes initia
P-impedance model (color background). Thé&-impedance log of well 11-25 is
inserted at the well location.

3.2.2 P-wave Wavelet

The wavelet folP-wave data inversion is extracted in the time wimdd 1000 —

1300 ms from th&P seismic volume excluding the edge traces.

3.2.3 Inversion and the result
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A model-based inversion is performed to invert B seismic traces into
P-impedance. The result of the east-west crosslines Ehown in Figure 3.3. Although
the initial model has the smoothed low-frequen@nd; the final result has a lot more
higher frequency contents derived from the seistngces themselves. Also, the
formation boundaries are much sharper in the impegl@dection compared with the raw
seismic section. For instance, the top of Vikingaisice impedance contrast at about
1070 ms from high impedance (~ 6200 m.g/)cto lower impedance (~ 5600
m.g/s.cn), indicating the unconformity; the top of Graveliog limestone has a very

acute contact at about 1220 ms with the above Raké shale.

Zoom-in the reservoir formation around the well 284s shown in Figure 3.4.
The channel sand is very well imaged on the P-waversion as a low impedance
anomaly capsuled in the surrounding shales, fldbbo The seismic enlarge or amplify
the acoustic contrast between the porous channdlwdh the surrounding shale, which

is not that obvious on the impedance log.

Within the channel sand, the pyrite layer separtitessand into upper and lower
parts. The lower sand looks to have larger latexggnsion with lower impedance, which
corresponding to higher production. The upper dael slightly higher impedance and

smaller lateral extension,
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Figure 3.3 Results of the model-baseB-impedance inversion of crossline 11. Purple
color is high impedance and green color is low imm&ance.
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Trace Data; rogelk3dic_final_stack_v — Calor Key
Color Data; Model-P-4h-inv
Inserted Curve Data: P-impedance
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Figure 3.4 Zoom-in of the inverted P-impedance (color). Yellow color is low
impedance, and blue color is high impedance. Wiggetraces are PP data.

P-impedance log is inserted at the well location. Nme the channel sand is a low
impedance block surrounded by higher impedance shel

Horizon slices are also checked to observe theaspatnds. The Rush Lake
horizon is the reference. Figure 3.5 shows thertedd?-impedance map of the Rush
Lake horizon moving up 10ms, 14ms, 18ms and 22espectively. The (a) and (b) show
the lower channel, and (c), (d) show the upper obharin the middle-left area on the
impedance maps there is a north-south trend obliquthe channel sand. It's been
interpreted as an old shale-plugged channel arslacia lateral seal to the Ross Lake

pool.
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Figure 3.5 P-impedance horizon slices based on Rush Lake horizomp 10ms
(upper-left), up 14ms (upper-right), up 18ms (lowetleft) and up 22ms (lower-right).

3.3 Acoustic impedance inversion dPS data

3.3.1 Work flow
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PS data inversion
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Figure 3.6 The flow chart of PS-wave seismic impedae inversion.

3.3.2 PS to PP horizon matching

Registering PS and PP events has been done in Chapter two using
Hampson-Russell's multi-component seismic datarpmétation package, ProMC. The
event correlation betwed?P- andPSwave seismic data are guided and assisted by tying

the synthetic seismograms from well to surfacensieislata (Figure 3.7).

Horizon Viking, IHACM, Rush Lake and Gravelbourgegricked onPS seismic

data.



67

In chapter two, the IHACM was picked as a “-to+fa@erossing above a small
peak onPP seismic. OnPS seismic, due to the lack of a consistent featarpitk, the
strong peak above the reservoir sand was pickedalkeshifted 20 ms down to serve as
the IHACM. A slight difference in this chapter, KM is picked as a
“+t0-“ zero-crossing orPP seismic and also a “+to-* zero-crossing belowgtieng peak
on PSseismic (Figure 3.8).
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Figure 3.7 A composite display of well log$?P and PS synthetic seismogramsPP
and PSseismic traces for well 11-25.

In the process of horizon matching, all the f®8 horizons are forced to put at
the PP time of the same horizons. In turn, the amourdqfeeze oPStime at each CDP
is used to calculate the interwdy/Vs between the two horizons (Figure 3.8). Notice the
lateral change of the background color, which/igv/s, on thePS data panel (right of
Figure 3.8).



68

After horizon matching, thd®S data in its nativePS time is squeezed and
converted intd®P time. It's then re-sampled in 2 ms sample rate @mtgut, as the input

of PSdata inversion in STRATA.

Trace Data: PP : rosslk3d3c_migration_v Trace Data: PS : rosslk3d3c_mig_h1_up210ms — Color Key
Inserted Curve Data; P-wave Color Daiﬂ: VPNS
Ingerted Curve Data: S-wave
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Figure 3.8 PS (right) to PP (left) horizon-matching in PP time. The interval Vy/Vs
calculated from event matching is displayed as a tm background on PS data. The
V/Vs color bar is shown at the right.

il

3.3.3 The initial S-impedance model

The PSdata are now in thBP time with four horizons, Viking, IHACM, Rush
Lake and Gravelbourg, at the exact timePd3 data, which means the same set of
horizons used to create tRempedance mode should be able to be used for eimisiy

the Simpedance model. The same fashion as makingPHmpedance model, the
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Simpedance log at the well 11-25 is used. Instesidguan empiricaV,/Vs relationship
like mudrock line, the measured blockyVs from the special zero-offset VSP with both

P-wave andS-wave source is used to calcul&tgfrom V.

Then, a 10 Hz low-pass filter is applied to the elo make the initial model
smooth (Figure 3.9).
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Figure 3.9 The smoothed initialSimpedance model in color. The wiggle traces are
PSdata in PP time.

The wavelet forPS data inversion is then extracted from all tAB{ime PS
seismic traces excluding the edge traces in the witndow of 800 — 1300 ms, assuming

zero-phase.
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Two inversion techniques are investigated here: ehbdsed and sparse-spike.

The sparse-spike inversion seems to be less nlogy the model-based inversion. The

sparse-spike inversion result is chosen as théresalt (Figure 3.10).

The Formation Viking at about 1060 ms shows as gh himpedance layer

between its surrounding shales. At near the bottbthe section at about 1220 ms, the

sharp boundary of an impedance increase is Grawgjbtimestone. The Cantuar

channels between the IHACM horizon and Rush Lakézbo are characterized by the

lower Simpedance (red) sandwiched by shales above anwbel
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Figure 3.10 The result ofPS data inversion at crossline 11. The inserted curvat
well location isSimpedance log.
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Trace Data; PS210_inPtime02_2ms — Color Key
Color Data; PS02_MS4h_SSinv
Inserted Curve Data: S-Impedance
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Figure 3.11 Zoom-in of thePS data inversion result around the reservoir in well
11-25. Wiggle traces ardS seismic.
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Figure 3.12 Simpedance horizon slices: Rush Lake horizon up 10m@ipper-left),
14ms (upper-right), 18ms (lower-left) and 22ms (loer-right).

3.4V,/Vs map from impedance and comparison to traveltime-daeved V,/V<

Now, we have two seismic inverted impedance voluntesP-impedance and
Simpedance. Ideally, th¥y/Vs volume can be derived by dividing tReimpedance by
the Simpedance. However, theP and PS time registration remains as a problem: by
horizon matching, we only forceStime equal toPP time along the horizons. All the
trace samples between horizons are not necessarilgspondent, until we have a very

accurateV,/Vs between any two adjacent samples at each CDHdacathich is actually

what we want to achieve.
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Therefore, an average value over a certain timedevin is perhaps more
reasonable to smooth out the un-aligigtlandPSevents in small scale but still be able

to catch the spatial trends in large scale.

By checking the horizon slices of the invertedmpedance, starting from the
Rush Lake horizon upward with 4ms increment, itéiced that a 8ms window centered
at the 14ms above Rush Lake horizon is relativeyoad window. A RMS averaged
P-impedance is calculated in this 8ms window andr@pmately represents the
geometry of the lower channel in Ross Lake podjFeé 3.13). The reservoir sand body

associated with the low impedance has an elonggethetry in northeast to southwest
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Figure 3.13 The averageP-impedance over a 8ms time window centered at 14ms
above the Rush Lake horizon.

The averagd®>-impedance an&impedance over the same time window are put

side-by-side for comparison (Figure 3.14), wittudable different color scheme. The left
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map in Figure 3.14 shows that the sand body isifedtwith lowP-impedance value (in
black color). The highP-impedance (in hot color) linear feature in nortluth direction

in the same figure is intercepted as a shale-pldighannel.

The RMS average dbimpedance is also calculated in the same 8 ms windo
centered at the 14 ms above Rush Lake horizon themnvertedSimpedance volume
(Figure 3.14, right map). The sand body has shglmiigher Simpedance than the
surrounding shale. It is not as obvious and sharp-anpedance to have the reservoir

sand body stand-out, still, tiefmpedance shows the similar trendPagnpedance map.
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Figure 3.14 AverageP-impedance (left) over a 8ms window indicates the sd has
low P-impedance value (dark color) while the averag&impedance (right) shows a
high Simpedance.

The V,/Vs map over this 8 ms time window is calculated byiding the average

P-impedance by the avera§empedance.

The comparison of the impedance-deriwgfVs and travel time-derived,/Vs in

Chapter Two is shown in Figure 3.15. Also keep imdnthat using the impedance
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method, thevy/Vs is an average over 8 mBK time) window, meanwhile, they/Vs from

travel time is an average over 40~50 B {ime) window.

Some observations from these tWgVs maps are:

1. Overall, the impedance-deriv&{/Vs map has a loweY,/Vs value, which
ranges from 1.5 ~ 2.3 with reservoir sand aboutILB than the traveltimé,/Vs, which

ranges from 1.7~ 2.6 with reservoir sand about-2217%.

2. The low-V,/V; strip at the left part of traveltimé,/Vs map disappears on the
impedance/y/Vs map.

3. The size of the sand body looks more areallgresite on the impedance

Vo/Vs map.

4. The sand body has an eastern direction extemsidooth impedanc¥,/Vs

map and travel tim¥y/Vs map.

vpre_PS028ES RL-14_8win — Golar Key timethickness PSX2 DIV_v_subl — Color Key

=

X tm) Aim)

Figure 3.15 Comparison ofVy/Vs derived from impedance (left) andV,/Vs derived
from the traveltimes (right).
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3.5 Summary and discussion

The PP data inversion indicates that the oil-bearing séody has a lower
P-impedance compared with surrounding formation.dntast,PSdata inversion shows
the sand has a slightly high&impedance. Thé/,/Vs value derived from impedance
inversion is generally lower than thg/Vs derived from the time-thickness ratios. The

impedance/,/Vs and travel time&/,/Vs values show promising anomalies.

The channel on thBS data inversion is not as clear and crisp as orPfhéeata
inversion. First, by checking the well-seismic &ethe well location, in the zone of
interest, thePP seismic trace shows a good correlation vidthsynthetic. However, the
PSseismic trace doesn’'t show such a nice correlatitin the PS synthetic seismogram
(Figure 3.7). Second, looking at the inversion Q@ fFigure 3.16), above IHACM and
below Rush Lake horizon, tHeP and PS data are correlated in terms of their seismic
characters. Between these two horizons, wheredhe af interest lies (indicated by the
arrow), thePP data show several events. In contrds$ section has only one wide,
low-frequency, low-amplitude peak. This differenseufficient to create the discrepancy
betweenPP and PS inversion. The amplitude d®S seismic data within the reservoir

channel in this round of processing may not be abfgoperly reflect the reality.
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Figure 3.16 Inversion analysis oPP (left) and PS (right) trace at the well location.
The arrow indicates the interval between IHACM and Rush Lake. The X-axis is
time and right direction going deeper.
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Chapter Four: Attenuation and Q factor estimation from VSP

4.1 Introduction

Seismic attenuation is the general term given tecaverable energy loss as a
vibration propagates. Attenuation is a rock propdttcan be indicative of the rock type,
and potentially discriminate pore saturant typeseéismic processing, estimatiy then
applying inverseQ to data can compensate for attenuation and enhtreceeneral

frequency content (Wang, 2002, Wang, 2003).

There are quite a few methods to estinfatactor from seismic data, particularly
from VSP data. Tonn (1991) compared 10 methodscandluded that the spectral ratio

method is optimal in the “noise-free” case but mgke method is generally superior.

The spectral-ratio method, which analyses diffestations at various frequencies,
is widely used to determine an attenuationQdactor from VSP data (e.g., Tonn, 1991).
The calculation proceeds as follows: for two dowelreceivers at deptlts andd,,

InPA(a))dz } = const—ﬂ(i —i] : (4.1)

‘A(w)dl‘ 20\Vv; Vv

where A(a) is the amplitude spectrum at different depth=27f is the angular

frequency,v; andv, are the average velocities from the source toivecéocationsd;

andd,, respectively.

Ast = d/v, expressed in time, equation (4.1) becomes:

|A@),,
In| ——
|A@),|

Coner_
}—const 2Q(t2 t) (4.2)



79

wheret; andt, are the traveltimes from source to geophoneshdd; andd.,.

This is a linear relation between the spectraloramd the frequencw with a
slope ofp, where

t, -t
2Q

(4.3)

By choosing any two VSP downhole geophones, equétd) gives the average
interval Q factor of the strata between them -- assuming tihtgeophones are well
coupled with the formation and the source is cdests To estimate a relatively stable
interval Q, a larger spacing is often selected. Averagingatmplitude spectra of a few
adjacent geophones is also commonly used. If weewsey adjacent geophone, the
calculated intervalQ could possibly oscillate or be negative. Therefatgoosing the
proper spacing or averaging scheme often becomessa of trial and error. In the
following, we use a different application of theestral ratio method to calculat@
values using each adjacent geophone, and discessahditions for estimating a

reasonabl€.

4.2 Methodology of® estimation

The zero-offset VSP gives an almost vertical inctdeay-path for a

horizontal-layered model.

For a layered earth model (Figure 4.1), the effed. (or average&),,o satisfy:
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1
Q, v, ‘;r
Q, v d,
2 "2 l
Qe T :
)
Q, v, fIn

v 4 4.4
o D (4.4)

The intervalQ (Qin;) of each layer and the avera@dQa..e of all the layers have a

cumulative relationship (Bale and Stewart, 2002):

T(n+L) _ T(n) N T(n+1)-T(n)
Qave(n + 1) Qave(n) Qint (n + 1)

(4.5)

where n=1, 2,..., N-1 anQint(1) = Qavd1).

Equation (4.5) shows that the interval quality éacQ,; depends on the
relationship between T ("_ and _T("+D) .
Qave(N) Q..e(n+1)

e To makeQy >0, we must have ("D T .
Qave(n +1) QaVe(n)

. TO+) _ T(n)
Qave(n + 1) Qave(n)

is very small, then th@,; calculation is unstable.
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Therefore, the ratio of the first-arrival time atite estimated averade factor,

QT(r(‘)), is acting as a “quality indicator” f@& estimation.
ave n

The reference level (n=1) could be set at any deiddre, we set the source
location at the ground surface as the referencel.lébhe spectral ratio between a
down-hole recorded trace at a certain depth anduHhace sweep is used to calculate the
Qave The advantage of this approach is that the seirgaceep is relatively constant and

designed to have a largely flat spectrum acrossemdpand.

4.3 Example 1: Ross Lake VSP data

4.3.1 Introduction

The VSP data used in this study is from Husky Eynéng’s Ross Lake heavy oil
field in south-western Saskatchewan. There weretywes of source for the zero-offset
VSP: a vertical mini-vibrator with a 12-second swesver 8-180 Hz and an inline
horizontal vibrator with a 12-second sweep over0B-Hz. As we are using largely
vertical incidence geometries with these sources, take the simple P-source”
terminology to represent the vertical-vibrator di&ksource” for the horizontal-vibrator.
There are 130 three-component geophone levels mgnigom 198 m to 1165 m of
measured depth at a nominal 7.5 m spacing. TheséBry well has &-wave sonic log

and a low-quality, through-casing dipole sonic (tmmeasuré/s).

4.3.2 Examine the amplitude spectrum
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After being normalized with the shallowest levelce, the amplitude spectrum of
all traces from theP-source (Figure 4.2) clearly shows that as depthieases the
amplitude decays and frequency bandwidth shrinkeeds Another observation is that
above 600 m, the -20 dB contour line changes rapidim 140 Hz at about 200 m depth
decreases to about 30 Hz at about 600 m depthwB#0 m, the -20 dB contour line has
its slope nearly unchanged. Meanwhile the -40 dB has a nearly constant gradient for
the whole measured interval. Both -20 and -40 dBdicould be extended with similar
gradient to the high cut (180 Hz) of the P-waveraibr sweeping frequency at the
surface. This indicates that in this area, (1)edéht frequencies behave differently; (2)
most frequency and amplitude attenuation Rewave happens in the shallow few
hundred meters of the Earth with a nearly lineaageate.

8 Hz
0|

sweep of P-wave vibrator

200 P LRy, S e R bt R T S N e s i

e

5

8

PRELILLE

8

g

£ —:ﬁ:-! é']' 'l'r- I ] -

3

BjD TEillJ 150 1:10 1hiE| 1‘EEED EEiID

Fraquency Hz
Figure 4.2 The amplitude spectrum of vertical compoent for all geophone levels
from the P-source zero-offset VSP in well 11-25 of Ross Lak€olor indicates the

amplitude (red is high), and numbers show the dB den.

20 40
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For recordedSwaves generated by the shear-wave vibrator, ted2 contour
line vanishes below about 600 m depth (Figure 4.B¢ gradient of -40 dB contour line
changes at around 650 m depth. The more interesbsgrvation is that the extension
using same rate from 200 m depth to surface wonlg reach about 60 Hz. To get to the
high-cut sweeping frequency of 100 Hz, it needsa@id change of the gradient. So,
unlike P-wave, the -40 dB contour line of S-wave is nogééin Also unlikeP-wave, when
Swave propagates down in the Earth, the most sdwsseof amplitude and frequency

happens at the very shallow layers, less than 200dapth, or possibly near the surface.

S Hz sweep of S-wave vibrator 100 Hz

Depth m

Frequency Hz

Figure 4.3 The amplitude spectrum of horizontal cormponent for all geophone levels
from S-source zero-offset VSP in well 11-25 in Ross Lake&olor indicates the
amplitude (red is high), and numbers show the dB den. Notice the left edge of the
peak is not a straight vertical line.
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4.3.3 VSP data preparation and checking

The raw records of vertical component frdPawave source K-P events) and
horizontal component frorB-wave source§-Sevents) are displayed in Figure 4.4 with

pickedP-wave andS-wave first arrivals superimposed.
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Flgure 4, 4 Raw vertical component records fronP-wave source (Ieft) and horizontal
component records fromS-wave source (right). Blue dots are pickedP-wave first
arrivals. Red dots are pickedS-wave first arrivals.

Both P- andS-source zero-offset VSPs are processed to extraadtvngoingP-
and Swavefields. For theP-source vertical-component data, after aligning the
first-arrival times, a 5-by-5 alpha-trimmed, weigtitmedian filter is used to separate the
downgoing wavefield from the total wavefield. FtxetS-source horizontal-component
data, a rotation of the X- and Y-component to radiad transverse-component by using

hodogram analysis is first needed to align energythie source-receiver plane. The
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Ssource radial component traces are then flattehduedirst-break time, and the same
median filter as used foP-source data is applied to extract the downgoingarshe

wavefield (Figure 4.5).

CHAN
1 21 41 81 31 101 121 11 31 a1 71 91 111

Time (ms)
w
a8
1 | 1

Figure 4.5 Aligned downgoingP wavefield from the P-source (left) and downgoingS
wavefield from the S-source (right) are displayed using a single amplide scalar.

To have a more detailed comparison, the downgBHendS-wave traces at three
different depths, 264 m, 685 m and 1157.5 m, ao#&tqd on top of each other (Figure
4.6). TheSwave shows a larger amplitude loss and phase chhagetheP-wave over

the same depth range.
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x 10* P and S downgoing trace
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Figure 4.6 DowngoingP- and S-wave at station #3 (214 m depth, blue line), statio
#66 (685 m depth, red line) and station #129 (1157m depth, green line) indicating
amplitude loss and some phase change.

Figure 4.7 displays the amplitude spectrum of the surface sweep of bot:
andSwave sources, the spectrum of I traces andStrace at a shallow station (220
m), and a deep station (1157.5 m). It shows thaBtwave amplitude decays faster than

theP-wave, and has less high-frequency components.
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Figure 4.7 The amplitude spectrum of the sweep (béuline), station #4 (220 m, black
line) and station #129 (1157.5 m, red line) for thE-source (left) andS-source (right).
Amplitude and frequency loss with depth is evident.
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4.3.4 Estimating Q

The spectral-ratio method of various levels is ftsed to estimate @ factor
(Xu and Stewart, 2001). Here, we set the surfacthaseference level. Using equation
(4.5), theQ,_aveandQs avecurves for the whole interval are calculated alodt@d against

depth (Figure 4.8). We note th@} aeandQs avehave different trends.



88

Calculated Qp-ave and Qs-ave
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Figure 4.8 AverageQ, (blue) and Qs (red) curves from VSP in well 11-25 at Ross
Lake.

We observe in Figure 4.9 that tRevave quality indicator (blue line) from about
400 m to 1050 m is well behaved — steadily incregsvith a slowly changing positive
slope. When this curve has a negative slope,roen 200 m to 400 m, th@, jn: Will be
negative (which is not physically realistic). A migavertical line (at 600 m and 800 m)
results in a very higl, i Smoothing can stabiliz®, but will not change the general
trend, which means we are unable to get a reasematalrvalQ, above 400 m in this

case.
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Comparison of Tp-fb/Qp-ave and Ts-fb/Qs-ave
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Figure 4.9 Attenuation quality indicator for Q, (blue) and Qs (red), with formation
tops.

The P-wave quality indicator (blue curve in Figure 4sRiggests that a reasonable
interval Q, can be estimated from 450 m to 1050 m. To avoidsaillatoryQin;, different
size boxcar smoothers are used in attempt to sn@gthFigure 4.10 shows the results
with 10-, 20- and 30-sample smoothing. The 30-samspioothing is chosen to produce

the final Qp_int.

Haase and Stewart (2006) extrac€@dalues from the Ross Lake VSP using an
analytic signal technique. They fou@y values of 25 to 35 over the same interval as that
considered here. They also analyseB-wave drift curve measurement, from the VSP

and sonic log, which gav@, values of 40 to 60 over this same interval.
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Calculated Qp-int from Qp-ave
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Figure 4.10 AverageQ, with 10 (black line), 20 (red line) and 30 (blueihe) samples
smoothing, and derived intervalQ.

The Swave quality indicator (Figure 4.9, red curve) rggses in certain areas
which can be used for reliable estimation. Unfoatety, below 620 m, the estimation of
Qs becomes unstable if we want to achieve the inté€pvaetween the adjacent geophone
levels. Therefore, using spectral ratio method, dlieragegs over large intervals are
calculated: 17 for surface - 400m, 16 for 400m Gr6137 for 610m - 870m and 26 for
870m - 1150m, which correspond to certain geolddaranations. Figure 4.11 shows the

result of two intervals.
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between stn #28 and #56 between stn #91 and #115
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Figure 4.11 AverageQ:s calculated using spectral ratio method between dfan #28

to #56 (400m - 610m, left plot) and station #91 #8115 (870m - 1050m, right plot).

Based on the above estimateQamodel over large intervals for the Ross Lake

area has been proposed (Table 4.1). For formasbadower than 600 nQs is about

half of Qp. For formations deeper than 600 @,is about two thirds of,.

Formation and depth Qo Qs Vo/Vs Vp (m/s)
Surface - 400m 38 17 ~3.5 ~ 1800
400m - 610m (Ribstone ~ Milk River) 29 16 ~2.8 200
610m - 870m (Milk River ~ K2WS) o4 37 ~2.3 ~ 2700
870m - 1050m (K2WS — Mannville) 40 26 ~ 2.7 ~ 2500

Table 4.1Q,, Qs, V/Vs and V, for the main geological formations in Ross Lake.
4.3.5 Q versus ¥, Vsand Vs

In general, as depth increases, the rock beconrdgrhand more rigid. Both,
andVs increase),/Vs decreases, and there is less attenuation (hi@li@ctor). TheVy/Vs

values are commonly used as a lithology indicator.
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Since there is no reliabM; log in this well, theV,/Vs curve is calculated from the
zero-offset VSP by picking the first-arrivals frdPa andS-wave. BothP-velocities from
well logging and from VSP are plotted to check tloerelation between these two types
of measurement (Figure 4.12, left panel). The ofedEm thatV, from VSP is slightly

lower than the log measur#y indicates the velocity dispersion.

In the attempt to investigate if there is any catien between attenuation factor
Q andP-velocity orS-velocity orV,/Vs, curves of intervaQ, derived from VSPQ@, intz0),
V, from sonic log and&/4/V, from VSP are plotted on one canvas (middle of FEgli12).

Generally, these three curves are following theesaend in this case.

0

— Qp-int30
== VslVp-VSP |

— VsV

20

1000

1200

14%%00 000 2500 300 300 4000 400 20 30 40 0 60 0 80

Vp (m/s’ @)

Figure 4.12V, from VSP (red) is generally slower thanV, from log (black). This is

evidence of velocity dispersion (left panel). Thenmothed interval Q, (blue),

VSP-derived V4V, (red, scaled) andv, from sonic log (black) are grossly correlated.
The V,/Vs (red) and GR log (blue) are plotted on the right.
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To further check the quantitative relationshi@, is crossplotted withV, and Vs,
respectively. It seems a linear regression functigpresents the relation between the
attenuation and formation velocity quite well (Figu4.13). The trend is that lower
velocity formation, bothP-wave andSwave, corresponds to low&) factor. In other
words, waves travelling in such a soft formatiore@tiate more. The linear relation looks
weaker forQ, versusV,, and stronger fo@, versusVs. The 95% confidence lines are also

plotted to demonstrate the fitting quality.
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Figure 4.13 Interval Q, plotted versus VSP-derivedV, (blue) and Vs (red). Vs shows
a better linear relationship with VSP-derivedV,/Vs than V,

A least-squares polynomial regression finds a recgl linear relationship
betweernQ, andVy/Vs:
Qp=-40.39 * {//Vy) + 144.2 | (4.6)
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which means that a higily/Vs value (softer formation) corresponds to a IQy (more
attenuation) and a loW,/Vs (harder formation) has a hi@), (less attenuation). The 95%
confidence level lines show that the 95% of thaljatedQ, value fromV,/Vs are within

the range of about + 10 of the trQg value (Figure 4.14).

Well 11-25 estimated Qp versus VSP derived Vplvs
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Figure 4.14 Interval Q, plotted versus VSP-derivedV,/Vs shows a nice linear inverse
relationship.

To show the relationship as a positive on€),1i6 plotted versu®/,/Vs (Figure
4.15) and the linear fitting gives:
1Qp = 0.0241 * {/,/Vs) - 0.0375 (4.6)
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Figure 4.15 10Q, plotted versus VSP-derivedV,/Vs to show a positive relationship.

By looking at the criteria of goodness for fitting's noticed that the linear

regression ofQ, versusV,y/Vs is the best and have relative high correlatiorb(@at.2),

which means we might be able to predietvave Q factor fromV,/Vs under certain

circumstances, in this case, for the shallow sdradesdominated formations in Western

Canadian Sedimentary Basin.

Variables SSE R-square Adj. R-square | RMSE
Qo Vvs.Vp 4770 0.4117 0.4044 7.721
Qp Vs. Vs 2431 0.7001 0.6964 5.513
Qp Vs. Vp/Vs 1748 0.7844 0.7817 4.674

Table 4.2 Comparison of fitting quality for crosspbtting Qp versusV,, Vs and Vy/Vs
respectively in well 11-25 of Ross Lake.
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4.4 Example two: Pikes Peak VSP data

4.4.1 Introduction of Pikes Peak oilfield

The Pikes Peak heavy-oil field, operated by Huskergy Ltd., is in West
Central Saskatchewan, about 40 km east of city ddopster (Figure 4.16). The
reservoir is a channel sand in Waseca formatidiarinville group of Lower Cretaceous
age. The predominantly quartz, well-sorted sand3#as 36% porosity, 1 - 10 Darcie
permeability, 5 — 30 m net pay at depth range 4360- m (Wong et al., 2001). The oil
has a gravity of 12° API at the reservoir tempeagtA steam-driven enhanced recovery
process is deployed for production. Hulten (198&vjgled a comprehensive geologic

description for the Waseca formation in and arotinedPikes Peak field.

Considerable effort has been expended to resehigtsteam injected heavy-oil
field after the release of the Pikes Peak dathadJniversity of Calgary. Downton (2001)
performed an AVO study to map the steam chamberetXal. (2001) reported on the
acquisition and processing of VSP data. Hedlinl.e2801) investigated the delineation
of steam flood using the seismic attenuation. Nekvret al. (2001) presented an
investigation of seismic velocity anisotropy at éskPeak using VSP data. Zou et al.
(2002) conducted a time-lapse seismic modeling.sWfaf2004) investigated the acoustic
impedance inversion and showed the stratigraphth@freservoir. Soubotcheva (2006)

studied the reservoir property prediction usingl\gs, VSP and 2D-3C seismic data.
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Figure 4.16 Map of major heavy-oil deposits of Albega and Saskatchewan with the
location of Pikes Peak field (after Watson, 2004).

4.4.2 VSP and well logs

A walkaway VSP was conducted in well 141/15-06-8W3 using
Schlumberger’s three-component five-level ASI dowleihtool. A MERTZ HD18 Buggy
vertical vibrator with a linear sweep from 8 Hz 200 Hz served as the source at
zero-offset (23 m source to wellhead) as well &ofive offset locations from 90 m to
450 m with 90 m increment. The downhole geophone®wlamped from 514.5 m to 27

m measured from the KB with 7.5 m spacing resulimg total of 66 receiver stations.



98
There are Gamma ray, density and dipole sonicitogeell A15-06 (Figure 4.17).

Formation tops from top to bottom are posted as:S2tands for “Second White
Specs”), BFS (stands for “Base of Fish Scale”), oGg] MclLaren, Weseca,
Homogeneous Sand and Sparky. The top of Colony aaaund 450 m is shown on all
logs, and specifically, the shear-wave velocity veéhoa significant step boundary.
Crossing this boundary, which is from Joli Fou sftal Colony sandy, increases from ~

2500 m/s to ~ 2600 m/s, about 4% increment. InrashlVs increased dramatically from
~ 600 m/s to ~ 1300 m/s average, about 116%. Isemprence, th¥y/Vs drops from 4.0

— 5.0 (kind of marine soft sediments?) to 1.8 —(B8/fical sand) across this boundary.

For comparison purposé&/s derived from the measured, using Castagna’s
relationship (equation 1.10) is overlaid in the satrack of measure¥;s (track 4 of
Figure 4.17). Similarly, the calculat&/Vs (magenta curve in track 5 of Figure 4.17) is
also displayed in the same scale with the measg4. It's noticed that the measured
Vs and calculateds are quite comparable in the interval of aboveahenymous top at ~
200 m and the interval below Colony at ~ 450 mbétween, from 200 m to 450 m, the
measured/s is significantly smaller thal’s derived from the empirical relationship. As a
result, the measuredy/Vs has a higher value, i.e., 4.0 - 5.5, which maygssgthere is a
need to locally calibrate the mudrock line relasioip of V,-Vs in this area. Another

possibility is that the measur&d from the dipole sonic log maybe is questionable.
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Figure 4.17 Logs of well A15-06. The magenta curvese Vs derived from V, using
mudrock line and the resulting V,/Vs. The arrow indicates the discrepancy between
the measuredVs, V/Vs and derived Vs, Vp/Vs by the mudrock line.

4.4.3 Data preparation and Q estimation

First breaks are picked on the VSP raw record atfast stack (Figure 4.18). The
numbering convention for processing is that thdleast station is numbered 1 and the
deepest station is numbered 66 for the total Gfost although in logging sequence the
deepest station recorded first. Four high-frequestasion pairs with regular spacing are
clearly observed, which may be caused by the casingool ringing due to bad

cementing or geophone coupling.
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Figure 4.18 Raw zero-offset VSP record in well A1586 with the first break picks
posted (red). Arrows indicate the 8 problematic reeiver stations.

Figure 4.19 shows the amplitude spectrum of avemafgall traces and each
individual trace. The general frequency band isnfrb2 Hz to 200 Hz. In the plot of
spectrum for each trace (panel (c) of Figure 4.199, four problematic station pairs
demonstrate much higher frequency than other trandscould not be filtered out by a

band-pass filter as it is in the signal frequenagdwidth.
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Figure 4.19 A15-06 zero-offset VSP raw record fregency and phase analysis: (a)
AGC applied raw record; (b) the average frequency gectrum of all traces in time
window 0 — 600 ms; (c) the spectrum of each individhl trace, red is high; (d) the
phase spectrum.

Then, the total wavefields are aligned at 100 mgheyfirst break time. After
testing, a 3-sample by 7-trace median filter isdukeseparate the total wavefields into

down-going and up-going wavefield.

As there is no shear-wave source in Pikes PeakstBRry, onlyP-wave quality
factor Q, is calculated here. The input data for estima@héactor are the down-going
waves. As in the example @ calculation from Ross Lake VSP data, using equg{2ab)

and setting the ground surface as the referenad, I&ive Q, ave Ccurve for the entire
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interval is calculated and plotted against deptiguie 4.20). The eight problematic

stations are excluded fro@, ave calculation and linearly interpolated afterwards.

To have a qualitative view before going ahead toutate the interval quality
factor Qq int, the quality indicator curve, ratio of the firstelbk time to the averagg,
T/Qpave is also calculated and plotted in depth (the righhel in Figure 4.20). It's
observed that from about 150 m to 450 m T, is generally increasing, with 2
different but positive slopes, although there argega few adjacent station pairs having
negative slopes. This indicates that we could gasanable (positive) interv@l in this
depth interval. However, around the reservoir levbkich is below the top of Colony at
450 m, theT/Qy-ave curve has generally a negative slope indicatiegrtervalQ between

the adjacent geophones will not be stable.

Different size boxcar smoothers are used in attet@@moothQp.ave The left
panel of Figure 4.21 shows the results of the vate®, calculated from 11-, 21- and
31-point smoothe@,..ve Because those interv@, are still oscillating, a 3-point median
filter has been applied to remove the oscillatetuesm The 31-point smoothed and

3-point median filtere®in; is chosen as the final result.
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Figure 4.20 The calculated averagé factor at each station (left) and the QC curve
of Tin/Qave (right ) from VSP of well A15-06.
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and 3-point median filtered Qp.in: (right panel).
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4.4.4 Crossplotting Qversus ¥, Vs and V/Vs

Now we have the VSP-derived formation quality fadr P-wave Q, and log
measured/, andVs. To investigate the relations between them, tgeneasured velocity
curves with sample rate of 0.1 m need to be upedctd the VSP sample rate which is
7.5 m. To do so, the log curv¥g andVs are filtered by a 11-point median filter first to
remove some high frequency noise, then averag@dbim depth windows between any
two adjacent VSP stations. The averaged value¥,0énd Vs are put at the lower
geophone depth of the two adjacent stations, cdiiledked,” and “blockedVs’. Then
by dividing the blocked, by the blocked/s, we get the blocked/y/Vs. Now theV,, Vs,

Vo/Vs andQ, curves have the same sample rate (Figure 4.22).

Looking at the interval from ~ 200 m to the top @u} at 450 m, th¥,/Vs swings
from ~ 3.4 to 5.0, an@, shows a single trend of decreasing, with the shaglart about
~ 100 to 150 and the lower part around 50. It seemapparent relationship betwe@p

andV,/Vs has been observed.

Below Colony formation, around the reservoir lewbgQ, is about 85 to 90, and

Vp/Vs is about 2.0 with/, around 2700 m/s, which is common for a typicaldsan

The summary oY/, Vy/Vs andQ, for Pikes Peak area is listed in Table 4.3.
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Figure 4.22 up-scaled log/p, Vs and Vy/Vs, and Q, plotted in depth, with formation
tops posted.

Formation and depth Qo Vp/Vs(log) | Vp (m/s)
205m - 245m (Anonymous ~ Milk River]  ~ 150 ~4.3 2200
245m - 315m (Milk River ~ 2WS) ~ 85 ~4.0 ~ 2300
315m - 450m (2WS — Colony) ~85 ~4.0 ~ 2400

Table 4.3Q,, V/Vs and V, for the main geological formations in Pikes Peak.

Nonetheless, the result from well A15-06 that thallew part (150 m to 250 m)
has a highe® value than the deeper part (350 m to 450 m) wbaldontrary to what we
normally think about the sedimentary rocks in sutase: shallower> less consolidated

-> softer-> more attenuatee® smallerQ value. Hedlin et al. (2002) deriv€}}, using the
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spectral ratio method of 90 m separation and cehfrequency and spectral variance
method from the same VSP data (Figure 4.23), whldws very similar trend compared

with the estimate, here.

Q vs Depth
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Figure 4.23Q versus depth calculated from VSP survey using gebpnes of 90 m
separation (after Hedlin et al. 2002).

On the crossplot o, andV,/Vs (Figure 4.24), corresponding to thg/Vs range
of 3.0 to 5.0, th&), values jump from about 50 to 150 and spread othit mo observable

trend.

The conclusion here is that tl§g, derived from this zero-offset VSP has no

relation with the log measurég/Vs in the well A15-06.
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Analysis of fit Qp-int31 versus Vpivs
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Figure 4.24 Crossplot ofQ, versusV,/Vs of well A15-06.

4.4.5 Discussion

To better understand the relationship betwdgandVs, a crossplot oV, versus
Vs is generated (Figure 4.25). The mudrock line istgt as a reference. The constant
Vu/Vs of 1.5, 2.0, 3.0, 4.0, and 5.0 are also overltisl.noticed that the data points are
divided into 2 groups at the depth of 450 m or edpColony formation. The scattered
data points in whole seem not to follow the mudrdioke, and also do not show any

strong trend to fit a regression unless they aterpa two regressions.
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Figure 4.25 Crossplot ofVs versusV, log of well A15-06, with mudrock line and a
few constantVy/V; lines posted. Color denotes the depth.

Another way to checkV,-Vs relationship is to crossploVy/Vs versus s

Although it's the same a¥, versusVs, the data points collapse and close to a linear

relation. Crossplotting thé/,/Vs to V, and Vs, respectively. WhileVy/Vs shows no

relationship withV, (the left panel of Figure 4.26), th/Vs has a very strong linear

relationship with the S-wave slowness (right paoklFigure 4.26). A least-square

regression fit gives:

where theS-wave slowness is ips/m.

Vp/Vs =0.002001 * S_slowness + 0.4766 ,

4.7)
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Substituting theSwave slowness b$wave velocity, the regression relationship
of equation (4.7) becomes:
V, = 0.4766 *Vs + 2001 , (4.8)

where bothV, andVs are in m/s.

The V,-Vs relationship of equation (4.8) is posted on Yheand Vs crossplot of
well A16-05 as a blue dotted line (Figure 4.25)hdts a much steeper slope of 0.4766
compared to the mudrock line’s 1.16. This look® l&n exception of Castagna/g-Vs
relationship in sand-shale sequence. Another pitisgils that theVs log in this well is

not quite reliable at shallow depth.

vps Plweave versus Vpifs =0

17 o0 %) 30 E™) 3000 2 500 EL Mo MG i BB 0 MO W0 To00 TR 1008 100 1A% 10 160 1700 W 1O Z0O0 PR f000 S0 DA 0. 2600

P-wave velocity {m/s} . S-wave slowness (usim)

Figure 4.26 Crossplot ofVy/Vs versus V, (left) and Vy/Vs versus Swave slowness
(right).

The above analysis suggests that the non-correlagoveerQ, andV,y/Vs in well
A15-06 might be a two-fold problem: (1) some VSRuakatedQ values possibly do not

represent the formatid@; (2) some log measurad values possibly do not represent the

formation V.
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4.5 Discussion

4.5.1 Intrinsic and extrinsic

Lab measurement is more likely to be considerednaasuring the intrinsic
property of the sample rock. Field measurement asenlikely to measure the system
value in the vicinity of a sample formation, or @vbination of rocks, and including the
condition between casing and formation (if in aechwell-bore), the coupling condition

between geophone and casing.

4.5.2 Well bore structure and cement bond in cabede

A lot of times VSP survey is acquired in the cabetk condition. Different from
the open-hole operation, where the downhole geapl®mlirectly clamped against the
formation (although the coupling between the saamu® wellbore sometimes is an issue),
the geophone in cased-hole VSP is pushed agamsiasing. So, when the wave travels
from the surface source point down, it passed #nhdayers, cement between formation
and casing, and the casing, before it reachesdhaltble geophone. The two material
interfaces (casing-to-cement and cement-to-formagdmd sometimes two annulars could
affect the wave propagation, especially the amgditand phase. In poor cement bond
intervals, things are getting even worse. It's llguaot a severe problem if the purpose
of VSP is to get time-depth pairs and formatioroedly from the first arrivals. However,
to estimate the formatioQ factor from amplitude information could be probkam

when the annular are present.
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Usually there is a surface casing for any well. t8ere are commonly at least two
casing strings and two cement layers at the shaflat. When a wave travels down
through the shallow unconsolidated formation andl ltement and steel casing to get to
the downhole geophone, depending on the bondingliwomns, it would be quite
complicated to determine the distribution of whprt to the recorded amplitude for this
steel-cement-steel-cement-formation system. Thig passibly explain why Pikes Peak

data has much high€) at shallow formation which has relative higgiVs value.

4.5.3 Near field effects

Haase and Stewart (2010) point out that attenuaff@n determined by the
spectral ratio method in the near field (first gavehundred meters) is faulty. A
correction term has to be used to give reasorn@blalues. This might be part of what's

causing the problem at shallow depth with PikeskRieda.

4.5.4 Consistency of VSP source

While the VSP is acquired in a well from deep talklw, the surface condition at
the source location may be changing (getting be#terthe vibrator continues to shake.
This may enhance the frequency contents penetiatedthe earth. This, of course,
violates the assumption of a constant source. ltldvde useful to have a monitor

geophone at surface to record the source signature.

4.5.5 Q compensation for P-, S- and PS-wave seistai@
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From log of well A15-06, th&/,/Vs is in the range of 3.0 - 5.0 at the near surface.

This implies that the wavelength Sfwave is about 3 to 5 times shorter thanRheave

for same frequency component. In other words, gilensame distance, there are more
cycles forSwave to travel and hence more energy is lost dugtenuation. Even in a
medium withQ,=Qs, energy will eventually attenuate more for ieave, especially for
high-frequency components. So, attenuation haggadampact on th&wave amplitude
and phase, and it's more necessary to apply therse@ filter to compensate th& and

PSwave in seismic data processing.

4.6 Conclusion

The spectral-ratio method is used to calculatarttezval formation quality factor
Q values from zero-offset VSP. Setting the surfaseep as the reference level, the
average) from the surface to a certain downhole statiataisulated. Based on a layered
model, the interval formatiorQ between two adjacent geophone stations is then
calculated from the averag@ Meanwhile, a quality indicator, the ratio of firgrrival
time to the averag® factor —T/Qae has been established fQrfactor estimation. This
guality indicator curve reveals where the standgydctra-ratio method could give us

stableQ values and where it couldn't.

In the Ross Lake example, a reliable and continuatesval Q, curve from about
450 m to 1050 m in well 11-25 has been calculatethfthe zero-offseP-wave source
VSP. Known from the quality indicatdi/Qave theQsis not stable for th&wave source
VSP. Therefore, a high resolution continud@s is unlikely achievable. Instead, an
averageQs over larger intervals corresponding to certain lggical formations is

estimated. Finally, the bulk value &, Qs V,/Vs andV, are estimated for four major
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geological intervals in Ross Lake area: which arsuiface) — 400 m (top of Ribstone
Creek member of the Belly River Formation), 400 n630 m (top of Milk River
Formation), 610 m — 820 m (top of Second White &lgetShale) and 870 m — 1050 m
(top of Mannwville). In general, at depth above 600Qs is about half ofQ,, or 16~17
comparing with 30~38. Below 600 Qs is about two thirds ofp, or 26~37 comparing
with 40~54.

The VSP-derived), curve demonstrates an inverse linear relationship the
VSP-derivedV,/Vs curve (equation 4.6) from the Ross Lake examplas Ts a very
interesting result as we may be able to predienatition fromVy/Vs which is usually

considered as a lithology indicator.

In the Pikes Peak example, because the conventemnital vibrator is used as
the source, only, has been estimated from the zero-offset VSP usiagame method.
In general, theQ factor is relative higher. For the formations ado&olony, the
log-measured/s is quite low so thaV,/Vs is high, about 3.5 to 5.0. Tig, doesn’t show

an obvious relationship witif,/Vs.
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Chapter Five: Interpretation of multicomponent seisnic data on Cantarell-Sihil

structure, Gulf of Mexico

5.1 Introduction

A 4C-3D seismic survey, using ocean-bottom seismersgwas conducted in
2003-2004 for Petroleos Mexicanos over the Caritaitfield in the southern Gulf of
Mexico. The 4C-3D seismic data were acquired byb8aaseophysical AS, using node
receivers planted by Remotely Operated underwaghidle (ROV). The data were
processed by CGG in France. The original motivatmmthe node seismic acquisition
was to better image the Sihil reservoir - whicls leelow the super-giant Akal reservoir
in the Cantarell oilfield. As the Cantarell areahsavily congested with production
platforms and marine traffic, routine streamer asitjon is not readily applicable. Thus,

the need to use ocean-bottom sensors was required.

The intention of this study is to interpret thencerted-wave RS data that have
resulted from the Sihil 4C-3D seismic survey. Tie specific goals are: (1) to interpret
the PS data volume via correlations with log, sgtithseismograms, VSP, afdwave
data volumes, (2) to attempt to find anomalies exploration leads in theSdata which

are beyond that of tHe-wave data alone.

There is an enormous amount of data and knowledgeerning the Cantarell
oilfield and Sihil seismic surveys, especially amaernsP-wave imaging. This present
study, however, focuses on tR& data and uses previotswave interpretations in the
analysis of thePS data. The full-wave sonic logs are analyzed fifdten PP and PS

synthetic seismograms are generated and tied toda&P APSto-PP time relationship
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has been developed to map B®seismic volume t&P time. This considerably assists
in the interpretation of theSdata. A number of horizons are pickedRfadata volume,
corresponding to santeP horizons. From these horizons, time thickness naapsell as
interval V,/Vs map are generated. There are some interestingrésathat arise from the
PS data, including the interpretation of leaky gasem above the Akal reservoir, new
structural traps in the allochthonous Cretaceowssiple salt horizons in the deeper

section, and some hints at lithology.

5.2 Regional geology and stratigraphy

The Cantarell oilfield is located 80 kilometres thevest of Ciudad del Carmen,
Campeche in the Gulf of Mexico (Figure 5.1). Disemd in 1976, it is one of the most
prolific oil-producing fields in the world with auenulative production of approximately
7.86 billion barrels of oil with 20-24° API for ov@2 years (Aquino et al,. 2003). The
Akal block is the main producer of the five blodkat make up this super giant Cantarell
oilfield complex (Figure 5.2). The Sihil block istisated below the Akal block, in a
complicated structure zone, described as a sulstthcompressive structure. The
Cantarell reservoirs are mainly composed of carteoracks (Upper Cretaceous breccias
and Jurassic dolomitized Kimmeridgian formation)yiethh are intensely dolomitized
exhibiting mainly intergranular, vuggy, and fraeyorosities. The Sihil field is the latest

discovery (in 1999).

Definition of allochthonous: Pertaining to matesigbarticularly rock masses, that
formed somewhere other than their present locateond were transported by fault
movements, large-scale gravity sliding, or simpancesses. Autochthonous material, in

contrast, formed in its present location. Landsid=an result in large masses of
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allochthonous rock, which typically can be distirgied from autochthonous rocks on
the basis of their difference in composition. Faaltd folds can also separate allochthons
from autochthons.

(http://lwww.glossary.oilfield.slb.com/Display.cfm Zhe=allochthonous

Definition of autochthonous: Materials, especiaibck masses, that formed in
their present location and have not been transpdfiult surfaces can separate indigenous
rocks from allochthonous rocks, although some atloanous rocks are clearly delineated
by their differing composition.

(http://lwww.glossary.oilfield.slb.com/Display.cfmhe=autochthonoys

Figure 5.1 Location map of the Cantarell oilfield n the Gulf of Mexico.
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Figure 5.2 Schematic diagram of the Cantarell fieldndicating five blocks and the
saturation conditions in them. Note the gas cap andng of oil (Hernandez et. al.,
2005).

The geology of the Cantarell oilfield complex haeb reviewed by a number of
papers (Mitra et al., 2005, Hernandez et al., 2@ternikoff et al., 2006). The Cantarell
field produces out of three separate fault-bound#dchthonous blocks: the Akal,
Nohoch, and Kutz blocks. The main field is locatedthe Akal structure. Secondary
fields in the allochthonous block include Kutz, wihi formed on the crest of a
downthrown fault block, and Nohoch, which formedab a west-vergent backthrust.
The recently discovered Sihil field is located irs@bthrust-compressive structure and
consists of two structural lobes formed above theSihil fault. The Chac structure is
formed at the updip edge of a tilted fault blockhe autochthonous block. The detailed
three-dimensional structural model is being useddture production of the remaining

reserves in the Cantarell field as well as fordbkneation of the Sihil field.
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Recent extension '

Figure 5.3 Simplified structural evolution of the Gantarell area: (a) extension in
lower Cretaceous. (b) NNE over-thrust in lower to nddle Miocene. (c) duplex
overriding. (d) listric normal faulting in Pliocene-Pleistocene (Hernandez et. al.,

2005).
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Figure 5.4 Cross-section with interpreted faults,ndicating the 3 main structure
events: Mesozoic extension represented by the norhihalf graben” type feature
(black fault); Miocene compression represented byl angle thrust (red and purple
faults); and the Plio-Pleistocene extension (bluadlt). (Hernandez et. al., 2005).
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5.3 Data available

5.3.1 Seismic data

The earliest streamer seismic data in Cantarell acgsiired in late 1970s. There
have been three multicomponent datasets acquiredtbe Sihil field since late 1990s.
They include:

1. 1997 2C-3D dual-sensor, ocean-bottom-cable (OB@yey acquired by
Western Geophysical. Orthogonal shot lines to xerdines, 650 m receiver line spacing,
50 m group interval, 250 m shot line spacing, 25hot interval;

2. 2000 4C-2D ocean-bottom-cable (OBC) surveys r(b@hot interval, 50 m
receiver interval) by Western Geophysical;

3. 2004 4C-3D ocean-bottom-seismometer (OBS) sunyeyeabed Geophysical.

The seismic data used in this study is from the4200-3D OBS survey (Vazquez
et. al., 2005). The field data were acquired inafcpes - each consisting of about 232
CASE 4C seismic nodes (with 4 channels each ndde).nodes were deployed in the
patches on a 400 m x 400 m grid. The mean watehder the survey area is about 45
m. Air gun shots were recorded from a 9 km by 18 dmoting grid over each of the
patches. The shot lines were about 18 km long livithspacing of 75 m and shots every
50 m. This gave rise to over 300,000 recorded saotsabout 300 million traces. The
CASE 4C ocean-bottom sensors used 3 Hz - 218 kffieers and sampling at 2 ms.

The resultant data were processed by CGG througistack time migratiorPP
and PS data have been re-processed by CGG (March, 2@0®&ase map for the 3D

survey, with inline and crossline numbers, is shawhRigure 5.6. We have employed the
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migrated (PSTM) 3D seismic volumes PP andPSdata (processed by CGG — France)

from the Seabed Geophysical 4C-3D seismic survagucted in 2003-2004 (Vazquez et
al., 2005; Maya, 2006). The inline (SW-NE direc)ispacing is 18.75 m, and the
crossline spacing is 25 m. The data covered araadst 220 krfy which is known the

largest acquisition of this type by far.

{1932, 1660)

Well Sihil-19, C-
98 and C-3068
drilled from the
same platform

(3218,1680)

{1992,1000)

{3218.1000)
Figure 5.6 Base map for the 4C-3D seismic survey thiin-line and cross-line
directions annotated. Several key wells are also awn.

The P-wave data have a frequency bandwidth about 6 — 6@nHhe shallow
section and 4 - 30 Hz at depth. An initigfVs value of 2.5 was used for binning. TR
data (at -35 dB) is from 5 to 42 Hz. Note acquisitfootprints are visible to about 1500
ms in thePS data (from Seabed, 2005 and our observations).filfbeer note that it
appears in Seabed Geophysical processing reparththavertical component polarity is

opposite to that which is recommended by Brown ket (2003). However, our
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interpretation indicates that tiS and PP seismic data are in positive polarity (a peak

corresponds to impedance increase).

5.3.2 Well logs

There are hundreds of wells in the Cantarell biétk have digital well logs for
several wells in the Cantarell oilfield (Sihil-1€-3026D, C-3068, C-98, C-3045D,
Utan-1) as outlined in Table 5.1 and displayedigufe 5.7 (a) to (f). The necessary logs
are:

Caliper (in inch): to indicate the quality the booé&e and in hence other curves
GR (in API): natural gamma ray, a lithology indizat

V, (in m/s): formation compressional-wave velocity

Vs (in m/s): formation shear-wave velocity

Density (in g/cc): formation bulk density

Rt (in ohm.m): formation deep resistivity

Among these 6 wells, Utan-1 is an exceptional shaljas well discovered the
Pliocene reservoir in a small sub-basin locatetthéowest of Cantarell. In this study, the
purpose to use this well is to find \§-Vs relationship for the shallow part (above

Cretaceous allochthonous) which is not availal@enffogs in other wells.

C-3068 is a vertical well with longest measureenmal (from 500 m to 5000 m)
but noVs log. All other 4 wells have some dipole soni&)(records but are deviated.

C-3026D has the longest measuvg@ndVslogs but the most deviated.
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All the formation tops in these given wells are ilalde. Four major formation

boundaries are used here: top of Cretaceous aflosbus (BKS_AL), top of Jurassic
Kimmeridgian allochthonous (KIM_AL or JSK_AL), topf Cretaceous autochthonous
(BKS_AU) and Kimmeridgian autochthonous (JSK_AU).

Regarding the deep Sihil field (Kimmeridgian autd@mous), well C-3068,
Sihil-19 and C-98 (close to fault) encountered mlead good limestone reservoir with
GR about 10 API. At the southeast of the structnosyever, the GR in well C-3026D is
about 100 API from Kimmeridgian autochthonous (JBK) to below, showing not a

reservoir type of formation. Well C-3045D doesrenptrate as deep to JSK_AU.

€-3068
(%=595290.94m, y-2149889.06m} Elevation; kh=30m, surface-0m

TYD(m MD(m

Caliper_1 Gamma 1 *Density_1
o in

Ray_ 3
0 0 gapi 200 1.5 gl

I 2000

2500

|
2

3500
- 4000

Figure 5.7 (a) Log curves in Well C-3068.
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Figure 5.7 (c)Log curves in VIl C-98. There is a 300 m bad data zone in the nute.
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5.3.3 VSP data

UTAN-1
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Figure 5.7 (f) Log curves of the shallow Well Utart.
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VSP data is only available in well Sihil-19. In #ilh to the standard zero-offset

V'SP, there is one 2500 offset and one 3500 m VS¥Hfferent directions. The two offset

VSPs are all processed to have b8 and PS CDP images. Table 5.1 shows the

configuration and available data. Figure 5.8 shotwe geometry of these two

offset-VSPs.

The 2500m offset VSP line also crosses the welDG83

Checkshot surveys are available for well C-306895€-2045D and C-3026D.
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Offset | Direction (N| Data Bin size Trace # in Valid Coverage
clockwise) file trace #

PP 10.0 m 1-181 1-128 1280 m
2500 m | 115deg. N

PS 12.5m 1-105 4-64 750 m

PP 20.0 m 1-91 4-82 1560 m
3500 m | 45deg. N

PS 20.0 m 1-76 4-70 1320 m

Table 5.1 The data detail of the offset VSP in we8ihil-19.

OVSP#2 : 3500m, N45°

RS

Figure 5.8 The geometry of offset VSPs in Il Sihil-19 (after Chernikoff, 2006).

5.4 Methodologies

The motivations for interpreting tHeS seismic data are several folds including

those outlined below:
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* To validate and increase confidence inBh@ave interpretation

» Develop some new structural details (faults, cortmpants, closures)

» Assist with new stratigraphic features

* Provide some large-scale lithology (limestone, efatalt) information

» Help provide information about fluid distributions

The general procedure that we follow in analyzimg converted-waveP(to-S)
seismic data volume is to first understand Bvavave data. To accomplish this, we
generate synthetic seismograms, and correlate thiédmVSP and the surface seismic
data. In the Sihil case, tliewave horizons have already been interpreted by Reivid
Schlumberger. We use thdétrwave interpretation as a guide for tA8 data and accept
them, as is, foP-wave calculations. Mr. Alberto Chernikoff of Schlberger Data and
Consulting Services has been central in the int¢apon of theP-wave data and

provided considerable assistance in our analydiseofonverted-wave data.

5.5 Estimating shear velocity

To generate converted wave synthetic seismograenkiilowledge of formation
shear-wave velocityMy) is necessary. The direct continuous in-situ mesasant ofVs
usually comes from the Dipole sonic log. If thesendo measure¥, it is common to use
the empirical equations to predi¢t from existing logs. The empirical relationship also

needs to be checked/calibrated using local data.

Greenberg-Castagna equatidf andVs are in km/s):
Vs = 0.8042V, — 0.8559 for sandstone (5.1)
Vs=0.7700V,—- 0.8674 for shale (5.2)
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Castagna (1985) Mudrock line
Vs=0.8621V,—1172.41  (in m/s) (5.3)

Castagna’s equation for Carbonate:

V, = -0.0550%/2 +1.0168/, ~1.0305  (in km/s) (5.4)

V, =-0.00005509/2 +1.0168/, 10305 (in m/s) (5.5)

The well logs do not have full coverage witwave velocity values. Thus, we
need to develop a relationship betwé&gnandVs. We plot values from the various logs
available. Figure 5.9 shows one example from wel6D:

Vs=0.5138V, + 200 (in m/s) (5.6)

We test the regression line relationship with kndwnand Vs values from the
Sihil-19 VSP. Figure 5.10 shows théican be reasonably well predicted frafpin the

VSP data using well log values.



131
Vs (mis) Well C-3026D Vp versus Vs GR (API)

A ENAEEEEMEEERSEEEAN ML AN ARmAN AN AR RRCAAS o LR
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Vp (mfs)

Legend S
!a P-wave vs S-wave(primary) ¥ = 0.513763x + 193.731

Figure 5.9 Crossplot of log measuredvs versus V, in Well C-3026D with the
regression line posted. Note the somewhat linear ledionship within considerable
scatter. Color represents GR value.
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Interval Velocity (m/s)
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Figure 5.10 PredictedVs versus actualVs from VSP in Well Sihil-19.

In another well having Dipole sonic logs -- well98; there are two good data
zones , both are carbonate, separated by a ro@@lym bad data interval (Figure 5.7
(a)). Crossplotting the measur® and Vs gives us two different trends for these two

intervals (Figure 5.11).

Interval 1 (shallow) 2162-2710m:
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Vs=0.7461V, - 1255 (5.7)

Interval 2 (deep) 3000-4605m:
Vs=0.5172V, + 127 (5.8)

Vs (m/s) Well C-98 Vp versus Vs TVD (m),
l]{

-----

3375

3170

4500 5000 900 GO0 B30 7000
Vp (m/s) e

egend
P-wave vs S-wave(primary)

Figure 5.11 Crossplot ofV, versesVsin Well C-98. The green circle is for the
shallow interval and the orange circle is for the dep interval.

Then, we look at the shallow well Utan-1. The linezgression for 300 — 1409 m
interval gives us the following relation (Figurd 8):

Vs=0.7238V, - 731 (in m/s) (5.9)
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Vs (m/s) Well Utan-1 Vp versus Vs GR (API)
i ; 1 [ [ |
| INEENEEEEEENENINEEEENREBCJENNEREE
T I WS = 0.723793 Vp - 731.0 T ] =
..... SEBARBRCIRREEE e
15001
1250
100047
e
-500~-:f"_— : _ ! BE . :
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Vp (m/s) = |
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P-wave vs S-wave({primary) — ¥ = 0,723793% - 731.023

Figure 5.12 Crossplot ofV, and Vs in the shallow well Utan-1.

We crossplot the measur& and Vs log using four wells. Table 5.2 lists those

intervals.

Well name Start depth (m) End depth (m) Interval (m)
C-98 shallow 2162 2710 548
C-98 deep 3000 4602 1602
C-3026D 2370 4880 2510
Utan-1 300 1400 1100

Table 5.2 Intervals for crossplotting measured/, versusVs in four wells.
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various regression lines from different welle plotted in one figure (Figure

5.13). Several constai,/Vs values (1.5, 2.0 and 2.5), along with Castagnaigdtone

relationship, are super-imposed on it to be adaerce. It is noticed that the limestone

quadratic equation fits the Sih, and Vs values very well. Thus, in the following, the

Castagna carbonate equation is used to detersgifrem V, when anS-wave log is not

available.

5000
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Vs (m/s)

2000

1000

e
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a | | - A

| | | o

; ; ; e . 7 €98 Int. 2
borsscaasrn N AW ",

Castagna Limestone 1

e
i
-t

/ ;L£an-1 |

1%00 2000

3000 4000 5000 6000 7000
Vp (m/s)

Figure 5.13 Compilation of various possibilities fothe V,, and Vs relationship. The
Castagna limestone equation fits most of the actuédg data reasonably well.
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5.6 Synthetics seismogram and correlation with VSPand seismic dataPP and PS

The P-wave synthetic seismogram in a well is generatsithiguthe reflection
coefficient series (calculated from the velocitylatensity log) convolved with a wavelet.
Synthetic seismograms link surface seismic timedalom information with

high-resolution, depth-domain well log data.

Formation velocity (or slowness) is measured byicséwgging tool, usually in
open-hole condition. Commonly, companies only ranis log around the pay zone but
not to surface. The lack of shallow depth formattocity results in that the time zero
(O) of synthetics is not the same time zero of aefseismic data. Therefore, to put
synthetic at the roughly same time with surfacers@, it's recommended to correct (or

calibrate) the-velocity log by checkshot survey wherever it isiklde.

Checkhshot survey is a travel-time-from-surface sueament by placing the
receivers at known depths in a well. It's a simetf VSP (Vertical Seismic Profile),
which just measure the first arrivals but not tind fvaveform. These measurements
produce accurate time-depth relation and seismimcitees that can be used to calibrate
well log data. Velocity survey information is pragsed as time-depth correlation plots

and detailed velocity tables.

The difference in operating frequencies makes tlweretation between

log-generated synthetic seismogram and surfacegris some cases, more difficult.

Two wells, C-3068 (vertical well, off the structyirend C-3026D (deviated well,

on the north-west slope of the structure), are usayknerate the synthetic seismograms.
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C-3068 has the longesf, and density logs — about 4400 m from the autoclghsn

Jurassic Kimmeridgian to just below seabed, unfately, withoutVs log. It's very close
to well Sihil-19 which has zero-offset VSP and eff&/SPs. So, for correlating with
VSPs, we can borrow Sihil-19. C-3026D has good iguds log and relatively long
interval. Its deviated borehole trajectory to theucure will help to correlate the

synthetics with seismic data.

For each well, botPP-wave and®Swave synthetics are generated in ProMC, the

multi-component seismic interpretation softwareHampson-Russell.

Various wavelets in different dominant frequencg #ied. Wavelets extracted

from seismic data are also tested. A Ricker wavslased.

Well C-3068

The ideal situation to do tHfeP andPSwell-to-seismic correlation is using a well
having significant longer measured, and Vs logs, zero-offset VSP — foP-wave
well-to-VSP tie, and offsets VSP which hai?#® and PS CDP maps — folPSwave

well-to-VSP tie and VSP-to-seismic tie.

The first step is to generate tRewave synthetic seismogram and correlate with
P-wave corridor stack from zero-offset VSP. Thd?§ synthetic is generated and

correlated witlPSCDP map from offset VSP.

Well C-3068 has the longeBtwave velocity log, but n&wave velocity log, and
no VSP. Well Sihil-19 has the zero-offset and twisais VSP, but very short dipole
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sonic log. Fortunately, these two wells are drillexin the same platform and only about
300 meter away at the hole bottom. C-3068 is right the path of Sihil-19’s
2500m-offset VSP. Therefore, we borrow Sihil-1%scoffset and 2500m-offset VSP as
if they were done in C-3068.

The logs, synthetic seismogram and VSP are putdrdgogle composite plot as
shown in Figure 5.14. For thBwave data, we note the especially good tie between
synthetic and zero-offset VSP. This increases oufidence in thd®>-wave correlations.
We note that the VSP data appear to be reversgalarity from the other data. The
synthetic seismogram is inserted into the seismatian at the well location to confirm

the general times of the previous picks.

—
(%=5I5290.99m, y=Z14983:9.06m) Elevation: kb=30m, surface--46m
“Pwave_cor?_chik
(1] mis a000
PP Time Z TVE(m})
(ms) Gamma Ray 1 Swave splice Xine 1283 from
Ll R T 2187 2207 7229 2243 2271 2291 2311 2331 2351 | surface

Syn. _ Syn. _ ‘I |i s'{:??.'”"” Hg
| ""reverse " normal i [inormal
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| | RK1Zz_PP30G6_15 | -wavez PP30G0_B PP X11288

Figure 5.14 Composite plot forP-waves including log, synthetic, and VSP data from
well C-3068 and S-19. Note the excellent tie betweéhe synthetic and VSP data.
The VSP data is reversed in polarity from the othedata.
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Before moving into generatirgSsynthetics, let's look at Sihil-19's 2500m-offset
VSP (Figure 5.15). They're in depth domain with @lRve and a few key formation tops

are also posted.

We now proceed to thBSwave synthetics. Since there is Nglog in well
C-3068, based on the analysis\gfVs relation from imperial and local wells, Castagna’s
limestone equation is used to creat&salog from V, log. Then, in ProMC, thé>S
synthetic is created by stacking the traces ofatigde gather, with incidence angle range
from O to 30 degree. THeS synthetic trace is in its natieStime domain (Figure 5.16,
5.17).
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Figure 5.15 Well Sihil-19, 2500m offset VSP profikein depth domain with GR curve
and the major formation tops marked: PP (left) and PS (right).
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Figure 5.16 Correlation betweerPS synthetic seismogram and 2500 m offset VSP

PS-CDP map.
‘ e — (x:saszan.aetm,y:214aﬁﬁa.ngﬁ?;] i?evatinn:kh:?-l]m,suﬂace:ﬂm
} P(?“:)me Gamma Ray 1 ’ Pwaf;’;;:‘jn ine 1290 \nline 2307 RE}“"
| y = s — 2”5 2253 2’ 22“35 23“3 L S W L ‘Z“ S surface
| = . 43 i -
B
\ L
} mﬁ;w a: i 2 :
[—— i ] it @.@,.ﬁig «“‘ffiﬂf«
\ e =
- 455{&5‘@*!; “‘J!i - iﬂ;ﬂ j ; ;gl . ﬁ};{ - ;]]j]si 1
o e m )‘;{]‘ - Hm f j !M"J i (((fy
} ) 2;:%1“Hl“l“jliji{l!gati u”‘tgjjlg lléxﬁj—ii -E%?m (l\\l#l’ﬂ(ﬂlll jJJ !ﬁ: JJ \l!ﬁ:is ];)? “‘t’ ™
| 35 L B o N uzmz:zzsﬁ -
’I&:ﬂi % BJ“ fﬁjﬁﬂl -\;P 1332\11!22 iz f(/“
= = ow S S g E I
‘;‘ﬁ;;““3%';‘:5“;;‘“"%’%ff«*"“ = 2 X 5S
e M m 2] m‘iﬁ ‘“i” ()ﬁﬂ@@i o
Track 2 | Tracks | *RK03_PS3068 06|  SIHIL MC PSTM_PSFG_ CGG _05_Pet \ PS | IL23I]7 |

Figure 5.17 Correlation betweerPS synthetic with PS seismic, inline and crossline.
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Well C-3026D.

It's more difficult to correlatd®S synthetics withPS seismic in an intermediately
to highly deviated well. First, usually there is Bewave checkshot information for a
gross calibration of th®Stime of synthetic td®Stime of the converted-wave seismic.
The second reason comes from the geometry. Indtteeal well case, correlating means
sliding the synthetic trace up or down along theiwal wellbore — depth axis or 1D. In
the deviated well case, the well trajectory is @Caplane — z (vertical) and r (horizontal),
which means to move the synthetic up/down on tlh&rge time section is moving the
well trajectory in this 2D-plane rather than sligliit along the well bore -- the well

trajectory is not in the fixed position in time dam.

The ideal practice is to usgSwave image from middle-offset or far-offset VSP
as a bridge, and assurR&VSP could tie with surfacBSwave seismic data very well,

as they have similar type of wave propagation.

Another way to have a rough tie is to use strucaisra reference. In the Sihil case,
because of the highly structured area, PlReand PS seismic are similar on the size and
shape of the pop-up structure. Therefore, the gtrstnucture feature is used as a
reference. Checkshot-corrected gives us a reliable correlation betwelRR synthetic
and PP seismic. Based on the position P synthetic inPP seismic (Figure 5.18), we

movedPSsynthetic trace into a similar positionP$seismic profile (Figure 5.19).
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Figure 5.19 CorrelatingPS synthetlcs Wlth PS seismic data in WeII C 3026D.
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A wavelet extracted from the seismic data near WeB026D has a dominant

frequency of about 7 Hz and signal bandwidth from2® Hz (Figure 5.20) — fairly low

frequency seismic data!
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Figure 5.20 Wavelet extracted fromPP seismic at well location 3026D.

5.7 Matching PS seismic toPP seismic data

We matched thé&P and PS synthetics in the vertical well C-3068. It's easy
correlate the events since tHgis derived fromV,, using the defined relationship aR®

andPSsynthetics are similar under such a low-frequdraydwidth.

We correlated the events on tR® synthetic with those of th€S synthetics
(Figure 5.21). From this correlation, we find gVs values that will map thESevents
into thePP events (Figure 5.22). Th&/Vs values that do the correct mapping range from
4.16 near the surface to 1.88 at depth. These sjalletermined from the synthetic

seismograms, are similar to the blockgf/s values from the logs (as they should be).
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Figure 5.21 PP and PS synthetic seismograms in their rawPP and PS time domain
in well C-3068.
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Figure 5.22 ThePSand PP events on the synthetic seismograms have been ntad
and the PS synthetic has been mapped t®P time. The matchingVy/Vs values are
shown in the Table (on the right) and also comparedo the averaged logV,/Vs
values.
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The Vy/Vs values in Figure 5.22 have been determined bynaissuthat matched

events on thePP and PS traces have the same origin points in depth. Tinosn
interpreted traveltimes or time-thicknesses, we foagh V,/Vs values. Conversely, from
V,/Vs values over an interval, we can find the corresipunPP or PStraveltimes. This
table (Figure 5.22) provides the basis for conwerdietween any two of the 4 domains:

PP time, PStime, SStime and Depth.

Using this table, we could immediately map tA8 data intoPP time and
observe the correlation (Figure 5.23 and 5.24)s Bimgle mapping function brings most
of thePSdata into a gross alignment with the data. In Figure 5.24, tHeSdata shows

a clear truncation at about 600 ms, which indicateanconformity.
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Figure 5.23 An example (crossline 1289) of thReS data (left) mapped into P-wave
time using the calculatedV,y/Vs and compare with PP data (right). The background
color is Vp/Vs.
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Figure 5.24 An example (Inline 2667) of th®S data (left) mapped intoP-wave time
using the singleVy/Vs mapping function compare toPP data (right). The Upper row
is original and the lower row is bandpass (5/10-180) filtered.
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We splice thePP synthetic into the section to guide our pickingtloé horizons
(Figure 5.25). We also post tS synthetic on thé&Ssection to pick the corresponding
horizons on th&Sdata (Figure 5.26).
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Figure 5.25P-wave synthetic seismogram inserted into thEP section, inPP time.
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Figure 5.26 The converted-waveRS) synthetic seismogram is inserted into thé&S
section. Data displayed irPStime.
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As part of the procedure to continually refine ameéck ourPP andPS horizon
picks, we tie the two sections together at a knberzon (Cretaceous, say) and observe

the correlations (Figure 5.27).

0y

Figure 5.27 Approximate tie of thePP and PS synthetic and seismic sections, using
oneV,/Vs value to stretch theP-wave section, at the top of the Cretaceous.

MappingPSdata volume from its origin&Stime domain td®P time domain to
have the gross alignment betwddandPSdata, is considered the most critical step of
PSdata interpretation. In this case, althoughRBd0-PP time mapping function is 1D
and from well logs, it surprisingly shows the a@my and consistency of the domain

conversion for the entire 3D volume.
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5.8 Horizon interpretation, structure, time-isochore andV,/Vs maps

The PP seismic data has been interpreted by Schlumb&g& in Mexico and
the results of four horizon picks are imported ittiis project directly. Table 5.3 lists the

name convention for formations/tops in well logs &worizons from seismic data.

Tops in log Horizons of PP seismic | Horizons of PS seismic
Top of Cretaceous

BKS_AL HS_CIMAK CIMAK_AL_PS
allochthonous
Top of Kimmeridgian

KIM_AL HS_CIMAKIMMER KM_AL_PS
allochthonous
Top of Cretaceous

BKS_AU AOC_CimaCretac CIMAK_AU_PS
autochthonous
Top of Kimmeridgian

JSK_AU AJ_Cima_Kimmer KIM_AU_PS
autochthonous

Table 5.3 Name of formation tops and horizons fronseismic data.

The interpretation includes the allochthonous (dtenst) block which forms the
giant Akal field, and the autochthonous block footth Cretaceous and Jurassic

formations. A shallow horizon dAP andPSseismic data are also picked.

The procedure of pickingShorizon:

» display thePSseismic in its nativ®Stime domain

» After applying the 1D event matching, conveRRhorizon fromPP time to
PStime

» display thePP horizon (inPStime already) on thBSseismic data
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* Guided by thd’P horizon inPStime, the correspondiri@Shorizon is picked.

Shallow horizon

With the knowledge of the approxima®P-to-PS time correlations, we pick a
shallow horizon on bot?P and PS volumes. The picks on the section are shown in
Figure 5.28. Note that tHe-wave pick is at about 400ms while A& pick is at 1000ms.

This implies a near-surfad&/Vs value of about 4.0.

Figure 5.28 Shallow PS (top) and PP (bottom) sections with a horizon pick
annotated. Both sections are in their native times.

The time structure maps of the shallow horizongawen in Figure 5.29.
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PP and PS time structure
of shallow horizons

L]

Figure 5.29PP and PStime structure maps of the shallow horizons.

Now using the time-thickness ratios, we can cateuthe spatially varian¥y/Vs
map of the near-surface as shown in Figure 5.3@sd@lvalues, near 4.0, are typical for
shallow marine sediments and compare reasonablly w#l those processing values

determined from the WesternGeco 2000 survey (FigLB2).
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Figure 5.31 Comparison of the time-mappingVy/Vs values from the synthetic
analysis in this study and previous work. The valugare roughly similar.



153

Cretaceous Allochthonous

We now move on to the interpretation of the topalddchthonous (over-thrust)
Cretaceous horizon. This important area definestapeof the super-giant Akal field.
Previous work has interpreted tRewave data and an example of that interpretation is

shown in Figure 5.32.

S N

21949 21851 21752 21654 21585 21457 21358 21260 21181 21096
2639 2774 2303 3044 3179 3314 3449 3564 3719 3863
2

Figure 5.32 Interpretation of a north-south PP line from the Sihil data set (from
Chernikoff, 2006).

Guided by thisP-wave interpretation, we interpret oS structure. Several
examples on th®P andPSseismic sections are given in Figures 5.33 and.S.Be top
Cretaceous (or close to Cretaceous) event is weongs relative to the P wave, on the
converted-wave data. This is partially a resultha&f significant S-wave velocity change,
evident on the sonic logs, as well as the likellegious effect of gas in the region on

the P-wave data.
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Figure 5.33 Top of the Cretaceous event as interpied on the PP and PS seismic
data.
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Figure 5.34 A Cretaceous event traced on theS section and transferred to thePP
section to check the similarity of the structures.
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The time structure maps for tR& andPSvolumes are displayed in Figure 5.35
and 5.36. Again, from the time thicknesses betwt#en shallow horizon and top

Cretaceous, we calculaté/gVs map as shown in Figure 5.37.
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Figure 5.35PP time structure at the allochthonous Cretaceous. GQor is PP time.
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Figure 5.36PStime structure at the allochthonous Cretaceous. GQor is PStime.




156

An interesting association can be observed betwesre of the low//Vs values
in Figure 5.37 and low RMS amplitudes extractednftbhe P-wave volume (Figure 5.38)
just above the Cretaceous marker. We would intetthie correlation as a result of gas

saturation.

(msrz 1660) - =l

Vs about 2-2.5 from
logs over this interval

‘ 136
-J’-I1zu

Figure 5.37 Interval Vp/Vs map as calculated from ratio of thePP and PS time
thicknesses between the shallow marker and top dfi¢ Cretaceous.

Figure 5.38 Amplitude map (RMS value from a 150 mswindow) above the
Cretaceous (from Chernikoff, 2006). We observe thathe low amplitude values (in
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blue) correlate with the lowV,/Vs values from Figure 30. This is an indication of ga
saturation.

Another view of the possible gas chimneying or &gk is evident on the two
sections shown in Figure 5.39. Here again, we se@shed-out region on thewave

data compared to a fairly crisp reflection on B&data.

Figure 5.39 PP and PS sections over the Akal anticlinal structure. Notethe
washed-out area (circled) on theé?-wave section over the poorly defined anticlinal
peak. The top of the Cretaceous is more definitiven the PS section. This is the
classic signature of a “gas chimney”.

Figure 5.40 is another example of the possibleeff@st. In addition, there is the

hint of a gas-oil contact (brightness on tavave with no corresponding event on the

PS.



Figure 5.40 PP and PS sections indicating the possible effects of gas. possible
gas-oil contact is annotated.

Kimmerridgian Allochthonous

We continue our interpretation in depth by considedeeper reflectors. Figures
5.41 and 5.42 show inline sections with interpretedizons. We have picked the
allochthonous Kimmeridgian event and display iteetistructure maps in Figures 5.43

and theVy/Vs map between the Kimmeridgian and Cretaceous iar€ig.44.
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Figure 5.41PP section (inline 2667) with horizons annotated.
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Figure 5.42PSsection (inline 2667) with horizons annotated.
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Figure 5.43PP and PS time structures interpreted on the top of the allehthonous
Kimmerigian. Color represents time in ms.
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Figure 5.44 Interval V,/Vs map between allochthonous Cretaceous and
Kimmeridgian horizons.

From theVy/Vs map, we notice some areas of high values and tvth
relatively low values. The high values could beesipteted as less consolidated, more
fractured, or shalier. The low values could be shgwhe effects of gas. In addition, we
must add that anomaloug,/Vs values can be a sign that wavelets are changing

significantly or that the picks need to be recoessd.

Cretaceous Autochthonous

Let's move deeper to interpret the autochthonowstaCeous horizon. One

anomalous feature can be seen onRBedata as the circled area in Figure 5.45. This

anticlinal structure is not so evident on fh@vave data in Figure 5.46.
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Figure 5.45 Possible deeper structure in evidence the PS section (inline 2667).
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Figure 5.46 Trace of thePS horizon superposed on theP-wave section.

structure is not as well developed on thBP section (inline 2667).

The
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PStime structure map on this horizon also show aifeding closure, which is

not evident orPP-time structure map (Figure 5.47).
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Figure 5.47 Time structures on the top of the autdthonous Cretaceous. Note the
possible closure on th&Stime structure.

Kimmerridgian Autochthonous

Now further into the section has us encounter th®éhthonous Kimmeridgian.
We see some differences in tR® and PS structures, but they do provide an overall

similarity.

The sections naturally become more difficult toemtet as we go deeper or
longer in time. The?-wave data show a fairly chaotic region below theniieridgian

(Figure 5.48). ThePS data, while also very noisy, have a pattern thedar® some
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resemblance to the salt images of the northerrsarietne Gulf of Mexico. We have thus

postulated the idea of a salt body embedded heyar@s 5.49 and 5.50).

Wine 1045 1058 1091 1112 1935 1157 1160 1203 1225 1248 1271 1202 1315 1337 1350 1363 1405 1420 1451 1472 1405 1547 1540 1963 1555 1608 1631 1852

Figure

region.

Figure

region.

5.48 PP section (inline 2627) W|th an ambiguous area in thautochthonous
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5.49 PS section (inline 2627) indicating a dim area over a&ub-horizontal
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Figure 5.50 Interpreting the dim area in the previas figure as a salt structure.

5. 9 Value of thePSdata

» Clear image through gas cloud
* More clear image of the top Cretaceous allochthenou

» Structural traps oRSseismic data

The PS has provided some interesting images of the Calhtstructure that are
complementary to or enhancements ofRAgave pictures.

1) We see some structural crispness on the toa€aetis (Akal) likely due to the
lack of influence on the S-wave by gas saturation.

2) The gas cloud on tHie-wave data and its corresponding absence oR8may
lead to some useful mapping of gas leakage.

3) A new structure, on the north side of Akal, &ednined by thé>S volume

may be worth further consideration.
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4) We see a possible gas/oil contact in Akal tratlat be verified by log and

production information.

5) Vp/Vs values in the southern part of the structure coudticate shaliness or
other lithologic change.

6) The macroscopi¥/Vs values from this study can be used in AVO worleyth
are not available any other way than by multicongmranalysis).

7) A potential salt body has been proposed basedefSimages.

5.10 Summary

The Sihil 4C-3D seismic data set provides a véoly set of pictures over the
complicated Cantarell geologic structure. We hanterpreted the multicomponent
seismic data using geologic models, well logs, lsgtit seismograms, and VSP. Using
the available log and VSP data, we find that Castaglimestone equation provides a
reasonableV,-to-Vs map. The synthetic seismograms tie VSP data quid and
correlate with botHPP and PS seismic data. These data help develdpSdao-PP time
mapping withV,/Vs values ranging from 4.5to 1.9. We correlateRISseismic data as
mapped toPP time with thePP seismic volumes. The shallow horizons are somewhat
straightforward to pick, while the deeper strucsurequire more imagination. We picked
both allochthonous and autochthonous horizons efGhetaceous and Kimmeridgian
units. IntervalVy/Vs maps were calculated from these time horizons. siggest that
there are gas effects visible in tRewave sections. Th®S provide more continuous
reflections in these areas (as noted elsewherecidly in the North Sea). This may
provide useful refinement of the structure on the of the Akal reservoir. In addition,
there may be fluid contacts visible in the Akal e®ir. Several new Cretaceous

structures are interpreted on tR8 data.V,/Vs values could be interpreted as showing
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shaliness or less consolidation in some areasliffledogic assessments could bear more

study. A somewhat imaginative salt structure camtexpreted deeper in the sections.

5.11 Recommendations

The Sihil 4C-3D seismic data are of reasonablydggoality. There is a great
deal of well log, VSP, and seismic data availablethe area. There are numerous
outstanding problems in understanding the det&itae Cantarell structure, stratigraphy,
and its fluid content. There could be some sigaificnew exploration opportunities in
the Cantarell region as covered by the Sihil survEgus, we would recommend
continued analysis of these 4C-3D data. In pasicul

1) more detailed consideration of interesting leadg.(dine time structure over
closure regions, time thicknesses, fault mapping);

2) further investigate the usefulness of the obsegasdeffects;

3) interpret more horizons and calculate narrowgYs values;

4) integrate geology witN,/Vs values in more detail;

5) build a more detailed velocity model for future AV&ludies, inversions, and
depth conversions;

6) doPP andPSinversions;

7) estimate well logs frol®P andPSattributes (inversions and reflectivity volumes)
and co-kriging/neural nets;

8) after more has been extracted from the time volyroessider reprocessing the

data to depth and for anisotropy.
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Chapter Six: An example of 2D-3C multicomponent semic interpretation

6.1 Introduction

In this chapter, a 2D land multicomponent datasetthe United States is
interpreted and analyzed. Due to proprietary androercial reasons, the location of this
survey, the formation and well names, and the targees are all kept anonymous. The
purpose of this study is to investigate the rockspds, particularlyy-Vs relationship in

this area, to analyze and understand the respdmselticomponent seismic data.

This 2D-3C survey was acquired in early 2000. Tlaaeethree lines, from south
to north namely 13S, 13N and 12S, approximatelyilé apart and about 6.2 mile long
for each line (Figure 6.1). The CDP bin size isftb3'he source type is unknown. Most
of the surface area in the survey is farm land wéty small elevation variations and less
surface condition changes. BoBP and PS data used in this study are post-stack
migrated datasets. Unfortunately, the field acqoisireport and data processing report
are not available. The original SEGY tapes and tetding logs are also not found. The
data are exported from Landmark’s SeisWorks dawlaassegy files and loaded into

Hampson-Russell's ProMC software.

There are a few deep wells with modern electris liogthis area but none of them
are on these 2D lines. The nearest deep well hadipgle sonic log is J28, drilled in
2009, which is located about one mile south of I3&. The projected location of well

J28 on line 13S is at CDP 156 (Figure 6.1).
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There are a few existing (and abandoned) oil arsdfigds in vicinity. However,

none of the producing fields is on or between thkeee 2D lines.

1 mile
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Figure 6.1 The basemap of three 3C-2D lines and laiton of well J28. Each grid is
one section, which is one rfi

6.2 Well log andV,-V; relationship

The full logging suite of Well J28 is shown in Frgu6.2. The major formation
tops are also posted. Well J28 has TD at aboutZ@]12r 3085 m. One observation is
that the P-velocity for most formations is lessntl3®00 m/s. Only the very short interval
close to TD (D2 and below) has velocity greatentBA00 m/s. This slow velocity in a
relatively deep section indicates that the sedimékely have a short burial history and

this basin is relatively young.
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Figure 6.2 Log curves in well J28 with formation t@s posted. Notice the five
different zones by log responses.

It is noticed that the column revealed in well X2fuld be subdivided into five
intervals/zones according to log responses, mdiyn GR, SP,V, and V,/Vs. The
definition, thickness and the approximate averagiies of GR, DensityV,, V,/Vs are
listed in Table 6.1.

Zone 1 has the averagpevelocity of 2500 m/sV,/Vs about 2.5 and density less
than 2.0 g/cc. In conjunction with the oscillatif§P, this zone looks like an
unconsolidated sandy formation. Zone 2 is simipazdne 1, with more stablg/Vs at 2.2
and slightly higheW,, about 2800 m/s, and higher density but less Sporese. In zone 3,
V, drops to 2400 m/s at about 6800’ to 8200’ (20730on2500 m) interval buV,/Vs

increases to 2.5.
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Zone 4 and zone 5 apparently are quite differemnfzone 1 to 3, expressed by

much higher GR anW,/V;s less than 2.0.

The mud log of well J28 indicates that zone 1 amale€? mainly unconsolidated
sand, siltstone and claystone; zone 3 consist®,shiystone, mudstone and siltstone;
zone 4 is mainly clay shale, porcelaneous claystooree 5 has a mixture of a variety of
lithology like clay shale, foraminiferous shale|czeous porcelanite, porcelaneous chert,

limestone and small amount of sandy siltstone.

The general deposition environment for zones 4 &l quiet deep water. For

zone 1 to 3, it is shallow water to fluvial and rbayalluvial at very shallow depth.

Thickness | Ave. GR | Ave. Ave. V, Ave.
Zone # definition
(ft) (API) p (g/cc) (m/s) Vp/Vs
1 3900’ — 4602’ (N1) 702 60 1.95 2500 25
2 4602’ (N1) — 6754’ (M2) 2152’ 60 2.15 2800 2.2
3 6754’ (M2) — 8207’ (B mkr) 1453’ 90 2.15 2400 25
4 8207’ (B mkr) — 9707’ (D2) 1500’ 150 2.30 2800 2.0
5 9707' (D2) — 10122’ (TD) 415 100 2.40 3500 1.9

Table 6.1 The definition, thickness and average va¢ of GR, density,V, and V,/Vs

for the five zones in well J28.

As there is no publication on the framework of gemeral relationship between
Vp andVs in this area, it is necessary to check each ofitleezones to see that what kind
of Vp-Vs relationship the data may follow. By crossplottthe fairly high qualityv, and

Vs log, five linear regressions have fit the datanpoin the form ofVs =a * V, + b,
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where the coefficierd andb are shown in Table 6.2. The unit for bdhandVs are m/s.

As a reference, th@andb for Mudrock line are also listed in this table.

Vs (m/s) =a*V,(m/s) +b
Zone # definition thickness
A b
Mudrock line 0.8621 - 1172
1 3900’ — 4602’ (N1) 702’ 0.8462 - 1101
2 4602’ (N1) — 6754’ (M2) 2152 0.7045 - 684
3 6754" (M2) — 8207’ (B mkr) 1453 0.7810 - 902
4 8207’ (B mkr) — 9707’ (D2) 1500 0.7212 - 543
5 9707’ (D2) — 10122’ (TD) 415’ 0.6858 - 409

Table 6.2 The result of linear regression o¥, versusVs for five zones in well J28.

Although all the five equations are different, wangout them into two groups:
zones 1, 2 and 3 look close to Mudrock line; zofemd 5 have another trend. To be
more illustrative, all data points &, andVsin zone 1 to 3 are plotted and the regression

redone, giving us the following,-Vs relationship:

Vs=0.7703v, - 873 (6.1)
Similarly, V, andVs in zone 4 and 5 are plotted together, and theessgwn folV, versus
Vsis:

Vs=0.7115V, - 514 (6.2)

Figure 6.3 clearly demonstrates these two distirectds as we crossplot all the

data points in well J28, with Mudrock line and BnefV,/Vs = 1.6, 2.0, 3.0 superimposed
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as reference lines. The two clusters have littlerlayp area. The shallow trend (zone 1 to
3) follows the Mudrock line quite well, and more less, can be treated as the local
calibration of Mudrock relation. In other words.etlshallow part until the formation
B-marker in this area is very likely the clasticdashale sequence. However, the deep
part (zone 4 to 5) below B-marker, which contains teep-water deposits, can not be
represented by Mudrock line and has its OWVs relationship (Equation 6.2). It's also
different from Castagna (1993) carbonate empirreddtionship (Equation 5.5). The

V,/Vs value for most data in this part is between 1.8.60

_Depth (ft)

Vs (m/s) Well J28 Vp versus Vs
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Figure 6.3 Crossplot ofV, versusVs in well J28. The shallow and deep zones show
different regression relationship. The Mudrock lineand three constantV,/Vs lines
are also posted for reference. The color key is megared depth.
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Another commonly used crossplot to show the lithglor possible separation of
different lithology isP-impedance versug,/Vs. The usefulness of this plot is that both
P-impedance anW/Vs are seismically derivable, which leaves us thesipidgy of using
seismic data to determine the lithology. Figure $hdws the crossplot ¢f-impedance
versusVy/Vs in well J28, with five zones schematically illusted. Again, the deep-water
deposits of zones 4 and 5 have much lovgYs than the shallow clastic deposits (zones
1 to 3). For the three shallow zones, zone 3 isngeresting exception: although it is
much deeper, it has lowBrimpedance and high&/Vs than zone 2. The reason needs to

be further investigated.

Vp/Vses  WellJ28 P-impedance versus Vp/Vs Depth (ft)
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Figure. 6-.4 Crossplot ofP-impedance versusVy/Vs in well J28. The five zones are
easy to recognize in this plot. The color key is rasured depth.
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6.3 CheckingPP and PS seismic data

The available stacked data are post-stack migratedical componentRP-wave)
and horizontal componentP&wave) data of the three 2D lines are loaded into
Hampson-Russell’'s multicomponent seismic interpi@tasoftware ProMC. For some
reason, all thé’P data start at about 500 ms and the data above dbegped. ThéS
data start from around 800 RStime. PP andPSdata for each 2D line are displayed in
Figure 6.5 to 6.10.

The PP data looks to be typical land seismic data. THesstface formations are
following a gentle monocline dipping to the westod!l of the events are near parallel,
and we can see there is a subtle trend of wedgirnihpd east. This indicates that the
paleo-topography, which is most likely a gentlepslois stable and similar for all the
sediments deposited under a relative quiet depasignvironment. The basement
(ranging from PP time 2.6 s at the east to 3.4theatvest end) shows the same dipping
direction, and has gentle structures and high afaglés. Within basement, there are not

many continuous seismic events. The yellow circbadooks like a ramp.

Looking at thePS data of the same line 13S (Figure 6.3), we seevtieats are
there, but with lower frequency content, as usudle shallow data has stronger
amplitude and more events. The continuity R data decreases little bit at depth,

especially in the left side area.

The quality of line 13N and line 12S is not as gasdine 13S, especialBSdata,

the lateral continuity is degrading. For this regsanly line 13S is interpreted.
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Figure 6.7 PP section of 2D line 13N.
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Frequency components: PP and PS

Frequency is checked for ti®P andPSdata of all three 2D lines (Figure 6.11).
For PP data, the window to calculate the amplitude spectis 1000 — 2500 ms iRP
time. ForPSdata, the time window is 1500 — 4000 m$fatime. As usual, th€P data
show a higher frequency th&s data. The south most line 13S appears to haverbett
quality data for having a frequency plateau at MD-Hz, meanwhile both line 13N and
12S lost this platealrS data has the similar trend: the second peak attalioHz from
line 13S decreases for line 13N and 12S. AllRRedata have a shoulder in 50 — 70 Hz,
which looks like an over boost in the data progeggirocedure of frequency balanB&

data of line 12S shows a unusual spectrum in thie énd of its bandwidth.

(a) 138-PP Ty S (c) 128-PP

gl {dt)

e {i8)

L I T T T T I T TET RT TR

Froquency (He)

Figure 6.11 Amplitude spectrum of thePP data (a) line 13S, (b) line 13N and (c) line
12S, andPSdata (d) line 13S, (e) line 13N and (f) line 12S.
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6.4 PP and PS synthetic seismograms

Using V, and density log of well J28, thE-wave synthetic seismogram is
generated to correlate witRP-wave seismic (Figure 6.12). The wavelet used for
synthetic is extracted from 41 traces centered et vcation (CDP 156) in &P-time
window 1000 ms — 2500 ms &P seismic of line 13S.
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Figure 6.12 Log curves in well J28, th®P synthetic andPP seismic section.

The PS-wave synthetic seismogram is created 0&iramnd density log, with the
wavelet extracted from 41 traces centered at welation (CDP 156) in #Stime

window 1500 ms — 3500 ms &&seismic of line 13S (Figure 6.13).
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Figure 6.13 Log curves in WeII J28, th@S synthetlc andPS seismic section.

In Figure 6.5 and 6.6, except the basement, aletteats orPP andPS seismic
sections don’t show strong easy-recognizable sigeator characters as seismic markers.
Continuous deposition, lack of unconformities, ygwsediments, and the distance from
well to the 2D seismic line, all are factors whart pgether, may (or partially) explain

the poor correlation between synthetics and surgacenic for botlPP- andPSwave.

6.5 Interpretation and analysis

Because the correlation between well synthetics ssisimic data are not quite
conclusive, another criteria for picking key honsaas to pick the most lateral continuous

event, on botlPP andPS sections. Actually, the similarity betwe@®P andPSis quite
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high for line 13S, which also increases the comftgdeof thePS seismic interpretation.
After the horizons have been picked, the step ozbno matching forced thBeSto be at
the PP time of the same set of horizonsBR seismic. In turn, the spatially varyifng/Vs

between two adjacent horizons are achieved (Figu4).

‘e Dt e

EEEE

EEECEENEIRE RS RREEREE

(=]

TR
- ¥ :1’_\3

e o) P Torw fam)

Figure 6.14PP and PS horizon matching of line 13S, inPP time domain. The left
panel isPP data overlapped with color representingv,/Vs. The right panel isPS
data.

TheV,/Vs is about 2.4 for the shallow formations above zmmiN1, about 2.0 for
the interval between horizon N1 to M2, and abodtf@dr the zone between horizon M2
to L1, which is corresponding to the average ofriogasured//Vs in well 328 of 2.5, 2.2,

and 2.5, respectively (Table 6.1), although thidl 8eabout 1 mile away from line 13S.
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Figure 6.15PP data of line 13S. Background color i%/,/Vs from horizon matching.
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Figure 6.16PSdata of line 13S. Background color i&/,/Vs from horizon matching.
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Another observation is that horizon L1 seems toasct boundary. Above L1,
generally speakindg?Sdata show better continuity th&¥P data (circled areas in Figure
6.15 and Figure 6.16). More obvious at the verylstvaportion, above 1.0 second RP
time, PSdata looks have higher frequency and much beé®nitdon. In contrast, below

horizon L1, thedPP data have better defined and more continuous svkeabPSdata.

6.6 Conclusion

Detailed study in well J28 reveals that there ave distinct trends folVp-Vs
relationship in this area: formations above B-markleow V,-Vs relationship close to
Mudrock line, or a local calibration; formationsld& B-marker, which are deep-water
sediments, have a Mudrock-differem,-Vs relationship. The deep-water shale and
siliceous shale hav¥,/Vs less than 2.0 and approach to 1.6 when gettingetedhe
feature of lowV,/Vs associated with low velocity is different than ttied the normal

clastic sand-shale sequence.

Three 2D-3C seismic lines are checked. Pi&adata exhibits more continuity in
the shallow portion thafPP data, but worse at depth. At well locatid?? and PS
synthetic seismograms have been generated buthlaoth poor correlation with surface
seismic. A number of key horizons are interpretedothPP andPSsection of line 13S,
and aV,/Vs profile is achieved byP and PS horizon matching. The horizon-derived

V,/Vs corresponds with log-measuregVs.
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Chapter Seven: Conclusions and future work

7.1 Conclusions

A 3C-3D seismic dataset over Husky Energy's Roskelheavy-oil field in
south-western Saskatchewan, Canada has been atéetpand analyzed. For these
sand-shale dominated consolidated formationsVh¥s relationship from dipole sonic
log in five regional wells corresponds with the Mok line very well. We find a
reasonably good correlation among synthetic seisamag, VSP (zero-offset and offset
for PP-wave, offset forPSwave), and surface seismic data for b&R-wave and
PSwave. ThePS synthetic seismogram provides an essential guidetérpret horizons
on PS seismic. In addition, the far-offset VSP-CCP magphk to identify geological

formations orPSseismic data and is another bridge to conRecandPSseismic data.

The low velocity channel sand shows as a thick alpmon theP-wave isochron
map between the two horizons which are right alana below the target formation. On
the V/Vs map calculated frorP andPSisochrones, the channel sand is delineated as a
low V,/Vs anomaly, but with a highevy/Vs break in it, which is interpreted as a shale
plug. This interpretation is supported by the resfila horizontal well. Therefore, the
Vu/Vs map indicates the spatial distribution of the resie sand, and in turn to provide us

further development opportunities.

The impedance inversion from post-std&kvave data shows that the oil-bearing
sand body has a lowdt-impedance value compared with the surrounding faaona
mostly shales. In contrast, the inversion on ptstisPSwave data indicates the sand

has a slightly higheBimpedance. For this dataset, ¥¢Vs value derived fronP- and
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Simpedance is generally lower, and the spatialnitéfn of the channel sand is less clear
and crisp than that of théy/Vs derived fromPP andPSisochrons ratio. A detail look at
the PS seismic data combined with the QCRfBwave impedance inversion around the
producing well points out that the imaging and canty of PSwave data at the

reservoir level may need to be addressed in adurtvisit ofPSwave data processing.

Attenuation is a rock property. The in-situ intdr@avalues could be calculated
from the averag&) values that are determined using spectral-ratithoae from the
zero-offset VSP experiment, by setting the surfsgeeep as the reference level.
Meanwhile, an indicator, the ratio of first arrine to the averag® factor —T/Qaye
has been established for indicating the qualit@a#stimation, which reveals where the

standard spectra-ratio method could come up wahls@Q values and where it couldn't.

In the Ross Lake example, a reliable, continuodsrval Q, curve has been
determined from the downgoing wavefield of the zeffset P-wave source VSP. Judged
by the indicatofT/Qaye the Qs seems unstable from tlawave source VSP data for most
of the measured interval. Therefor&@aover large intervals is estimated instead of the
high resolution continuou§)s Then, the average value @f, Qs Vy/Vs andV, are

estimated for four major geological intervals irstregion.

General in Ross Lake area, at depth above 60Qsms,about half o), or 16~17
comparing with 30~38. Below 600 Qs is about two thirds oQ,, or 26~37 comparing
with 40~54. The VSP-derive@, curve demonstrates a strong inverse linear reiship
with the VSP-derived/,/Vs curve, which may help us be able to predict attinn from

Vy/Vs
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In the Pikes Peak example, similary, has been estimated from the zero-offset
VSP using the same method. In general, for the dtion at similar depth, itQ factor is
relatively higher compared with the result from Rdsake. The fact that no obvious
correlation betweerQ, andVy/Vsin this example may be due to a number of reasons

including possibly questionabl& log, well bore configuration and near-field effestc.

The 4C-3D OBS seismic survey over PeMex’'s Cant&ibil oilfield is
interpreted. This dataset provides a very rich a&fefpictures over the complicated
Cantarell structure. Using the available well leggl VSP data, we find that Castagna’s
limestone equation provides a reasonal¢o-Vs map for this carbonate reservoir. The
synthetic seismograms tie VSP data quite well amcetate with botiPP andPSseismic
data. These data help to develof&-to-PPtime mapping withV,/Vs values ranging
from 1.9 to 4.5. The shallow horizons are easigpitl, while the deeper structures are
more interpretive. IntervaV,/Vs maps were calculated from these time horizons. It
suggested that there are gas effects visible irPthawve sections. ThBS data provide
more continuous reflections in these areas (asdneiewhere, especially in the North
Sea). For the first time, the definition of theeweir top for the giant Akal field is clear,
based onPSwave data. In addition, there may be fluid corgagsible in the Akal
reservoir. Several new structures are interpretedhe PS data.V,/Vs values could be
interpreted as showing shaliness or less consmidah some areas. The lithologic
assessments could bear more study. A possiblstsatture might be interpreted deeper

in the sections.

Finally, a 3C-2D seismic survey in the U.S. is ipteted and analyzed. Detailed
study ofV, and Vs log reveals that there are two distinct trendshis area: thevy/Vs

relationship for shallow formations follows the Muodk line quite well but is different
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for deep formations, which are deep-water sedimefite V,/Vs values for those
deep-water shales and siliceous shales are les2t@and approach to 1.6 when getting
deeper. The feature of loWy/Vs associated with low velocity is different thanttb&the

clastic sand-shale formations.

The PS seismic data exhibit more continuity at the shallportion thanPP
seismic data, but worse at depth. At well locatlR,andPSsynthetic seismograms have
been generated but both correlated poorly withaserfseismic. A number of key
horizons are interpreted on bd#P andPS sections of the 2D seismic line 13S, and a
Vo/Vs profile is achieved byP and PS horizon matching. The horizon-deriv&g/Vs

corresponds with log measuregVs.

In general, through the examples in this dissemain conjunction with abundant
case studies from other people, we would say thearted-wave data could enhance the
P-wave seismic data and provide additional infororatiabout the subsurface. To
maximize the value dPSwave data, it would be beneficial (1) to have higgguency,
high signal-to-noise ratio data; (2) to ha®P- and PSwave seismic data been
adequately processed; (3) to understand rock piepeand in hence to understand the
response oPP- andPS seismic; and (4) to carefully correlate synthetiosl VSPs with
PP andPSseismic data. The road to fully utilizing the ¢lasvavefield seismology for

resource exploration and exploitation needs toioaat

7.2 Future work

Whenever possible, reprocessing seismic data #fterinitial interpretation is

almost always an option, as the reprocessing wliniore guided and focused on the
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target zones with information from interpretatidxiso, an amplitude friendly prestack
time migration on the botlPP-wave and converted-wave data would be helpful to
improve the imaging and preserve the amplitude Wwhi critical for impedance

inversion.

With the improved converted-wave data, a jdit and PSinversion should be

done.

Attenuation is an interesting topic. EstimatiQgand applied an inversg filter

to PSseismic would be more necessary tharPiBiwave seismic.

For the Cantarell/Sihil dataset, adding fault iptetation would be helpful.

As industry’s interest on shale reservoir has bgrewving dramatically in recent
years, more work about elastic properties of thieesius shale, or in particular, the
reservoir rocks in shales need to be addressedhdfmore, to investigate the
relationship ofV,/Vs with shale content, porosity and different phalspascelanite would
be of particular interest with more well data. Alsmw to extract the rock properties
from multicomponent seismic to help identify res®rs or sweet spots in shale reservoirs
should certainly draw attention in the future. Hbady of the 2D-3C data in Chapter 6 is

just a start.
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Appendix A: Seismic tomography of Carbonate robbles

A.1 Abstract

A multicomponent seismic survey was conducted diayan pyramid ruin at
Chan Chich, Belize, central America in June, 200 purpose of this survey was to test
whether a hammer seismic technique could propagatergy through the
carbonate-rubble and mortar pyramid (40 m x 40 mhatbase) and if this energy could
be used to make images of the interior of the sirec To this end, ten 3-component
geophones were planted, with 2 m spacing, on ahe &i the pyramid. Source points
were acquired around the corner on an adjacentditlee pyramid at a 4 m spacing —
giving a geometry like that of a VSP on its sideeTsledge-hammer source was struck
about 20 times per shot point. We analyze the \{§R-tdataset here by picking
first-break arrivals from 60 seismic traces andfqreming a traveltime inversion to
estimate the velocities inside the pyramid. Finadlyelocity contour map is given with
resolution and reliability analysis. We find th&tet near-surface of the pyramid has
velocities about 100~200 m/s while the interior hagher velocities (500 m/s to 700 m/s).

There is evidence of a low velocity region amortethigher velocity areas.

In March 2001, a phase Il seismic survey was aeduim the same Chan Chich
pyramid ruin. As part of the seismic study, a tonaphy-purpose 3-component
geophone line was laid along same elevation coraswyrear 2000’s survey. There are 27
hammer-sledge sources, as well as 20 geophonek, viath 2.5 m spacing. The
sledge-hammer source was tapped about three timesshpt point this time. The
three-component datasets and amplitude spectrure emalysed, and the first-break

arrivals were picked from the vertical componenisséc traces. Then, the same
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traveltime inversion was performed to estimate tlebocities inside this pyramid.
Compared with year 2000 result, the inversion tesubws similar velocity structure but
greater coverage, which is that the near-surfac¢hefpyramid has velocities about

100~200 m/s while the interior has higher velosi{i&00 m/s to 700 m/s).

There was also undertook another tomography sumaeiyrther pyramid: Ma’ax
Na, which is smaller than Chan Chich. The inversasult shows there is a high velocity
core surrounded by low-velocity materials, and riloeth and south outer parts close to

the trenches demonstrated lower velocity.

A.2 Introduction

In June 2000, a multicomponent seismic survey dWlaga pyramid ruin was
acquired at the Chan Chich archaeological siteglizB, Central America. This carbonate
rubble and mortar pyramid has rounded corners arsbfasoil surface covered by
tropical jungle. The pyramid has an about 40 m @ynbase and stands some 18 m high.
A unigue seismic dataset was acquired: five hansaamic sources are located on one
side of the pyramid, juxtaposed with ten 3-compomgEophones planted on the adjacent,
perpendicular side. The 3-C receivers are planted22m horizontal spacing along the
contour line of 2 m above the base of the pyraniide shots are on the adjacent
perpendicular side of the pyramid with a nominah4pacing. An exception is that the
shot #6 is in between receiver #1 and #2. Thisesugeometry is thus like a VSP on the
side of the pyramid (Figure A.1). We use these ,daia a straight-line generalized

traveltime inversion, to estimate the velocity stuwe inside the pyramid.
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Figure A.1 Topographic contour map of the pyramid.The pyramid is about 40 m by
40 m at its base. Annotations are in metres. The Uk dots indicate shots and the red

“X"s denote geophone locations.

O~
()

Encouraged by the result of year 2000, a revisg made to the same Chan Chich
pyramid in March 2001. This time, a geophone limataining 20 three-component
geophones with 2.5 m spacing is laid along the saom¢our line. The sledge-hammer
source is a stack of three strikes per shot pdimere are 27 shots located at the same
elevation of the receiver line, with the spacin@d@ m. The geometry is shown in Figure
A.2. Therefore, there are 27x20=540 traces in .tdlé¢ use these data, via the same

traveltime inversion method, to estimate the véyosiructure inside the pyramid.
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Figure A.2 Topographic contour (in meters) map of he Chan Chich pyramid. The
blue dots indicate receiver locations and the redars denote shot locations.

A.3 Data analysis

A.3.1 Chan Chich 2000 data

By viewing the raw three-component seismic data, fimd that the vertical
component data show generally good quality andadortonsistent first breaks. Some
reflections are visible, especially above 150 mgh wlifferent apparent slopes (Figure
A.3). Channel #5 is dead and channel #1 is noisyottunately, the H1 component data
have six dead channels out of 10 geophones. Theokiponent data have only one dead
channel (#2), but it seems not as high quality hees wtertical component. Figure A.3

shows the data with a 150 ms window AGC.
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Vertical H1 H2
Dead trace # 5 1,4,5,8,9, 10 2
Bad trace # 1 None None

Table A.1 Trace editing of the vertical and two hoizontal channels.

The first positive peak on the vertical componeate is picked as the first arrival
and also displayed on the H1 and H2 traces (Figu8¢ Due to no or unreliable data,

interpolation is applied to pick the first break @mannels #5 and #1.
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Figure A.3 Display of Vertical (V), horizontal-X (H1) and horizontal-Y (H2)
components shot gather with the first-break picks.
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The hammer-seismic source produces a fairly braatlisggnal from about 5 Hz

to 155 Hz. Figure A.4 shows the amplitude spectairehot #1. Five other shots show

similar spectra.

File Data Vie
» SOURCE

CHAN

Frequency (H2)

Figure A.4 Display of amplitude spectrum for shot # of Chan Chich 2000 data.

A.3.2 Chan Chich 2001 data

In general, year 2001 data has relative higherityuahd less dead traces than
year 2000 data. Checking the raw three-componesinge data, we find that again the
vertical component shows better quality, clear &vemd consistent first breaks. Figure
A.5 shows the three component data with a 200 mdaw AGC. We picked first breaks
on vertical component data, showing as red lined,aso displayed on H1 and H2 data,
showing as green lines. It is observed that alwhgsvertical component detects the

earliest wave, even if the shot is in between teopiones.
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Figure A.5 Display of vertical (V, top row), horizantal-inline (H1, middle row) and
horizontal-crossline (H2, bottom row) shot gathersvith 200ms AGC.

This time, the three-fold hammer seismic source algates a fairly broadband
signal up to about 160 Hz. As an example, Figudsplays the amplitude spectrum of

shot #19. The other shots show similar spectra.
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Figure A.6 Display of amplitude spectrum for shot #9 of Chan Chich 2001 data.

A.4 Traveltime inversion

We assume straight-line ray-paths and thus casttahegraphic traveltime

inversion as a system of linear equations:

ti :ZD“ Ej , (Al)
J

ft h

wheret; is total traveltime of™" shot-receiver pair is slowness of"" grid, andD;; is the

fth

distance of™" ray traveling irj"™ grid. Each shot-receiver pair builds one equation.

Expressed in matrix form, it is:

t=D=s (A.2)
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A.4.1 Year 2000 data

First, we need to determine how many bins or pikese should be. To keep the
problem over-determined, the number should not ex@&9. If we set dx = dz =4 m,
there will be 7 rows and 6 columns, or a total ®fpixels — about half of which will be
intersected. So, we use 4 m by 4 m pixels. With gsame bin size, different origin
positions result in different inversion systemgyufe A.7 shows one type of grid, which
x-axis ranges from -3 m to 21 m, and y-axis ran@es to 27 m. The matrix D has a

somewhat different distribution if we shift the @ardinator, i.e. by 1 m to right direction.

grid of dx=dz=4m

z coordinate (m)

30
20+ :
36

24t

- 42
| | i i i
-3 1 5 9 13 17 21
x coordinate (m)

Figure A.7 Grid with x range (-3 ~ 21 m) and bin sie dx=dz=4m. Red (*) symbols
represent shot points as well as blue (0) symbolgmlote receiver points. The number
in bins indicates the sequential number of these .

To solve the model parametsf, (slowness vector), two methods are used:
singular value decomposition (SVD) and conjugatdgnt (CG). In SVD, the

stabilization factor is 1.0e-6 in the following cpatation.
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The inversion results from these two methods aosvehin table A.2. There are
several negative slowness values that are unphydicaking closely, most of the
velocity values from the two methods are close.ofparison between the picked first
arrivals from data and from inversion (SVD methasl)made (Figure A.8). The final

velocity contour map is shown in Figure A.9.

Comparison of pfb and inversed tt (SVD)
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Figure A.8 Comparison of the observed first-breakitnes and calculated times from
inversion-estimated slowness model.



Result of Conjugate-gradient method:

flag = 1
relres =

559710e-05

iter = 20

s tamao

0
13.197
5.1904
3.8548
2.3702
2.2005
1.9927

1.8654 2.8750
41034 50379
1.2788 22807
26031 22932
1.6228 0.9502
2.8322 0

0 0

Result of SvD:

s tomo

0
12.835
5.2566
3.8406
2.3330
21841
2.0046

14636 2.8557
3.9986 4.5449
1.4062 22625
265896 1.6463
1.4589 -1.1756
3.4308 0

0 0

Table A.2 Inversion result from CG (top) and SVD (lmttom).
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Figure A.9 Displays of the final velocity (m/s) map calculated by the SVD method.



208
A 4.2 Year 2001 data

From year 2000 result, we could reasonably assimeverage velocity along
this elevation slice is about 500 m/s. For 150 ma, the wavelength is about 3~4
meters. Considering the size of this pyramid isydBy 40 m, we can use straight-line to

describe the ray-path for first arrivals, withoosihg the validation.

We omit the last four shots and use 23 shots tmaersion. Therefore, there are

23%x20=460 equations. Using same method, we invénedewly recorded data.

Based on the year 2000 survey’s velocity estimatiod signal frequency, grid
size of 4 m is a reasonable start. The geometdemonstrated in Figure A.10, we call
the north-south direction as x direction, from aem24 m, and east-west direction as z,

from O m to 40 m. There are 10 rows (x) and 6 caisirfz), with total of 60 grids.

Given the coordinates of the shots and receivédues,nbatrix of distance D is
calculated. In this case, dx = dz = 4, the siz® o 460x60. The matrix D is defined as

soon as the grid is defined.
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dx = dz =4m z (meter)

==}

x (meter)

—_

O"J M N i :

]
<

) i i i I i i i
=

Figure A.10 Grid with x range (0~24) m and bin sizedx=dz=4m. Red {) symbols
represent shot points as well as blue) symbols denote receiver points.

Method of singular value decomposition (SVD) isdisere to solve the model
parameter g, (slowness vector), then convert into velocity irsnFigure A.11 shows
picked first breaks (blue circle), calculated tlame from inverted slowness (red stars)
and the difference between thett,,-trg (green line). We see that, for the most part,

the green line varies around the zero line wittbmas.

Comparison of fb-edit and inverted tt (SVD) Comparison of fb-edit and inverted tt (SVD)
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Figure A.11 Comparison of the observed first-breaktimes and calculated times
from inversion-estimated slowness model.
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s_tomoC23 = (ms-m)

o 2.1064 2.9508 2.3190 2.4605 -0.8456
2.5808 1.9542 1.6406 1.4343 1.8541 o.o0000
2.0095 1.4184 1.5038 1.1712 1.9679 o.0000
1.9218 1.2055 1.1617 1.6750 8.7979 o.o0000
2.0492 1.3861 1.3364 1.3680 -0.0000 —0.0000
2.0609 1.7878 2.2233 -0.0749 -0.0000 o.o0000
1.8125 1.1769 —0.0251 0.7611 0o.0000 —0.0000
1.9353 -0.0693 -0_.2868 2.0000 o o
I.F272 3.9162 3.2257 o o o

o 1.2203 2.4104 o o o

v_tomoC23 = (mss)

o 474 .75 338.89 431.22 406 .42 o
387 .48 511.72 609 .55 697 .20 539.34 o
497 .65 7O5.04 664 .97 853.85 508.15 o
520.34 g820_.53 860.82 507.02 113.70 o
488 .00 F21.45 748 .27 731.00 o o
485.22 559.35 449 .78 o o o
551.72 849 .68 o 1313.4 o o
516.72 o o 500.00 o o
268.30 255.35 310.01 o o o

o 819.50 414 .86 o o o

Table A.3 Inversion result of year 2001 data usin@VD method.

The inversion result shows there are several negatiphysical slowness values.
For display purpose, the velocity values of thosgative slowness grids are set to 0. The

final contour map are shown in Figure A.12 and A.13

Inverted slowness (ms/m)
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Figure A.12 Inverted slowness of year 2001 data, utns ms/m.
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Figure A.13 Comparison of the final velocity (m/s)maps calculated by the SVD
method between year 2000 (upper) and year 2001 (lew.
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Figure A.13 shows the comparison of the estimateldcity structure between
year 2000 and year 2001 data. Year 2001's resultodstrates bigger coverage and

similar velocity profile.

A.4.3 2001 Ma’'ax Na data

In year 2001 survey, a tomography purpose seism& dlso was laid on the
second pyramid called Ma’ax Na with the size al#8im by 28 m at base and 15 m high,
which is smaller than Chan Chich pyramid. This ¢hcemponent line has the same
configuration as on Chan Chich: 20 geophones wkhn2 spacing, hammer-sledge shots
in the middle of the adjacent two receivers atrd.Shot spacing. By observing the data,
the last four geophones show inconsistent firsivals, possibly due to the coupling

condition. So, we use first 16 geophone and fiésstots to perform the inversion.

Following the same procedure as before, first lsemk picked from the vertical

component data. The geometry is shown in Figurd Auth bin size of 3 m.
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Geometry of Maax Na
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Figure A.14 Geometry of Ma’ax Na survey.

The constrains for inversion are: (1) if the fahda bin is less than 5, the slowness
of this bin will be set to 0; (2) For the bin wholsdd is greater than 5, if the inverted

slowness less than 1 ms/m, set it to 1 ms/m, wimehns the highest velocity will be set
to 1000 m/s.

The inversion results are shown in Figure A.15 &atl6. Although the time
difference between picked first arrival and thecuakdtion from inverted velocity is

relatively bigger, we still can have a reasonaleecity profile of this pyramid.
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Comparison of fb-edit and inverted tt (SVD)
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Figure A.15 Comparison of the observed first-breaktimes and calculated times
from inversion-estimated slowness model.
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o
=
o
o
0,
H

n

5.4733 1.5673 2. 4460 3.2955 2.6364 6]
3.5626 4.3202 4.2187 4.56T73 4.9340 6]
2.9276 1.9958 1.6648 2.56686 1.06060 6]
3.4836 2.3260 1.6800 1.6600 g g
2.9787 3.2623 3.1170 2_4663 o] o]
3.1438 L.3801%8 5.7110 7.598Y4 e} e}
2.5611 5.82T71 6.7807 9.4462 0 0
v_tomo_edt =
1.0etD03 =
0.1827 0.6380 0.4088 0.3031 0.3793 0
BD.2855 0.2315 D.2370 D.2189 0.2027 o]
0.3416 0.5010 D.600T7 D.38396 1.0000 o]
D.2938 0.4299 1.0000 1.0000 o] o]
0.3357 0.306% 0.3208 0._4055 0 0
0.3181 0.2083 0.1751 B.1316 0 0
0.3905 0.1716 0.1475 0.1059 6] 6]

Table A.4 Inversion result of Ma’ax Na pyramid datausing SVD method.
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S-tomo, dz=dx=3m
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Figure A.16 Inverted slowness (upper) and velocitflower) structure of Ma’ax Na.
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A.5 Conclusion

Using singular value decomposition, we solve thewskss vector in this

tomographic traveltime inversion based on the gittaline ray-paths.

The inversion result of year 2000 Chan Chich dateoimplete with uniqueness,
resolution and reliability analysis. The velocityofile shows that the surface velocity is
about 100~200 m/s, and the inner part has highlecite about 500 m/s, even 700 m/s

somewhere. There is a lower velocity area betweernvto high velocity peaks.

The velocity profile inverted from year 2001 Chahi¢h data shows the similar
result with year 2000 data, that the surface vefdsiabout 200 m/s, and the inner part

has higher velocity about 600~700 m/s.

Ma'ax Na pyramid also has similar velocity struetuthe outer part is about

100~200 m/s, and there is a high velocity core a@06Q m/s or even high.

The proper constrain or weight needs to be invakethake inverted slowness

greater than 0.
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